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ROLAND W. FREI (1937-1989)

On January 29, 1989, Professor Roland W. Frei died in a hospital in his home
town Allschwil near Basle (Switzerland), after a courageous fight of several months
against his fatal illness. A few days later he was laid to rest in the presence of his
family and relatives, and many of his friends.

Roland Frei started his career by obtaining a degree in chemistry from a Swiss
technical college. He then worked as a chemical engineer with Union Carbide in
Geneva, before enrolling at the University of Hawaii as a Ph.D. candidate, where he
got his degree in analytical chemistry in 1964. He worked as an instructor of physical
science and chemistry in Tokyo and on the island of Samoa and, in July 1966, was
appointed as Assistant (later: Associate) Professor of Analytical Chemistry at Dal
housie University (Halifax, Canada). In this early part of his scientific career, much of
his research activity was directed to the study of reflectance spectroscopy and its use
for the determination of both metal ions and organic compounds in thin-layer chro
matography (TLC). In 1970 Roland Frei was appointed Editor-in-Chief of the In
ternational Journal of Environmental Analytical Chemistry and, together with a num
ber of co-workers, he started to publish papers on the fluorigenic labelling of analytes
for improved detection performance in TLC.

Two rather dramatic changes occurred in 1972. Roland Frei left Canada for
Europe to become head of the Department of Analytical Research at Sandoz (Basle),
and he published his first papers on high-performance liquid chromatography
(HPLC). In his Swiss period, papers on TLC and HPLC, fluorigenic labelling and
derivatization -techniques which were applied to both environmental pollutants and
pharmaceutical preparations- illustrated his many-sided interest in analytical chem
istry and, especially, in separation techniques. At this time of his life, he also became
active as an organizer of symposia, chairing the Fourth Symposium on the Analytical
Chemistry of Pollutants (Basle, 1974) and co-chairing the sixth one in Vienna (1976).

Having already selected HPLC as the method of separation he loved best, in
1977 Roland Frei came to The Netherlands to become Professor of Analytical Chem
istry at the Free University (Vrije Universiteit) in Amsterdam. He rapidly felt at home
in The Netherlands, especially appreciating the informal atmosphere in Amsterdam.
Learning another language did not present a real problem and, almost from the start,
he gave courses and seminars in Dutch. With regard to his professional career, in the
decade he worked in Amsterdam he succeeded in bringing his plans to fruition. To
gether with his colleagues in the vakgroep of General and Analytical Chemistry and
an increasing number ofcollaborators, he published a long list of scientific and review
papers. Two separate topics were easily recognizable: pre-column technology and
post-column reaction detection.

On-line pre-column technology for the clean-up of samples and the enrichment
of trace-level analytes was developed from a crude manual technique into a sophisti
cated and fully automated procedure, sometimes involving the use of two or even
three pre-columns in series. Post-column reaction detection nicely showed the versa
tility which the clever combination of instrumental analysis and wet chemistry can
offer. Open-tubular, segmented-stream and (active) packed-bed reactors were studied
in detail, and new tee-pieces and phase separators were designed, successfully applied
and, at a later stage, miniaturized. Fluorescence monitoring always remained the
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primary means of detection, but alternatives such as chemiluminescence, phospho
rescence, electroanalytical or radiochemical detection were not neglected. Method
development frequently led to routine applications in industrial laboratories, and
many visiting scientists were attracted by the group's performance.

Roland Frei was an enthusiastic and industrious worker. He was (co)author of
several hundreds of papers, edited some ten books and served on the editorial or
advisory boards of many internationally known chromatographic journals. In 1987
he was appointed as one of the new Associate Editors of the Journal ofChromatogra
phy, with a view to becoming an Editor in May 1989. This was also, tragically, not to
be. As president of the International Association of Environmental Analytical Chem
istry, he laid the basis for successful symposia series such as the "Liquid Chromato
graphy-Mass Spectrometry", "Sample Handling" and "Analytical Chemistry of Pol
lutants" series. Actually, it was during the nineteenth of this last series, in September
1988 in Barcelona, that he displayed his many talents and his charm for the last time
at a scientific meeting.

A great traveller and a good lecturer, Roland Frei liked to see foreign countries,
to attend symposia and visit industrial or university laboratories. In 1987, he was
invited to lecture at the Ecole Superieure de Physique et de Chimie in Paris. About a
year ago, he was awarded the prestigious Scheele Medal by the Swedish Academy of
Pharmaceutical Sciences. During 1988, new plans were being discussed in the vak
groep, several post-docs arrived, and Roland Frei was as eager as ever to participate
in new activities. We all know what happened then. Two major operations and a
four-month struggle did not bring the ardently hoped-for recovery. On the contrary,
on January 29, 1989, we all lost a gifted colleague and good friend, whose voice, face
and contributions to chemistry will long be remembered by those who wrote these
pages.

Amsterdam (The Netherlands) U. A. Th. BRINKMAN

N. H. VELTHORST
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PREFACE

The Fifth (Montreux) International Symposium on Liquid Chromatography
Mass Spectrometry, Supercritical Fluid Chromatography-Mass Spectrometry and
Tandem Mass Spectrometry held in Freiburg, November 2-4, 1988, was once more a
clear reflection of the growing interest in this topic and the enthusiasm for this sympo
sium series. However, the illness of Roland Frei at that time cast a shadow over this
meeting. The news of his decease the following January was a terrible shock to all of
us who knew him personally.

Roland Frei's broad interest not only in science itself but also in the persons
practising it, as well as his ability to communicate this interest, resulted in a series of
successful activities. Many of them, for example the successful "Montreux" sympo
sia, have been mentioned on the preceding pages. The ability to discover challenging
new research fields combined with a skill at bringing different research fields together,
prompted Roland Frei to organize the first symposium in 1981. The utmost impor
tance of bringing mass spectrometrists and chromatographers together was stressed
by him during this event and although the techniques of liquid chromatography (LC)
and mass spectrometry (MS) were seemingly incompatible, optimism was sensed.

One year later, during the second symposium, despite an atmosphere of scepti
cism and uncertainty the discussion on the optimal way of interfacing obtained more
depth. Roland Frei concluded that the dominant techniques at that time (moving belt
and direct liquid introduction) were more complementary than competitive, thereby
bringing the two camps closer together. The third symposium was expanded to three
days in order to cope with the growing interest and it was clear that LC-MS and
MS-MS would become established in the analytical field and LC-MS-MS showed
considerable promise.

Roland Frei's ability to grasp the potential of new techniques was demon
strated by his statement in 1984 that not only thermospray but also electrospray
could be a future alternative, which became very clear to us last year. Coupling of
supercritical fluid chromatography (SFC) was the subject of a half-day session during
the fourth symposium, by which time LC-MS was firmly established, and the dynam
ic developments in this field resulted in the incorporation of SFC-MS in the title of
the fifth symposium. Chemistry, sample handling and miniaturization were incorpo
rated into the programme in a stimulating way, which encouraged several researchers
to explore these fields in LC-MS.

In the preparation of the scientific programme for the fifth symposium other
new developments were evaluated and I remember Roland Frei's enthusiasm for the
possibilities of coupling capillary zone electrophoresis with mass spectrometry. Un
fortunately, he could not experience the exciting scientific level of this last symposi
um, which reflected the broad activities in both the fundamental and application
fields. The important trends noted were the renaissance of electron impact [besides
the moving-belt interface also the use of electron impact in monodisperse aerosol
generation interface (MAGIC) and SFC-MS], the analysis of high-molecular-weight
biomolecules, multidimensional approaches (coupled column chromatography-tan
dem mass spectrometry), coupling ofcapillary zone electrophoresis and isotachopho
resis with MS and significant modifications and improvements to all interfaces (ther
mospray, direct liquid introduction, continuous-flow fast atom bombardment,
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moving belt, atmospheric pressure ionization, MAGIC and electrosprayjionspray).
The rapid developments in the "hyphenated" MS research field prompted Ro

land Frei to extend the biannual European tradition of the symposium series by
holding every alternate meeting in the U.S.A. The first one, the sixth (Montreux)
Symposium on LC-MS, SFC-MS, CZE-MS and MS-MS, July 19-21, 1989 in Itha
ca, will be organized by Jack Henion. It will be preceded by the traditionally success
ful two-days LC-MS course.

Roland Frei's outstanding vision in this field stimulated many of his friends
and, especially, newcomers to the field. The scientific community has been deprived of
his valuable activities but above all we will miss Roland as a good friend.

JAN VAN DER GREEF
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SUMMARY

Combined liquid chromatography-mass spectrometry is now used routinely in
both qualitative and quantitative analysis. Therefore, it is important to consider the
integration of this method in the whole analytical procedure. Attention has to be paid
to other topics than interface technology. This paper deals with some of those aspects,
especially with those important in target compound analysis. Strategies are outlined
and discussed in the tuning of the selectivity of the method, in improving the
compatibility of the liquid chromatography, the interface and mass spectrometry, in
enhancing the detectability, and with respect to pre- and post-column derivatization
techniques.

INTRODUCTION

The successful development of various interface methods for coupling liquid
chromatography with mass spectrometry (LC-MS) has made this method an
important analytical tool in many laboratories. However, if a method reaches the stage
of being used in daily practice for both qualitative and quantitative analysis it becomes
very important to achieve an integration within the whole analytical procedure. In
particular, for trace analysis each method consists of an interplay between the four
basic building blocks: sample pretreatment, separation, detection and data handling.

LC-MS research has been focused strongly on the interface technology. The
input has come mainly from the MS side and not from the chromatography side,
despite some excellent and stimulating reviews on the chromatographic side of
LC-MS 1,2. This situation is clearly illustrated by the LC-MS presentations in 1988 on
the two major annual meetings in both areas, i.e. the American Society for Mass
Spectrometry (ASMS)3 and the HPLC 88 meeting". Approximately 13% and 1% of

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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LC/MS 12.7%

OTHERS 87.3%

ASMS 88

A ~-~LC/MS 1.1%

OTHERS 98.9%

HPLC 88

Thermospray
50.5% B

Moving belt
3.0%

LC/MS/MS
10

Interface types MS/MS contributions
Fig. I. Summary of presentations on LC-MS at the ASMS 88 and HPLC 88 meetings (A) and the
contributions on different interfaces and MS-MS at the ASMS 88 meeting (B).

the presentations at the ASMS and HPLC 88 meetings, respectively, were on LC-MS,
as shown in Fig. lA. This somewhat unbalanced situation is an enormous challenge
and, because of the impressive results of today's LC-MS, despite this indicated
weakness, it also holds out promise for the near future. An increase in the availability
of lower cost instrumentation will certainly be helpful for many chromatographers to
overcome the threshold of applying MS detection.

The optimum conditions for coupling chromatography with mass spectrometry
are strongly dependent on the type of interface used, since each interface is
characterized by quite different values for parameters such as flow-rate and mobile
phase composition. The most widely applied interfaces, as indicated in Fig. lB, are
thermospray (TSP), continuous-flow fast atom bombardment (CF-FAB), and particle
beam approaches (MAGIC, Thermabeam); some others, such as the moving belt and
direct liquid introduction (DLI) methods and the very promising electrospray and the
related ionspray techniques, are also used by several groups". The different character
istics can be illustrated by the preference for flow-rates of ca. 1.5 ml/min for TSP and of
ca. 5-10 Jll/min for CF-FAB, while the optimum mobile phase forTSP and CF-FAB is
more compatible with reversed-phase chromatography than in general for the
moving-belt interface.

The use of soft ionization methods in LC-MS has laid more emphasis on the
generation of structural information. Tandem mass spectrometry (MS-MS) is an
attractive approach, although identification is not always straightforward. The same is
true for the fragmentation induced in TSP by variation of the repeller voltage or by
applying a discharge electrode". Electron impact (EI) remains of interest in this
respect, and the moving belt and the particle beam approaches offer this attractive
possibility. In the interfacing of supercritical fluid chromatography with mass
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spectrometry (SFC-MS) structurally informative EI spectra can be generated by
capillary SFC via direct coupling7 or by packed-column SFC with a moving belt" or
via charge exchange using CO 2 in the direct coupling", About 10% of all LC-MS
presentations at the ASMS meeting were on LC-MS-MS, with a strong accent
however on the increase of selectivity in target compound analysis using selected
reaction monitoring.

In this paper three important aspects ofLC-MS are discussed, with emphasis on
target compound analysis and special attention to the chromatographic side: the
tuning of the overall selectivity, the improvement of the compatibility and the
enhancement of the detectability. Furthermore, attention is paid to the importance of
chemistry, such as derivatization procedures, in both pre- and post-column modes.

SELECTIVITY TUNING

One of the attractive features of the mass spectrometer as a detector is the
possibility of using either the universal mode (scanning conditions) for identification
purposes or the selective mode (single or multiple ion detection) for target compound
analysis. Numerous examples have been presented to illustrate this, but the lack of
sufficient selectivity has also been shown in complex problems or in cases of trace
analysis. Fig. 2 schematically illustrates several ways to increase the selectivity, such as
by applying LC-MS-MS .or by using coupled column chromatography (Ccq
combined with MS or MS-MS.

LC-MS-MS has been extensively demonstrated and thus will not be discussed
here. However, it is important to point out that high selectivities have been
demonstrated, although this does not mean that the method is guaranteed to be robust.
Often severe contamination of the mass spectrometer will influence even the
short-term stability of the procedure, and in those cases the overall selectivity has to be
readdressed by improving the sample pretreatment and the chromatography.

Hardly any work has been published on LC-LC-MS and LC-LC-MS-MS,
despite the fact that CCC has become a routine technique in many bioanalytical
Iaboratories'". Edholm et al. l l have investigated the effect ofusing CCC in LC-MS to
increase the overall selectivity for the determination of terbutaline enantiomers in
plasma. In this study the LC-MS results, using a P-cyclodextrin column, were

COLUMN 1~

COLUMN 1~

COLUMN 1

lCOLUMN1~

Fig, 2, Schematic diagrams showing different ways ofincreasing the LC-MS selectivity by applying coupled
column chromatography, tandem mass spectrometry or a combination of both,
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promising but the limit of determination was mainly set by a rather high background.
Using a CCC system in an off-line mode, the selectivity was improved, but the main
benefit appeared to be the improvement in the stability of the method.

In principle, one has to distinguish the different components in the background if
the selecivity is to be improved. If the sample gives the main contribution to the
background, CCC is of great help, but if the background comes predominantly from
the LC system itself (e.g. mobile phase constituents or impurities) tandem MS is the
obvious choice. An important aspect is the fact, that minimum sample loss takes place
in the CCC approach, whereas in MS-MS the reduction in the signal is considerable,
typically a factor of ten, but depending on the fragmentation pathway selected for
monitoring. Thus, in that case the benefit is only due to the strong decrease in the noise
yielding an increase in the signal-to-noise ratio!". In practical situations a combination
of both contributions is encountered, and by removing one of them the other becomes
the limiting factor so both have to be dealt with when the aim is to measure low levels.
However, not only MS-MS but also high resolution MS, or a combination of the two
can be attractive, especially when the analyte under investigation can be resolved at
medium resolution, as is often the case with halogen-containing compounds. Effective
reduction of the background has been demonstrated in measuring bromazapam and
clopentixol in human plasma1 3 , 14 and for the analysis of diuron in post-mortem body
fluids with LC-MS using the moving-belt interface.'P.

The power ofCCC-MS-MS has been demonstrated by Edlund and Henion"
for the determination of dianabol and metabolites in equine urine using an
atmospheric ionization (API) source combined with either a heated pneumatic
nebulizer or an ionspray interface. Comparison ofLC-UV, LC-LC-UV, LC-LC-MS
and LC-LC-MS-MS illustrated clearly the effects described above, while in this case
the coupled column system appeared to be mandatory to obtain an effective separation
of the isomers.

These results reflect the importance of carefully tuning the different building
blocks of the overall system to construct a balanced procedure. A consequence of the
high selectivity and the rather low contamination of the system is the possibility of
increasing the speed of the method considerably, which becomes important if extensive
series have to be analysed.

COMPATIBILITY IMPROVEMENT

Although the developed LC-MS interfaces have quite different characteristics
they have one thing in common: the incompatibility with mobile phases containing
high concentrationsof non-volatile additives. On-line extraction has been developed
to overcome this problem, as well as to switch from highly aqueous phases to organic
phases, which are more compatible with moving-belt interfaces1 7

-
1 9 and the DLI

interfaces using gas nebulizatiorr'". For the latter also a miniaturized membrane
separator has been used for micro bore LC-MS2 1

.

A strategy has been reported based on the use of mixed-mode columns". With
a mixed-mode hydrophobic ion-exchange column, compounds that are normally
chromatographed by ion-pair LC could be separated and detected by TSP LC-MS.
A mobile phase consisting ofammonium trifluoroacetate (1 M, pH 2.5) and methanol
(75:25) gave good results but, in order to avoid clogging, the flow-rate was limited to
0.5 ml/rnin.
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As outlined in the previous selectivity considerations, the overall selectivity can
be very high in CCC-MS-MS. Since this is not always necessary in its extreme form,
we started to investigate whether in such cases CCC systems can be developed with
additional features to improve the overall performance. Two factors were optimized in
one setup: compatibility improvement and detectability enhancement. Simple CCC
systems were studied with the configuration shown in Fig. 3. The precolumn
configuration has been used extensively for trace enrichment in LC and has been
showrr'? to be effective in DLI LC-MS as well, but it is of course interface
independent. The setup is also an elegant way to meet the requirements for injecting
aqueous samples in SFC24and SFC-MS systems'", which is important in bioanalysis.
The other system, which consisted of a post-column (referred to as a trapping column)
following the analytical column, also provides various attractive characteristics. The
combination of various precolumns in such a system has been suggested for DLI
LC-MS by McKeliop et al.26

.

~~ J ANALYTICAL COLUMNH MS I MS
PRECOL~r-l .

H ANALYTICAL COLUMN I _. ~;:~ I MS I MS I
. ~~L.__-'.__--.J.

Fig. 3. Schematic diagrams of simplified coupled column systems coupled with tandem mass spectrometry.

Our approach has been to improve the compatibility for LC-MS coupling for
different types ofinterface. The concept is based on "phase-system switching" (PSS)27:
the experimental setup and the principle." are outlined in Fig. 4. After injection into
the LC system, chromatography is performed without any restrictions on the mobile
phase; for instance, ion-pairing reagents and/or phosphate buffers can be used. Via
heart-cutting the analyte is trapped on the trapping column, which can be achieved by
selection of the appropriate stationary phase or by changing the mobile phase after the
analytical column. In the next step, washing and (often) drying of the trapping column
is performed to remove non-volatile materials and, if necessary, the residual water
from the washing step. In the last step, desorption of the analyte is effected by the
optimum mobile phase for the interface used. Typical mobile phases used are 100%
methanol or acetonitrile for the moving belt, 20% methanol in 50 mM ammonium
acetate for thermospray or glycerol-acetonitrile-water (10:30:60) for CF-FAB. In this
way the optimum mobile phase and flow-rate can be used for both the LC and the MS
parts. The combination with MS-MS is needed because in most cases the desorbed
background might interfere at lower levels. The system has been used for the analysis
of mitomycin C28with a moving belt using a 50 mM phosphate buffer as mobile phase
in the LC system. Furthermore, the concept can be extended for two analytes, using
two trapping columns, as demonstrated for the determination of metoprolol
enantiomers by TSP LC-MS29.
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Fig. 4. Principle of the "phase-system switching" approach. After (A) injection of the sample, (B) trapping is
achieved and (C) after washing (D) desorption and MS-MS analysis are performed.

DETECTIBILITY ENHANCEMENT

The PSS concept is also very attractive in improving the detection and
determination limits, since an important aspect not mentioned so far is the peak
compression achieved via the trapping procedure'". For the experimental setup in Fig.
4, an estimation of the conditions for obtaining peak compression can be made by
considering that the mass spectrometer is a mass-flow-sensitive detector, which means
that the signal U(t) is proportional to the mass-flow, dm/dt: '

U(t) = r dm/dt (1)

where r is a proportionality factor, usually called the transfer factor. The transfer
factor is the sensitivity of the detector, as it is the slope of the line correlating the signal
and the mass introduced. The mass-flow can be written as:

dm/dt = C(t)F (2)

where C(t) is the concentration of the analyte after the chromatography, and F the
flow-rate of the mobile phase. The concentration at the peak maximum at the end of
the column can be written as:

4mJN
(3)
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where m is the injected amount, N the plate number, de the column diameter, L the
column length, 8 the column porosity and k' the capacity ratio.

A combination of both formulae gives a rough estimate of the attainable peak
compression, defined as G:

G _ (dm/dthc _ Cm,TC' FTC
- (dm/dt)Ac - Cm,AC . FAC

(4)

where FTC is the desorption flow-rate through the trapping column, FACis the flow-rate
through the analytical column, and Cm,TC and Cm,AC are the maximum concentrations
of the peak at the ends of the trapping and the analytical columns, respectively. An
accurate estimation of Cm,TC is hampered by the fact that desorption from the trapping
column is generally performed in the backflush mode, in contrast to what is shown in
the schematic diagram in Fig. 4. However, it is clear from this last equation that the
design characteristics of the trapping column are very important. A compromise
between miniaturization of the trapping column and external peak-broadening have to
be realized. The capacity ratio of the analyte on the trapping column, k~c, is the most
important parameter. Trapping is possible if:

XO'v,AC < (I + k~c)VO,TC (5)

in which, O'v.AC is the peak standard deviation of the analytical column and VO,TC is the
void volume of the trapping column. The factor x determines the total trapping
volume: in order to trap a complete chromatographic peak, x must be no less than 6.
Rearrangment leads to the following formula, by which the necessary capacity ratio of
the analyte on the trapping column can be estimated:

(6)

where dACand LAC, and dTCand LTC are the J.D. and length of the analytical column
and the trapping column, respectively. Equal column porosities are assumed. Aspects
with respect to the optimization of the dimensions of analytical and trapping columns,
e.g. the use of a miniaturized trapping column in line with a conventional LC column,
will be discussed in detail elsewhere.

Considerable improvements in detection limits are also possible in CF-FAB,
since the flow-rate adjustment by PSS avoids splitting and combines a conventional
LC system with a high loadability with an on-line miniaturization to meet the interface
requirements of a 5-10 f.ll/min flow-rate'". Direct coupling of miniaturized LC systems
with CF-FAB also reduces the split ratio, or even avoids the splitting, but in practical
applications this does not mean an improvement in concentration detection limits
since the injection volume is correspondingly decreased, as outlined in Table I. Only if
the sample size is the limiting factor does miniaturization give significant improve
ment. Also, if a given mass is injected into miniaturized systems, the increase in the
concentration of the analyte is balanced by the reduced flow-rate, as pointed out
before".
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TABLE I

SOME TYPICAL VALUES IMPORTANT IN COUPLING DIFFERENT FORMS OF HPLC WITH
CONTINUOUS-FLOW FAB

Conventional HPLC
Microbore HPLC
Packed fused-silica micro-LC
Open tubular HPLC

Injection volume
(Il/)

100
5
0.5
0.001

Flow-rate
(Ill/min)

1000
50
5
0.01

Split ratio

1:200
1:10
No split
Make-up flow

In LC concentration-sensitive detectors are generally used, therefore most of the
effort has gone into those compression techniques that result in an I increased
concentration of the analyte in the detector. For MS detection the effect of the
flow-rate is also worth considering.

Several approaches are possible: e.g, the technique of belt-speed programming3 1

using the moving-belt interface. The basic concept is extremely simple. The analyte is
deposited on to the belt at a low belt speed and desorbed from the belt not at the same
belt speed, as is usually done, but at an increased belt speed. This results in a higher
mass-flow given by:

dm/dt = m'V1!VI (7)

where m' is the mass-flow without belt-speed programming, and VI and V1 are the belt
speeds for depositing and desorption, respectively. An example of the belt-speed
programming approach is given in Fig. 5, comparing peaks obtained with either
a constant belt speed or by means of belt-speed programming from 1.6 to 3.6 cm/s after

:2,0800

699GB

40088

20088

A

\,-
:3:30 1:00 1:30 2:00

8Geee

6e000

49999

201388

8

0:30 1:00 1:30

Fig. 5. Belt-speed programming with diuron, with (A) the normal situation with a constant belt speed, and
(B) the peak compression achieved by increasing the belt speed after deposition on the belt.
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deposition. The increased mass-flow of a factor of ca. 2 is reflected by an
corresponding increase in peak height and decrease in peak width. A limitation is the
reduced maximum flow-rate for deposition as a consequence of the lower applied belt
speed. This restricts the attainable benefit from the approach in conventional LC
systems, but this is not the case in SFC-MS using the moving-belt interface, as has been
demonstrated31, or iffor sample size requirements miniaturized LC systems are used,
for instance packed fused-silica columns in combination with the moving belt, as
demonstrated by Barefoot and Reiser": Furthermore, the temperature of the sample
evaporator must be set at a low value, suitable for the low belt speed, but too low for
the high belt speed".

Another approach in increasing the mass-flow by flow-rate programming is
possible for miniaturized LC systems. With those systems a post-column increase of
the flow-rate will result in an increased mass-flow. Flow-rate programming in the usual
way is rather limited with respect to the attainable flow-rate range, therefore the
possibilities of analyte trapping were studied, not on a precolumn as before in the PSS
approach but in a storage loop that can be switched into a high flow-rate system as
used for the TSP analysis. The general setup for such an experiment is given in Fig. 6.
The results of a preliminary experiment are given in Fig. 7. A peak for metoprolol is
produced at a flow-rate of 19 /Ll/min, which is a typical value for packed fused-silica
columns of 0.32 mm J.D. After storage the analyte is measured by TSP LC-MS at
a flow-rate of 1.5 ml/min, The increase in mass-flow is now given by:

(8)

where m' is the mass-flow without flow-rate programming, and F 1 and F2 are the
flow-rates in the micro-LC and the TSP systems, respectively. Theoretically, a peak

- "icrobore

- packed fused silica

- open 1:ubular

Fig. 6. Schematic diagram of mass-flow programming by trapping of an analyte from a miniaturized LC
system via a storage loop and analysis by TSP LC-MS using a high flow-rate.
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compression of 1500/10 = 150 should be possible in this case. A factor of ca. 40 is
measured, which is considerable but still much less than theoretically achievable. This
can be explained by the fact that the dimensions of the various system components and
the appropriate time windows for switching had not yet been optimized in this
preliminary experiment. Nevertheless, such a compression factor could be obtained in
a straightforward way. This approach is of course only of value if miniaturized LC
systems are needed as outlined above.

DERIVATIZATION IN LC-MS

The role ofchemistry in LC-MS has been small and is generally neglected, since
often as a primary goal of LC-MS coupling it is formulated that analysis can be
performed without the need to perform the kind of chemical modifications which are
often necessary in gas chromatography (GC)-MS3 3

. However, some of the interfaces
strongly rely on chemistry in their LC-MS operation, such as DLI, TSP and CF-FAB,
and it is clear that the detection can be improved considerably if the chemistry is tuned
properly. This has been pointed out by Vouros et al.34

. In particular, derivatization
procedures are of importance and will be discussed, although other forms of
incorporating chemical interactions, electrochemistry or biochemistry, are attractive.
For instance, mobile phase additives can enhance detection in DLI in the negative ion
CI mode3 5

-
3 7

, the use of a TSP interface as a flow reactor'", electrochemistry in
combination with TSP-MS3 9 or TSP-MS-MS4 o or the elegant approach of com-. .
bining LC columns and various columns containing immobilized enzymes for rapid
protein sequencingv'r'".

In LC, derivatization is widely used to improve the detection properties. The
scarce attention to this method in LC-MS can be partly explained again by the low
input from the chromatographic side in this area. Furthermore, the combination of
derivatization and detection makes other (selective) detection methods, e.g. fluor
escence, competitive with LC-MS. The incorporation of selective derivatization
reactions is in general only applicable in target compound analysis.

In pre-column derivatization the chemistry influences the chromatographic, the
interface and the MS detection properties, whereas in post-column mode only the
latter two are' affected, with the additional problem of the high concentrations of
derivatization reagent in the mobile phase. To improve the MS detection the
approaches well known in GC-MS can be used, such as increasing the molecular
weight to enhance the selectivity, volatility enhancement, the introduction of
electrophoric groups for negative ion chemical ionization, and increasing the stability
of the molecular-weight-related ions.

Pre-column derivatization
Several papers have appeared describing the analysis of derivatized compounds

but without a clear strategy for LC-MS analysis, so they will not be discussed.
Silylation has been applied by Quilliam and Yaraskavitch" for the analysis of

fatty acids for similar reasons as in GC-MS, namely to increase the volatility and to
broaden the range of compounds to be analysed by the moving-belt interface. The
reduced polarity also allows the choice of less polar mobile phases for the
chromatography, which is advantageous for this interface type. tert.-Butyldimethyl-
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silyl derivatives were preferred for stability reasons, and provided both molecular
weight and structure information in the EI mode. Anthryl esters of fatty acids were
used in another study''" using a non-aqueous reversed-phase system.

Separation of enantiomeric amphetamines and detection with a moving-belt
interface combined with EI has been performed:" after derivatization with N
(trifluoroacetyl)-l-propyl chloride to form the diastereoisomers, which could be
separated by a chiral column. Derivatization was applied to achieve the separation but
the label might be attractive to enhance to detection in negative ion chemical ionization
(Cl) mode as well.

Amino acids, peptides and oligopeptides have been studied by several ap
proaches. Yu et al.4 6 used a moving belt to study the behaviour ofN-acetyl-N,O,S
permethylated derivatives of oligopeptides. CI with isobutane as the reagent gas
yielded sequence information, while the chromatographic integrity of the gradient
system was maintained by using a heated-gas nebulizer for effluent deposition on the
belt. DLI LC-MS for N-acetyl-O-methylester derivatives of oligopeptides were
presented by Arpino and Mcl.afferty?". Studies on derivatized amino acids have been
published for LC-MS using atmospheric pressure ionizatiorr'", DLI4 9

, the moving
belt and TSP 50

. For the latter two a comparative study revealed that underivatized
amino acids decompose to some extent at low concentrations on the moving-belt
system and to a lesser extent in thermospray, although one compound could not be
detected. Phenylthiohydantoin-amino acids gave satisfactory results on the belt
system.

Derivatization of carbonyl compounds with 2,4-dinitrophenylhydrazine yields
informative spectra in positive and negative ion CI in combination with the moving
belt'". Aldehydes and ketones can be distinguished in the negative ion mode, and
low-molecular-weight compounds became sufficiently involatile to be analysed by
LC-MS.

The negative ion behaviour of pentafluorobenzyl (PFB) esters of hydroxylated
metabolites of docosahexanoic acid in TSp 5 2 with the auxiliary filament on was used
to confirm the molecular weight observed in the positive ion mode. An abundant
[M - PFB] - ion, as normally observed under electron-capture conditions, was
obtained for various metabolites present in a rat brain incubate.

Voyksner et al.5 3 showed that the sensitivity for prostaglandins and throm
boxane B2 in TSP was limited by the low proton affinity of the compounds.
Derivatization with diethylaminoethyl chloride (or bromide) increased the proton
affinity, which was reflected in a considerable improvement in the detection limit. The
positive ion mode was more sensitive than the negative ion mode, but an improvement
by a factor of 2-3 was still observed for the latter technique. Detection of
a prostaglandin metabolite in plasma at a level of 30 ppb was shown after including the
derivatization step.

Derivatization to improve the detectability in CF-FAB seems to be straight
forward, since considerable work has been performed for conventional FAB 3

3 . The
derivatization to form charged derivatives or preformed ions, for instance by Girard's
P or T, will increase the sensitivity as observed by us for progesterone in FIA in the
CF-FAB mode. However, if derivatization is performed in pre-column mode the
chromatography for the ionic compounds, will be less compatible with on-line
LC-MS.
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Post-column derivatization
The extraction device developed for the moving belt enabled Karger and

co-workers''Y'" to perform on-line ion-pair extraction and to study the MS behaviour
of the ion-pairs formed. The volatilization of ionic compounds using this method has
been studied 54

, 5 5 , and alkylsulphonates and sulphates were studied as counter-ions in
both EJ and CI modes. The flash evaporation induces thermal degradation, yielding
for instance an alkene, sulphuric acid and an amine in the case of sulphate-amine
ion-pairs. This ion-pair concept was further evaluated to a derivatization system based
on the alkylation of analytes during flash evaporation. In this case trimethylanilinium
hydroxide was used as the ion-pairing reagent?", and a complete conversion of stearic
acid into methylstearate was shown. Furthermore, volatile carboxylic acids were
analysed by this approach with tetra-a-butylarumonium hydroxide" as well as
derivatization of primary amines with carbon disulphide to form iscthiocyanates'".

In TSP, post-column derivatization of prostaglandins was achieved by forming
methyl esters'" with tetra-n-butylammonium hydroxide as the reagent and the TSP
vaporizer and the ion source as the reaction chamber. The yield of the methyl esters
was maximized by setting the optimal temperatures of both the vaporizer and the ion
source. A gain in the ion current of a factor of 3-6 has been reported.

CONCLUSIONS

LC-MS extended by multidimensional approaches in both LC and MS opens
new research areas, which allow the improvement of the compatibility of the LC and
MS parts, the optimal tuning of the overall selectivity and the enhancement of the
detectability. These items will become even more important because of the successful
development of new interface types that have special characteristics, such as low
flow-rate requirements or extremely good sensitivity for ionic compounds, which can
be applied successfully only if the chromatographic part is carefully optimized as well.

The role of chemistry is becoming more important since many interfaces are
linked with ionization conditions possessing an important chemistry component.
Derivatization, although not often applied in LC-MS, can be used successfully but
a better understanding of the ionization mechanisms involved will be of great help in
this area.

The present state of the art of LC-MS makes the method a powerful tool for an
analytical laboratory and, because of the rapid developments in the field, much more
can be expected in the near future.
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CAPILLARY ELECTROPHORESIS-ELECTROSPRAY IONIZAnON-MASS
SPECTROMETRY
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Chemical Methods and Separations Group, Chemical Sciences Department, Pacific Northwest Laboratory,
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SUMMARY

New developments are described in the area of capillary electrophoresis com
bined with electrospray ionization-mass spectrometry (CE-ESI-MS), a promising
new method for the separation and mass spectrometric characterization of labile,
polar or ionic constituents of biological mixtures. The various experimental modes of
capillary electrophoresis are reviewed. The ESI-MS technique is described and the
significance of its combination with capillary electrophoresis is illustrated by MS
analysis of large biomolecules. The design and performance optimization of a new
ESI interface are discussed, including the influence of electrophoretic and MS oper
ating parameters. Various examples from our laboratory illustrating the range of
present application of this interface and direction of future development are pres
ented. These include negative ion electrospray mass spectra of nucleotide co-enzymes,
nucleotide mono-, di- and triphosphates and positive ion spectra of biologically im
portant oligopeptides and proteins of M, > 75 kilodaltons.

INTRODUCTION

The development of analytical methodology for the identification and charac
terization of biopolymers and their constituents is of broad significance in biochem
istry, molecular biology and biotechnology. The important characteristics of high
selectivity and high sensitivity offered by mass spectrometry (MS) are inherently
advantageous in these areas of research. The electrospray ionization (ESI) method is
applicable to broad classes of involatile and labile compounds. Coupled with capil
lary electrophoresis (CE), an ionic separation method of high efficiency, flexibility
and speed, electrospray ionization-mass spectrometry (ESI-MS) is a potentially pow
erful tool for biomolecular analysis.

Electrophoresis, based on the separation of charged species in a background
medium under the influence of an applied electric field, is probably the oldest differ
ential migration technique, due originally to Wiedeman in 18561

. Since the introduc
tion of discrete "band" separation of solutes by paper electrophoresis in 19372

, the
method has been extensively elaborated and applied, and is currently the classical
method for the separation of biopolymers. Separation may be on the basis of molec-

0021-9673(89($03.50 © 1989 Elsevier Science Publishers B.V.
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ular charge and/or size (when using an appropriate gel medium) and is especially
useful for the analysis of complex protein mixtures and in DNA sequencing. Electro
phoresis forms a family of related techniques including electrophoresis (polyacryla
mide, agarose, etc.), isotachophoresis, gel electrofocusing (i.e., isoelectric focusing)
and free zone electrophoresis.

Analytical separation techniques based on these electrophoretic principles in
the capillary format can be divided into four types: capillary zone electrophoresis
(CZE), capillary gel electrophoresis (CGE), capillary isotachophoresis (CITP) and
capillary isoelectric focusing (ClEF). Our present research efforts have focused on
CZE and CITP development and application. In principle, all techniques may be
carried out with the same type of electrophoretic equipment, providing considerable
instrumental flexibility. Capillary electrophoresis methods present an opportunity for
greatly enhanced separation speeds, improved automation and (potentially) greater
sensitivity and compatibility with alternative detection methods.

CZE
In zone electrophoresis, a column is filled with a single electrolyte having a

specific conductivity. The mixture of substances to be separated is applied as a narrow
band to the head of a buffer filled column in a band whose width is much less than the
length of the column and at a concentration ideally too low to affect the buffer
conductivity. An electric field is then applied across the length of the column and the
individual substances migrate and separate according to their net electrophoretic
velocities. Zone electrophoresis carried out in small diameter ( < 100 fIm) fused-silica
capillaries is a relatively new approach to the high-resolution separation of aqueous
samples 3

-
s. An important physical effect of the high electric field on any surface

having a net charge (e.g., fused silica) is the formation of an electric double layer".
Such a layer for the fused silica-water system results from exposed silanol groups,
which acquire a net negative charge while the bulk solution remains neutral. The
immediate neighborhood of the glass surface acquires a corresponding net positive
charge which extends for a short distance into the fluid. Under the influence of an
external electric field the ions of the diffusive part of the electrical double layer move
toward the oppositely charged electrode and a flow originates near the wall. Viscous
forces then drag the rest of the solution in the capillary creating a flat flow profile, in
contrast to the parabolic flow profile of hydrodynamic flow7

. The width of the double
layer, dependent on ionic strength, is typically a few nanometers and steady state flow
is reached almost immediately in a 100 fIm J.D. (typical for CZE) capillary when the
field is applied:'. A substantial electric double layer (strong zeta potential at the silica
surface) results in a strong electroosmotic flow and rapid analysis times (5-30 min) for
typical capillary lengths (100 em) and voltages (30 kV). The electroosmotic flow-rate
is proportional to the applied voltage for the field gradients typically used. In addition
to the bulk flow of the electrolyte, charged species in solution will migrate under the
influence of the external field. This velocity is proportional to the applied field and
separations are due to differences in electrophoretic mobility among species. Differ
ences in the velocity of migration may be established, as in the case of electrokinetic
chromatography, by secondary means utilizing partitioning with a counter-migrating
charged micellar phase",

The most important contributions to band spread in CZE are molecular diffu-
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sion (which is inherent and unavoidable), adsorption on capillary surfaces, and effects
due to heating (e.g. convection driven by thermal gradients'tP). In CZE the effects of
molecular diffusion can only be countered by minimizing the separation time (i.e.,
using higher voltages). The effects due to Joule heating of the capillary are generally
responsible for the greatest loss of separation efficiency and must be minimized. Small
diameter columns reduce the resistance to heat transfer, minimize the radial temper
ature differential and have wall effects which act to suppress convection. Typically,
molecular diffusion rates in liquids are quite small (10- 6-10- 8 cm2js) and the ulti
mate efficiency of electrophoretic separations can be very high (> 106 plates). Since
maximum separation efficiencies are defined by molecular diffusion, increased molec
ular weights should, in principle, afford better separations.

Amino acids and small peptides are well-separated by CZE in untreated glass or
fused-silica capillaries:'. Capillary electrophoresis has been particularly effective in the
analysis of f1uorescently labelled amino acids l 4-16 . Separation of f1uorescently la
belled tryptic peptides have also been reported 17,18. Free zone separations of protein
mixtures in the capillary format have been reported with high efficiencies19

-
2 2

. Fluo
rescence detection of myoglobin with detection limits in the attomol (10- 1 8 mol)
range has been achieved'! by CZE. Surface adsorption may be avoided by raising the
pH of the buffer solution above the isoelectric point of the sample proteins, by dy
namic modification of the buffer-silica wall interfacial double layer'? or by covalent
modification of the silica wa1l 2 2

. Nucleic acid constituents may be separated by CZE
as nucleobases, nucleosides/:' and nucleotidesv'v". The addition of detergent micelles
with complexing metal ions allows improved separations of these analytes by differ
ential complexation and good separations of small oligonucleotides are obtained.?",

CITP
In isotachophoresis (sometimes called displacement electrophoresis) all ana

lytes progress through the separating medium at the same final velocity/ 7. Isotacho
phoresis, though utilizing similar equipment and principles as zone electrophoresis,
can accommodate larger samples and may actually result in an increase in the concen
tration of the material being separated. In CITP the column is initially filled with an
electrolyte (i.e., leading electrolyte) which contains ions with a mobility higher than
that of any ions in the sample mixture (and, ions of opposite polarity having a useful
buffering capacity). The solutes are then loaded on the column as a second band. The
head of the column is placed in an electrolyte solution which contains ions with an
effective mobility lower than any in the sample mixture (i.e., terminating electrolyte).
On application of an electric field the lead electrolyte will attempt to "pull away"
from the analyte ions. This results in a gap where the conductivity is dropping (the
solvent having no significant conductivity) and the electric field is rising. The in
creased field will "pull" the analyte ions along until they catch up to the lead electro
lyte, with the highest mobility analyte ion arriving first. This "pulling along" effect
will continue as the analyte bands arrange in order of decreasing mobilities until
finally the trailing electrolyte, which has the lowest mobility, is reached. Eventually a
steady state will be reached in which each solute is isolated in its own band, and all
bands are moving at the same velocity.

The steady state concentration of the analyte in CITP is largely determined by
the leading electrolyte concentration. Accordingly, if the analyte is more dilute than
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the leading ion concentration, the analyte will often be concentrated as it separates
into its own band. In a fully developed separation the ionic concentration of each
band is equivalent and the relative abundance of the analyte (and thus the sample
concentration) is proportional to the length of the band. Thus, CITP offers the poten
tial for higher sample loading than CZE (and increased molar sensitivity), and can
provide (in many cases) actual concentration of separated sample bands. We have
recently shown that the CITP-MS combination has advantages for certain trace
analyses and is capable of providing high resolution separations2 8

,2 9 .

Amino acids and small peptides can be easily separated by capillary isotacho
phoresis/", usually as anions, provided suitable leading and terminating electrolytes
are chosen. Recently, Stover has described the cationic CITP separations of proteins
with average molecular weights of 13-35 kilodaltons".

ESI and CE-MS-ESI
Electrospray ionization, pioneered by the early work of Dole et al.31, is a soft

ionization method capable of producing gaseous ions of ionic molecules from highly
charged evaporating liquid droplets. Fenn and co-workers3 2

-
3 4 have further devel

oped the technique as a means of ionizing charged, labile and involatile samples in
solution for MS analysis, including nucleotide mono- and diphosphates. ESI general
ly provides production of multiply charged ions of large molecules and allows mass
spectrometers with moderate mass/charge limit (e.g., conventional quadrupole mass
filters) to analyze macromolecules with dramatically higher molecular weights. For
example, a net charge of 23+ (multiply sodiated) has been observed on a poly
ethylene glycol oligomer of nominal molecular weight 17 500 daltons". Mass spectra
have been obtained on peptides up to 40 000 daltons using a quadrupole mass spec
trometer of m]z 1600 limir'", A nebulizer assisted variation of this technique is also
descri bed 3 7 .

We have recently described the on-line combination of CZE based upon ESI
MS 3 8

-
4 0

, the first direct combination of any electrophoretic separation technique in
dynamic (i.e., "on-line") combination with MS. This development was based upon
the recognition that it is not necessary for both ends of the CZE capillary to be
immersed in buffer reservoirs, as conventionally practiced. Thus, with an appropri
ately designed electrode MS detection is possible at the capillary terminus utilizing an
ESI source. The interface allows compatibility with the low (approximately 0-1 pl/
min) electroosmotic flow-rates of CE and provides for ion production at atmospheric
pressure from the electrically induced nebulization process. Because CE relies on
analyte charge in solution, and the ESI process appears to function most effectively
for ionic species, the CE-ESI-MS combination is highly complementary. We have
reported the analysis by CZE-ESI-MS of a mixture of quaternary ammonium com
poundsr" obtaining a separation efficiency of over 330 000 theoretical plates, an order
of magnitude better than obtainable by liquid chromatography in similar time. For
scanning MS sample sizes in the femtomole range were required; however detection
limits of ca. 10 attomol were obtainable using single ion detection. Thus, the CZE
ESI-MS approach offers previously unobtainable separation efficiencies (for the com
bination with MS) as well as significantly enhanced sensitivity. Further instrumenta
tion development should provide even better detection limits.

CITP has also been evaluated as an alternative mode of electrophoretic sep-
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aration with EST-MS detection28,29. CTTP is an attractive complement to CZE and is
near ideally suited for combination with MS. Sample sizes which can be introduced in
CITP are much greater (> 100 fold) than CZE. Additionally, as discussed above,
CITP may result in concentration of analyte bands, which is in contrast to the inher
ent dilution obtained in CZE. Samples elute in CTTP ideally as broad, flat-topped
bands, well suited to sensitive analysis with long integration times and the slow scan
speed of the mass spectrometer, particularly for tandem MS detection. High-sensitiv
ity and high-resolution separations for quaternary phosphonium and ammonium
salts, amino acids and catacholamines have been demonstrated by CTTP-ESI-MS29.

Vinyltriphenyl and ethyltriphenyl phosphonium ions are well separated by this com
bined method, in contrast to previous CZE-EST"MS results. CITP-EST-MS is com
plementary to CZE-EST-MS in many ways. The CZE column is easily overloaded,
whereas CITP tolerates very high loading. Thus, larger injection volumes (0.1-1.0,u1)
of extremely dilute sample solutions may be analyzed. Detection limits of approxi
mately 10- 1 1 M have been demonstrated for quaternary phosphonium salts 29 and
substantial improvements appears feasible. CITP is well suited to low concentration
samples where the amount of solution is relatively large whereas CZE is ideal for the
analysis of minute quantities of solution.

This paper reports further results obtained by ESI-MS employing an atmo
spheric pressure interface adapted for combination with CZE for biomolecule analy
ses.

EXPERIMENTAL

The instrumentation developed at our laboratory has been elsewhere described
in detaiJ38-40. Fig. I shows the detailed construction of the interface. In earlier ver
sions of the CZE-EST interface the electrospray ionization was accomplished from an
electrodeposited metal contact established at the end of the CZE capill ary38,39. The
most recent design employs a flowing liquid sheath electrode interface which allows
the composition of the eiectrosprayed liquid to be controlled independently of the
CZE buffer (which is desirable since high-percentage aqueous and high-ionic-strength
buffers useful for CZE are not well tolerated by ESI)40. The electrical contact is
through a conductive liquid sheath (typically methanol, acetonitrile, acetone or iso
propanol). With this arrangement no significant additional mixing volume « 10 nl)
is produced and analyte contact with metal surfaces is avoided. This interface pro
vides greatly improved performance and flexibility and is adaptable to other forms of
CEo For direct ESI-MS experiments, syringe pumps control the flow of analyte solu
tion and liquid sheath at I ttl/min and 3 ,ul/min, respectively. CZE-EST-MS experi
ments were conducted in untreated fused-silica capillaries using methods which have
been described previously28,38-4o.

The EST source consists of a 50 or 100 ,um J.D. fused-silica capillary (which can
be the CZE capillary) that protrudes 0.2-0.4 mm from a tubular stainless-steel elec
trode. High voltage, generally + 5 kV for positive ions and - 5 kV for negative ions,
is applied to this electrode. The EST source tip is mounted 1.5 em from the ion
sampling nozzle of the ion sampling orifice (nozzle) of the quadrupole mass spectrom
eter. A 3-6 l/min counter-current flow of warm (80°C) nitrogen gas is used between
the nozzle and source to aid desolvation of the highly charged droplets and to mini-
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mize solvent cluster formation during expansion into the vacuum chamber. Analyte
clustering is further minimized by the mutual repulsion of highly charged ions and
droplets (which, in contrast to the thermospray ionization, all have the same polar
ity). A lens placed in front of the sampling nozzle is used to help focus the ions or
electrospray droplets to the point of ion sampling. Ions are sampled through the
I-mm diameter nozzle to a 2-mm skimmer directly in front of the radio frequency
(RF) focusing quadrupole lens (Fig. 1). Typically, +350-500 V is applied to the
focussing lens and + 200 V to the nozzle (Vn), while the skimmer potential is at
ground. A single-stage roots blower pumps the nozzle-skimmer region to 1-10 Torr.
The cryopumped RF focusing region typically reaches pressures on the order of 10- 6

Torr, while analysis quadrupole housing is maintained at 10- 7 Torr with a turbomo
lecular pump (500 lis). The analysis quadrupole (Extrel, Pittsburgh, PA, U.S.A.) has
an upper m]z limit of 1700.

Biochemical samples were purchased from Sigma (St. Louis, MO, U.SA.) ex
cept bovine apotransferin (Calbiochem, San Diego, CA, U.S.A.) and were used with
out further purification. Sample solutions were prepared in distilled water with var
ying ratios of acetonitrile -100% water to water-acetonitrile (20:80)]. For protein
solutions, 1-5% glacial acetic acid was added.

RESULTS AND DISCUSSION

Preliminary studies with ESI have shown it to be a useful technique for ion
ization of nucleotides", especially in the negative ion mode. In the experiments which
follow sample solutions were delivered directly to the ESI interface. Spectra are rec
orded over 1-2 min intervals requiring approximately 1-100 pmol of sample. Fig. 2
shows an ESI negative ion mass spectrum from an equimolar mixture of adenosine
mono-, di- and triphosphate (sodium salt). We observe decreasing abundance of
molecular ions with increasing phosphorylation. The molecular anion (M - H)- and

100
IM-H)- (M+Na-2H)-

~
'iii
c
Q)

C
x 70 M=AMP

M=ADP

300

I

(M-H)-

400

(M+Na-2H)-

M=ATP

(M+Na-2H)'

(M-H)-Jl II (M+jNa-3H)-

500

rn/z

Fig. 2_ Negative ion ESI mass spectrum of an equimolar mixture of AMP, ADP and ATP.
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100 200 300 400
rn/a

500 600 700 800

Fig. 3. Negative ion ESI mass spectrum of an equimolar mixture of fJ-NAD (I) and fJ-NADP (II).

the sodiated molecular anion (M + Na - 2H)- are of approximately equal relative
abundance for AMP, ADP and ATP. In the case of ATP a disodiated molecular
anion is also abundant. Some solute clustering is evident in the spectrum, as demon
strated by the appearance of the AMP dimeric species (2M - H) ", (2M +Na - 2H)
and (2M +2Na - 3H)- at approximately 1% relative abundance compared to the
molecular anion. No ions of higher m]z were observed. We tentatively attribute such
dimer species to self association in solution, since recombination after desorption is
unlikely. For dinucleotides, such as fJ-nicotinamide-adenine dinucleotide and its
phosphate analogue (fJ-NAD and fJNADP), as shown in Fig. 3, we observe large
signals for the negative ion molecular species for fJ-NAD and fJ-NADP, as well as the
doubly charged molecular anion for fJ-NADP. A fragment ion, tentatively the loss of
the nictinamide moiety from fJ-NADP, forms the base peak of the spectrum. A mixed
dimeric dianion is also observed which implies contributions of the unmixed dianion
dimers. No ions of higher mjz were observed. Multiple charging is also demonstrated
in ESI mass spectra of larger oligonucleotides'' '.

The positive ion ESI mass spectra of small peptides are dominated by molecular
ions(i.e.,protonated or cation adducts) which can be either singly or multiply
charged. The extent of multiple charging increases as the number of basic amino acids
(i.e., arginine, lysine, histidine, etc.) present in the peptide sequence increases. As
demonstrated in Fig. 4 for bradykinin (M, = 1060), ESI is a soft ionization technique
with little fragmentation evident. The triply protonated molecule is observed, arising
from ionization of two basic arginine residues and the N-terminus. The doubly prot
onated molecular ion constitutes the base peak of the spectrum. A similar spectrum is
generated for gramicidin S (Fig. 5), a cyclic decapeptide (M,> 1141) containing two
basic ornithine residues.

The extent of multiple charging by ESI can be influenced by the composition of
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100
(M+2H)Z+

Bradykinin (M,=1 060)
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

29

(M+3H)3+

x135

J=
200 400 600 800 1000 1200

m/z

Fig. 4. Positive ion ESI mass spectrum of bradykinin.

the liquid sheath electrodes! (i.e., the charge distribution is shifted toward lower mjz
values with solvents of greater surface tension and/or dielectric constant) as illustrat
ed in a study on gramacidin S with various sheath liquids shown in Fig. 6. For
example, the (M + 2H)2 + to (M + H) + ratio increases by a factor greater than 5 by
changing the sheath liquid from isopropanol to methanol. Up to a factor often loss in
sensitivity, in addition to an increase in the amount of analyte-solvent clustering,
results with the use of an isopropanol sheath. The nature of the solvent association

Gramicidin S

LeuPheProValOrnLeuPheProValOrn
I I

100

I(M+2HI
2

+

"-',-

....'...-'

i-I T FfFF'9 Pi 'i f-f-9
573

zoo 400 600 800

m/z

1000 lZ00

Fig. 5. Positive ion ESI mass spectrum of gramicidin S. Inset shows profile on the (M +2H)2+ ion.
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i-Propanol

50

Methanol

~
'00
c:
Q)-c:
Q)

> 100
~
Q)
a:

50

1100 1200 1300

Acetonitrile

Acetone

1400

m/z
Fig. 6. Positive ion ESI (M + H)+ ion region for gramicidin S with liquid sheath compositions as indicated.
For this experiment the mass spectrometer was tuned at substantially less than unit mass resolution.

remains uncertain, but a number of isopropanol ions clearly can become somewhat
more strongly associated with the molecular species than generally observed for other
solvents.

As molecular weight increases with increasing numbers of basic amino acid
residues, the EST mass spectrum remains within the mlz 1700 range of our quadrupole
mass spectrometer. Typical positive ion mass spectra for picomole amounts of pep-
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5+
100

4+

m/z

Fig. 7. Positive ion ESI mass spectrum of melittin (M, = 2845).
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tides are shown in Figs. 7 and 8 for melittin, a water-soluble 26-residue polypeptide
(M, = 2845), and an equimolar mixture of bovine (M, = 5734) and porcine (M, =

5778) insulin, respectively.
For larger protein molecules, a bell-shaped distribution of multiply charged

molecular ions dominates the EST mass spectrum with the distribution maxima gener-

100

(M+5H)5+

porcine

bovine /

-,

(M+6H)6+

(M+4H)4+

400 600 800 1000 1200 1400 1600

m/z

Fig. 8. Positive ion ESI mass spectrum of an equimolar mixture of bovine (M, = 5734) and porcine insulin
(M,=5778).
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Fig. 9. Positive ion ESJ mass spectrum of hen egg Iysozye (M,= 14 300).

ally observed between m]z 500 and 1500, as evident in the mass spectra for hen egg
lysozyme (M, ~ 14300) and equine heart myoglobin (M, ~ 17600), shown in Figs. 9
and 10, respectively. With increasing molecular weight and extent of multiple charg
ing the broadening due to the unresolved isotopic envelope is balanced by the charge

18+
100 18+

17+

20+

16+

~
Ui
c
.! 21+.E 15+..
>
~
a; 14+
a:

22+ x

700 900 1100 1300 1500

m/z

Fig. 10. Positive ion ESI mass spectrum of horse heart myoglobin (M, = 17 600). Principal ions represent
the protein portion (M,= 16 950) of the molecule with loss of the heme moiety. Ions arising from the intact
molecule were marked (X).
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state (at a given m/z) to maintain similar peak widths for members of the distribution.
Additional small contributions are often evident arising from cationization and sol
vent association. The latter effects may be minimized by adjustment of temperature
and flow-rate of drying nitrogen gas in the EST interface and increased collison energy
(warming) in the interface provided by the nozzle-skimmer bias voltage. While such
steps may not always be fully effective, as observed in the electrospray mass spectra of
hen egg lysozyme (Fig. 9), in general we operate under conditions such that only
strongly associated adducts and actual chemical heterogeneity contribute to the spec
tra?". Myoglobin is composed of a single 153 amino acid polypeptide chain (globin)
bound to an iron-heme unit. Multiply charged ions are indicated for both the globin
portion and the intact myoglobin molecule in Fig. 10. Over 65+ charges are detected
by ESI-MS for a sample of bovine apotransferrin (Fig. II). The spectrum shows a
series of doublets indicating two species present with average molecular weights ap
proximately 76 750 and 77 000 daltons. Elsewhere we have presented ESI mass spec
tra for proteins exceeding 130000 daltons'".

The charge distributions for large molecules are also sensitive to the nozzle
skimmer bias voltage'i", indicating that highly efficient collisionally activated dis
sociation processes may be occurring for these highly charged molecules in a manner
which discriminates on the basis of the charge state of the molecule. More highly
charged species (at lower m]z values) are more susceptible to collisional activation, as
evident by their apparent dissociation at lower collision energy. For example, melittin
yields multiply charged ions up to the 6+ species with the nozzle potential (Vn) below
+ 200 V (Fig. 7) but disappears above this potential. Similarly the (M + 5H)5 + abun
dance drops below background at nozzle voltages greater than + 370 V. Additional
evidence of this effect is seen in the ESI mass spectrum of bovine hemoglobin
(Mr~65 000) (Fig. 12). At Vn = +200 V the spectrum is dominated by multiply
charged ions up to the (M + 25H)25+ species due to the \1.- and fJ-polypeptide chains.
Increasing Vn to + 300 V causes the multiply charged ions with charges 21 + to 25 +
to disappear, shifting the distribution to lower charge state (higher m]z and revealing

100 60+

55+

Ql
>
:;
Qj
a:

1000 1100 1200 1300 1400 1500 1600

mlz

Fig. 11. Positive ion ESI mass spectrum of bovine apotransferrin. Two closely spaced series of multiply
charged ions are consistent with a binary mixture of M, =77 000 and M, =76 750 proteins.
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Fig. 12. ESI-MS of bovine hemoglobin (M,= 65000) with nozzle potential (top) + 200 Y and (bottom)
+300Y.a = 15000;{J = 15970.

an ion which may be ascribed to the iron-heme unit at m]z 617. For small peptides
such as angiotensin I (Mr = 1296) and melittin, singly and multiply charged fragment
ions (generally A, Band Y type sequence ions) are clearly evident with Vn above
+200 V44

. The potential for tandem mass spectrometry (MS-MS)45 with collisional
Iy activated dissociation of multiply charged molecular ions from large proteins is an
exciting prospect for structural elucidation. Initial results on the MS-MS of multiply
charged ions produced by ESI are presented elsewhere'".

An example of a preliminary attempt at CZE-MS of peptides and proteins is
shown in Fig. 13. Previous studies of CZE of proteins in untreated fused silica capil
laries (with UV detection) have resulted in broad, tailing peaks due to protein ad
sorption on active sites of the negatively charged silica wall:'. However, as demon
strated by Lauer and Mclvlanigille", using buffered solutions with the pH above the
isoelectric point of the peptides and proteins allows both the sample and the capillary
wall to be negatively charged and mutually repulsive. The 2 pmol per component
separation shown in Fig. 13 was performed with a 0.01 M sodium phosphate-sodium
hydroxide buffer (pH II). CZE-MS separations of proteins as large as myoglobin
have been demonstrated in our laboratory':', Although improved sensitivity and res
olution are desired, these CZE-MS results are encouraging initial steps for the elec
trophoretic separation and mass spectrometric detection of large biomolecules.
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2.i11'; i.".l~i
."m1(M+2H)2+

J _'1"1"'" I

m/z 6491

(M+2H)2+ ~__.......~..........,

m/z' ""1
.11M.'".. "

j " , Ii
0 5 10 15

Time (min)

Fig. 13. Single ion electropherograms for a CZE-MS separation of a synthetic mixture of bradykinin
(M, = 1060),angiotensin I (M, = 1296)and porcine insulin (M, = 5778) with use of a 0.6 m x 100 /lm LD.
fused-silica capillary at 15 kV.

CONCLUSIONS

The ability to ionize molecules of high molecular weight has opened new appli
cations of MS in the biological sciences. The production of multiply charged molec
ular ions by ESI increases the detectable mass range by a factor equal to the number
of charges. The effect of this is to bring into the mass range (mass/charge) of conven
tional mass spectrometers macromolecules whose relative mass approaches or ex
ceeds the limits of any current high MS technique while solving the major problem
associated with such applications by providing efficient ionization, detection, and
(possibly) collisionally activated dissociation.

In many cases, molecular weight information on large molecules provided by
MS may be sufficient to solve a problem''", Alternatively, however, collisionally acti
vated dissociation of large multiply charged ions is an exciting approach that may
lead to more efficient fragmentation and provide a route to obtaining structural
information. Preliminary results show that the high charge state ofESI produced ions
allows the extension of MS-MS methods to much larger compounds than previously
tractable'":

The speed and reliability of capillary electrophoretic methods have allowed
peptide and protein separation and characterization to be nearly routine. Although
CZE-MS is a promising methodology, the related technique of CE-MS should also
be practical and provides an attractive combination for biomolecule analysis. High
resolution CGE4 9 and CIEF5 0 with ESI-MS should also be viable and feasible in the
near future.
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As stated in a recent review article'", "mass spectrometry is on the verge of
becoming a primary research tool in the biological sciences". Coupled with high
resolution separation techniques, the ability of CE-MS and CE-MS-MS to provide
structure determination of larger and larger biomolecules is expected to become of
premier importance to the biological science community.
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SUMMARY

Packed fused-silica liquid chromatographic columns were interfaced to a
magnetic mass spectrometer using a commercially available moving belt interface to
obtain electron ionization and chemical ionization mass spectra, and a continuous
flow fast atom bombardment interface built in our laboratories to obtain fast atom
bombardment mass spectra. Good quality spectra were obtained on O.1-flg samples
injected into the liquid chromatographic column with all three ionization techniques.
Examples showing the utility of these techniques for the identification of herbicides
and their plant metabolites are presented.

INTRODUCTION

In our work on the identification of pesticide metabolites isolated from plants,
animals, soil or water, we frequently have very small quantities of sample to work with.
Typically, the total amount of metabolite isolated is I flg or less. These samples often
contain impurities which preclude their analyses by mass spectral probe techniques.
Most of these metabolites are too polar or thermally labile for direct gas chro
matographic-mass spectrometric (GC-MS) analysis, and many cannot be derivatized
for GC-MS, therefore liquid chromatography (LC)-MS is the method of choice for
their identification.

Miniaturization of the LC column has allowed us to obtain improved
performance of the moving belt interface with reversed-phase columns using aqueous
mobile phases 1,2 . The moving belt interface allows one to obtain electron ionization
(EI) spectra for structural information and library searching, and chemical ionization
(CI) spectra with a choice of reagent gases':". LC-fast atom bombardment (FAB)-MS
with a moving belt interface has been reported in the literature.':", but the sensitivity is
poor, possibly due to the short residence time of the sample in the ion source. With the

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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continuous flow FAB interface", the sample remains on the FAB target until it is
ionized, vaporized or sputtered away. Continuous flow FAB has been interfaced to
a conventional bore LC column7; however the column effluent was split and only
about 1% was introduced into the mass spectrometer. Recent work in several
laboratories'"? has shown the potential of interfacing packed fused-silica capillary LC
columns with continuous flow FAB, where the entire sample is introduced to the mass
spectrometer.

We have designed and constructed a continuous flow FAB (CFF) interface
which is interchangeable with the moving belt interface. This paper reviews the
performance of the CFF interface, and demonstrates the utility of the LC-MS in the
El, Cl and FAB modes for the identification of herbicides and their plant metabolites.

EXPERIMENTAL

The 0.25-mm I.D. fused-silica columns (J&W Scientific, Folsom, CA, U.S.A.)
were slurry packed with 3-flm Nuc1eosil ODS (Macherey-Nagel, Duren, F.R.G.), as
described in ref. 1. A 0.05-mm J.D. fused-silica (SGE, Austin, TX, U.S.A.) transfer line
of approximately 70 em length was epoxy bonded into the column.

A Beckman Model 114M LC pump was used for both packing columns and
LC-MS analyses. For LC-MS, the constant pressure mode was used. Typical
pressures for a 30-cm column were 140-190 bar to obtain flow-rates from 1 to 3 fll/min.

A Valco (Houston, TX, U.S.A.) Model Cl4W submicroliter injection valve with
a O.l-fll rotor was used. The analysis of dilute solutions was accomplished by removing
the rotor and slowly depositing 1-5 fll of the sample dissolved in a volatile solvent, such
as methanol or acetonitrile, while allowing the solvent to evaporate 1

•
2

. The rotor was
replaced, flow restored, and the sample was injected by turning the valve to the "inject"
position for 10 s.

A Finnigan MAT Model 8230 magnetic-sector mass spectrometer equipped
with a moving belt interfacej:" was used. A schematic diagram of this interface is

LCIPACKED
CAPILLARY COLUMN)

MASS
SPECTROMETER -5

5x10 mbar
i-srnbar

EXHAUST

Fig. 1. Schematic diagram of moving belt interface.

KAPTON
BELT

IPOLYIMIDE)
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shown in Fig. 1. The 0.05-mm 1.D. fused-silica transfer line was fed through
stainless-steel capillary tubing and adjusted so it just touched the center of the moving
belt. The following interface settings were used: belt speed, 3 cm/s; solvent evaporator
temperature, 100°C; vaporizer tip set at 5 W; cleanup heater set at 80% (approximately
250°C). Typical MS conditions were: ion source temperature, 200°C; ionizing voltage,
70 eV in EI and 200 eV in CI; CI source pressure using ammonia as reagent gas, 0.5
Torr (source ion gauge reading 5 . 10- 4

) ; resolution, 1000; scan rate, 2 s per decade.
A CFF probe was designed and constructed to be interchangeable with the

moving belt interface, since the alignment of the moving belt with the hole in the ion
source is very critical, and it is desirable not to dismount the hardware once it is
aligned. Fig. 2 shows a schematic diagram of the CFF probe. The internal moving belt
unit was removed, then the first chamber (atmospheric pressure chamber) was
removed prior to inserting the CFF probe.

For CFF, the LC parameters were the same as described above. An Ion Tech
FAB gun was used with xenon gas, at 8 kV anode voltage, 1-2 A discharge current and
0.4 rnA monitor current. The ion source temperature was held at 200°C to provide heat
to the capillary tip to prevent freezing of the LC solvent as it evaporates. The source ion
gauge reading was 3 . 10- 4-5 . 10- 4 mm during operation.

RESULTS AND DISCUSSION

CFF interface
The FAB target is heated by radiation from the ion source. With the source at

200°C, the target temperature is 45-50°C, which is about optimum for CFF6
. A benefit

of keeping the source at 200°C, rather than the normal low temperature commonly
used for conventional FAB (used to prevent the matrix compound from evaporating
from the target too fast), is less contamination/less frequent source cleaning.

The 0.05-mm 1.D. fused-silica transfer line was fed through the center of the
probe and adjusted so the end was flush with the stainless-steel FAB target. The hole in
the target was obtained by wire electric discharge machining drilling, and was made
slightly larger than the O.D. of the fused-silica tubing to obtain a snug fit. The snug fit

MASS
SPECTROMETER 5x10·4 mbar

LC(PACKED
CAPILLARYCOLUMN)

ADJUSTMEN0'l
HANDLEW

Fig. 2. Schematic diagram of continuous flow FAB interface.
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3.8

Fig. 3. Schematic diagram of threaded FAB target.

and a Vespel/graphite ferrule incorporated into the threaded FAB target, as shown on
Fig. 3, prevent backflow of liquid into the probe.

Glycerol was added to the LC mobile phase at the 10% level. With
acetonitrile-water mobile phases, addition of 10% glycerol caused the formation of
two phases if the acetonitrile concentration was increased above 50%. We found
acetonitrile-water-glycerol (50:40:10) to be a good general purpose mobile phase. If
a stronger mobile phase is needed, methanol-water can be used, such as: methanol
water-glycerol (80:10:10).The mobile phase was degassed in an ultrasonic bath for 10
min to eliminate air bubbles which give an unstable vacuum. Mobile phase was
prepared fresh weekly since aged mobile phase appeared to cause an unsteady vacuum,
possibly due to bacterial action generating carbon dioxide. Typically a steady vacuum
and matrix ion current was obtained about 30 min after start of operation.

With CFF we obtained a ten-fold increase in sensitivity over that obtained with
the conventional FAB probe, likely due to increased sample concentration in the
glycerol matrix since a much thinner film of glycerol is obtained with the continuous
flow probe. Good quality FAB spectra were obtained on O.I-f.1g quantities injected into
the LC.

Fig. 4 shows a separation obtained on a mixture of four sulfonylurea herbicides
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4(0(0(000 m: 358.0

200000

400000 m; 382.8
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20"(000
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Fig. 4. Separation offour sulfonylurea herbicides, the active ingredients in: Harmonys (M + I at 388), Ally®
(M + I at 382), Glean's (M + I at 358) and Londaxs (M + I at 411), using LC-FAB-MS. Column: 30
em x 0.25 mm J.D. Nucleosil ODS. Mobile phase: acetonitrile-glycerol-water (pH 3, formic acid)
(50:I0:40).
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at the 0.1 ltg/component level. The mass range scanned was 45-650, therefore the
glycerol matrix ions were acquired by the data system. Since the glycerol ions were
more intense than the sample ions, the LC peaks were not observed in the total ion plot
(bottom trace). We have used two techniques to locate the LC peaks: (I) use the data
system to re-plot the chromatogram using the high mass ions, e.g. mlz 300-650, (2)
examine the plot of the protonated glycerol ion, mjz 93, which is often suppressed
during elution of the LC peak as shown on Fig. 4. This suppression suggests a CI
process is occurring, where the sample molecule is protonated by the glycerol ion.

Analysis of sulfometuron methyl and plant metabolites
An example showing the complementary data obtained on sulfometuron

methyl, a sulfonylurea herbicide, and two plant metabolites using LC-MS in the EI, CI
and FAB modes is presented. Fig. 5 shows the LC-EI-MS chromatogram obtained
using the moving belt interface. The three components were readily separated by the
reversed-phase LC column. The EI mass spectrum of the parent compound
(sulfometuron methyl, the active ingredient in Oust'" herbicide) is shown in Fig. 6. As
with most sulfonylurea herbicides, a molecular ion is not obtained in the EI mass
spectrum. However, a lot ofstructural information is obtained from the fragment ions,
as shown in Fig. 6. Major fragment ions are obtained by cleavage on both sides of the
carbonyl, which can allow one to deduce the molecular weight and assign a structure.
The identity of the parent compound was confirmed by library search. The EI
spectrum of the hydroxylated metabolite (Fig. 7) also gives a lot of structural
information. The pyrimidine amine and isocyanate fragment ion are shifted sixteen
mass units higher, showing that hydroxylation occurred on this side of the molecule.
The EI mass spectrum of the glucose conjugate (Fig. 8) shows fragment ions from the
sulfonyl isocyanate portion of the molecule, but is of minimum value for structure
determination.

PARENT
COMPOUND
(suttometuron methyl)

11/ 0.1132E+07
2 1

GLUCOSIDE OF HYDROXYLATED
HYDROXYLATED METABOLITE
METABOLITE

IF

1. 0-;--------------,--------,-..,....,.....,,-"'7-:::="=-:1

0.5

!:l.a
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Fig. 5. Separation of sulfometuron methyl and two plant metabolites using LC-EI-MS. Column as in Fig. I.
Mobile phase: acetonitrile-water (60:40) (pH 3, formic acid).
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LC-MS using ammonia CI gave protonated molecular ions in the mass spectra
of the parent compound and the hydroxylated metabolite, and structurally useful
fragment ions due to cleavage on both sides of the carbonyl. The ammonia CI mass
spectrum ofthe glucoside does not include molecular weight related ions, but does give
structural information, as shown in Fig. 9. The thermospray mass spectrum of the
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Fig. 9. Ammonia CI mass spectrum of glucoside of hydroxylated sulfometuron methyl.
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glucoside was similar to the ammonia CI spectrum obtained with the moving belt
interface, and also did not show molecular weight related ions!".

The LC-FAB-MS chromatogram obtained by plotting the sum of the proton
ated molecular ion intensity for each component is shown on Fig. 10, and the
background subtracted FAB spectra obtained are shown in Figs. 11-13. The glycerol
matrix ions can easily be subtracted out of the spectra. The protonated molecular ion is
the base peak in the FAB spectra of all three components. This is a particularly
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cm x 0.25 mm J.D. Nucleosil ODS. Mobile phase as in Fig. 4.

impressive result for the glucoside metabolite, since this is very polar and extremely
thermally labile, and molecular ions were not obtained with ammonia Cl or
thermospray ionization. The FAB spectra also give some structural information, with
fragment ions due to the protonated pyrimidine amine, isocyanate and urea and
a weak fragment at m]z 199 due to the methyl benzoate sulfonyl ion, as shown in Figs.
11-13.

Analysis of chlorimuron ethyl and plant metabolite
Chlorimuron ethyl, the active ingredient in Classics herbicide, forms a gluta

thione conjugate in plants through displacement of the chlorine atom. The LC
FAB-MS chromatographic data obtained on a mixture of chlorimuron ethyl and its
glutathione conjugate are shown in Fig. 14, and the background subtracted FAB
spectra are shown in Figs. 15 and 16. The spectra show prominent protonated
molecular ions and [M + Na +] adducts, and characteristic fragment ions. The
glutathione conjugate did not show molecular ion adducts by LC-CI-MS or
thermospray ionization l", again showing the value of LC-FAB-MS for identification
of polar conjugates.

CONCLUSIONS

The LC-EI-MS, LC-CI-MS and LC-FAB-MS techniques described in this
paper have provided the high sensitivity and specificity needed for the identification of
unknown metabolites obtained in environmental studies of agricultural chemicals.
LC-FAB-MS is particularly valuable for obtaining molecular weights of highly polar
metabolites that cannot be obtained by EI, CI or thermospray ionization techniques.
We are using these techniques daily to identify unknown metabolites obtained in
environmental studies of agricultural chemicals.
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SUMMARY

Fast atom bombardment mass spectrometry (FAB-MS) has been employed
very successfully over the last seven years for the analysis of polar and thermally
labile compounds which are frequently encountered in bioanalysis. The recently de
veloped method of continuous flow FAB-MS (CF-FAB) as a liquid chromatogra
phy-MS interface and ionization method has opened up a new area of research in the
analysis of biomolecules such as peptides and proteins. Ion suppression effects ob
served in standard FAB analysis seem to be reduced , and increased signal-to-noise
gives better sensitivity for quantification. The optimisation of CF-FAB on the
MA T90 magnetic sector mass spectrometer will be discussed. Applications in bioana
lysis, e.g., peptide analysis in conjunction with linked scan techniques, will also be
reported.

INTRODUCTION

Fast atom bombardment mass spectrometry (FAB-MS) has been employed
very successfully over the last seven years for the analysis of polar and thermally
labile compounds 1 which are frequently encountered in bioanalysis. The recently
developed method of continuous flow FAB-MS2 (CF-FAB) offers a number of ad
vantages over conventional FAB-MS, especially in the analysis of peptides and pro
tein digests' :". These are : more rapid analysis, the ability to monitor processes such as
enzyme digestions and increased signal-to-noise ratio giving better sensitivity for
quantification" .

Potential applications for CF-FAB at Sittingbourne Research Centre (SRC)
include directly coupled liquid chromatograpy (LC) -CF-FAB-MS of polar metabo
lites, antibiotics from fermentation broths, biosurfactant and peptide analysis. The
analysis of peptide and protein digests by CF-FAB will allow enzyme digestions to be
followed in real time with prior on-line reversed-phase high-performance liquid chro
matographic (HPLC) separation of components".

oo21-9673{89{$03.50 © 1989 Elsevier Science Publ isher s B.V.
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The CF-FAB probe was installed on the Finnigan MAT90 magn etic sector
spectrometer in August, 1988. The initial aims were to optimise the performance of
the CF-FAB method as follows. (i) To make the technique viable for peptide an alysis
with picomole sensitivity. (ii) To examine the feasibility of obtaining sequence in
form ation from peptides run by CF- FA B using linked scanning techniques on the
MAT90 instrument.

The CF-FAB probe for the MAT90 instrument at SRC was the first delivered
by Finnigan in Europe, with the exception of two prototype probes under devel
opm ent in collaboration with Finnigan MAT. The MAT90 is an ideal instrument on
which to install the device becau se it is fully microprocessor controlled, facilitating
easy programming of a sequence of scanning modes i.e., norm al spectrum acquisition
followed by B/E linked scans [keepin g the ratio of magnet to electric sector (B/E)
con stant] of the par ent ions.

A number of features were critical in optimising the condi tions for a stable flow
and goo d sensitivity in the CF-FAB technique. The se were (i) wett abil ity of the probe
tip ; (ii) temperature of the probe tip; (iii) flow-rate of the solvent; (iv) solvent compo
sition.

These important fact or s and their interrelations were examined using model
pep tides, and are discussed in this report.

EXPER IM ENTAL

Design and operation of the CF-FAB probe
The probe, shown in Fig. I, con sists of a hollow shaft that is capped with an

angled probe tip , through which a 0.7 m x 0.075 mm 1.0. fused-silica capillary is
passed. Th is is allowed to protrude by approxima tely 0.2 mm beyond the tip. The tip

Fig. I. Continuous flow FAB probe for the Finnigan MAT90 spectrometer.



FA B-MS IN B10 ANAL YSIS

Fig. 2. CF-FA B probe in pos ition on the MAT90 inst rument.
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is in co ntact with a paper wick, which is locat ed inside the source ion volume directly
below the prob e tip. Th e capillary is co nnected to a Rheod yne injection valve (Model
7410) for injection of 0.5-pl amo unts . Th e co nt inuo us flow solvent is pro vided by a
suitable pump (a Jasco Fa milic- IOON) normally opera ted at 2-5 Jtl jmin as show n in
Fig. 2.

Th e FAB gun is operated at 8 keY and I rnA cur rent with Xenon bombarding
gas, as with conventional FA B.

T he two novel desig n feat ures of the Finnigan MAT CF-FA B probe are (i) a
pap er wick below the probe tip to soak up the excess solvent running down the probe;
(ii) an adjustment screw at the base of the probe to alt er the position of the capi llar y
tip in-situ (Fig. 2).

Reagents
Brad ykinin , brad ykinin poten tiator B and renin subs trate tetradecap eptide

were obta ined from Sigma. Th e samples were dissolved in the same solvent mix ture as
used for the co ntinuo us fl ow carrier solvent i.e. , typically glycero l- water- methano l
trifluoracetic acid (10:45:45:0.2, vjv) .

RESU LTS

Stahility
Sta ble opera tion of the probe ca n be defined as the co ndition where a constant

ion current is obtained from ions sputte ring from the tip und er stea dy solvent flow
conditions, i.e., 2-5 Jtljmin. Thi s is achieved when the rate of eva po rat ion of the
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solvent from the probe tip is in ba lance with the pumping speed of the MS source. If
this is not the case, boiling/bubbling of solvent occurs , giving rise to peak height
fluctu ations. It has been generally agreed 7 that fluctuations in peak heigh ts within
± 10% are accep table, but that mos t CF-FA B systems tak e approximately half an
hour to settle down to this level. Stable operation was very difficult to obtain on the
MA T90 system and reproducible response for repeat 50-ng injections of undecanoic
acid was poor as shown in Fig. 3. Th e upper trace represents the selected mass trace
for the [M - H]" ion, showi ng varia tio n in pea k height of ± 50% . Th e lower trace
represent s the total ion current tr ace and indicate s the insta bility. Th e mass spectrum
obtained, however, shows goo d signa l-to-noise ratio . Repeat injection s could be
made every 2-3 min with no significa nt memory effects with dilute solutions, although
with sample quantities in excess of 100 ng slight memory effects become apparent.

The Rheodyne injector supplied had a fixed internal loop of nominal volume
0.5 111. Use of 1-, 2- and 5-111 sample volumes to fill this internal loop gave inconsistent
result s. Only with sample volumes > 10 111 were reproducible ion current traces ob
tained. It was concluded, therefore, that dead volumes within the valve precluded its
use with < 10 111 sample volumes.

Modifications
Two modifications were made, which radically enhanced the performance and

stability of the CF-FA B probe. (i) The Rheodyne valve supplied by Finnigan MAT
was rep laced by a Model 7125 with a 10-111 external loop. A better model , the 8125
with lower dead volumes, is to be ordered . (ii) The length of capi llary within the probe
was increased to 1.1 m of 0.05 mm I.D. Thi s may have acted as a flow restrictor
applying a back pressure to the pump and grea tly increased stability.

The effect of the above a llowed stability to ± 10% for full day operation.
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Fig. 3. Repeat injection of 50 ng of undecanoic acid.
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Wettability of the probe tip
Even coating of solvent from the capillary onto the probe tip was critical. Acid

etching of the surface was found most effective. Wettability varied with solvent com
position, methanol-water mixtures being better than water or water-acetonitrile.

Role of the wick
The wick, situated below and in contact with the probe tip, consists of a wad of

compressed filter paper approximately 6 mm diameter and 3 mm depth. The role of
this wick is to ensure an even thin film of solvent across the probe reducing the
formation of droplets thus stabilising the ion current produced. In addition, evap
oration takes place from the flow of solvent rather than on the end of the capillary,
therefore reducing sample memory effects. A deterioration in stability was observed
when the wick was omitted. The wick was replaced when saturated with solvent. In
practice this depended upon solvent composition and flow-rate and more critically
upon the glycerol content. Using 10% glycerol in the solvent the wick was replaced
daily.

Probe tip temperature
The probe tip is heated indirectly from the source. Its temperature was not easy

to control. A temperature of approximately 40°C at the tip was required to avoid
freezing of the solvent within the capillary tip. The design of this could be improved to
allow direct heating and faster response to changes. Lower probe temperatures result
ed in decreased ion currents and reduced stability. Reoptimisation was necessary with
changes in solvent composition, however, adjustment of capillary position had a
greater effect than change in probe temperature.

Solvent flow-rates
Flow-rates of 1-7 Ill/min were evaluated. 5 Ill/min and above led to sputtering

of the liquid surface formed on the tip, giving rise to unsteady ion currents and very
high source pressures > 10-3 Torr. Low flow-rates led to a diffusion of sample and
broad peak shape. 3-4 Ill/min was found optimum for most solvent systems.

Solvent composition
Initial solvents of water, water-methanol, acetonitrile-water were made up

with 20% glycerol. It was desirable to reduce the glycerol content to make the solvent
more suitable for HPLC columns. A reduction to 10% glycerol was tolerated with no
reduction in sensitivity. Optimising the capillary position for different solvent compo
sitions was essential to retain a wet film of solvent on the probe tip at the position
where the atom beam impinges. This could be easily carried out on this probe design.

Model peptides
A range of peptides i.e., bradykinin, bradykinin potentiator B, renin substrate

in the 1000-2000 dalton molecular weight range could be run by CF-FAB at the
1-2-pmollevel. Fig. 4 shows the [M + H]+ of bradykinin for 2 pmol injected. For
comparable spectra from the conventional FAB probe nanomol of sample are re
quired. Mixtures of three peptides all at the 40-pmollevel gave very similar responses,
unlike conventional FAB where suppression effects are known to occur.
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Linked scans
Collision-induced fragmentation could be obtained on the peptide molecular

ions, by the introduction of helium into the first field free region gas cell (between the
source and the magnetic sector). Daughter or fragment ions formed could be analysed
by a B/E constant scan from the parent ion. This was done from the conventional
FAB probe (Fig. 5) and from the CF-FAB probe (Fig. 6). 100 pmol of sample was
utilised for the CF-FAB, whereas approximately 10 nmol was required for the con
ventional FAB analysis to give comparable signal-to-noise ratios. Comparing the B/E
spectra of bradykinin potentiator B run under conventional FAB conditions (Fig. 5)
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Fig. 5. B/E linked scan of bradykinin potentiator B from conventional FAB probe (10 nmol).
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and from the CF-FAB (Fig. 6) the same daughter ions are present, however, in
tensities do vary. Significant fragment ions could be rationalised by amino acid cleav
ages from N- or C-termini, and according to fragmentation behaviour of peptides in
collision dissociation mode'<!". Some assumptions have been made about amino
acid side chain losses. Table I lists the peaks observed and assignment has been made
with the Roepstorff and Fohlman nomenclature".

TABLE I

FAB B/E LINKED SCAN ANALYSIS OF BRADYKININ POTENTIATOR B (900 > 1183}1)

pGlu-Gly-Leu-Pro-Pro-Arg-Pro-Lys-Ile-Pro-Pro.

m]z Assignment"

11~3 [M + H]+ or protonated molecular ion
1166 BII
1139 MH - Arg side chain
1138 All
1126 MH - Leu side chain
1086 CIO
1073 YIO
1069 BIO
1040 AlO
972 B9
957 MH - Leu, Arg, Lys side chain
944 A9
902 Y8

a Using Roepstorff and Fohlman nomenclature.
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These initial results indicate that CF-FAB can be used to analyse polar and
thermally labile compounds encountered in bioanalysis and the following preliminary
conclusions can be drawn. (i) It can be 100 times more sensitive than conventional
FAB; (ii) may be used with a range of solvents compatible with HPLC systems; (iii)
provides a rapid method for analysis of samples injected via a loop into the solvent
flow; (iv) is compatible with linked scanning techniques.

Further work is continuing with on-line coupling to HPLC, linked scanning
techniques and optimisation of performance for a wider range of compounds.
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SUMMARY

Continuous-flow fast atom bombardment (CF-FAB) is an interface for
combined liquid chromatography-mass spectrometry using FAB as the ionization
method. The applicability of CF-FAB for quantitative bioanalysis was studied for
a model compound, dextromethorphan, in plasma samples using conventional
high-performance liquid chromatography. The flow-rate reduction was achieved
either by splitting or by the phase-system switching approach. The features of both
systems are discussed.

INTRODUCTION

In recent years various liquid chromatography-mass spectrometry (LC-MS)
interfaces have been developed and successfully applied in bioanalysis': Despite the
fast progress, a number of difficulties still exist in daily practice strongly depending on
the interface type used. Many of the interfaces have limitations in the handling of very
polar and thermally labile compounds frequently encountered in bioanalysis. In this
respect the recently introduced method of continuous-flow fast atom bombardment
(CF-FAB)2.3 has opened up new possibilities. The CF-FAB technique has been used
for the analysis of peptides3-11,dansylated amino acids", antibiotics 7.12 , bile acids2,13

and oligosaccharides!".
CF-FAB has so far mainly been applied in qualitative analysis using either flow

injection analysis 2-4,6-9,12-14 or micro high-performance liquid chromatography

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.



60 P. KOKKONEN et al.

(HPLC)2,5-14. Advantages of CF-FAB over conventional FAB are the fact that
ion-suppression effects are reduced considerably and the determination limits are
improved.':". Therefore, it is interesting to explore the potential of CF-FAB in
quantitative analysis.

Dextromethorphan, (+)-3-methoxy-17-methylmorphinan, was selected as the
model compound, because of its solubility and high stability in water and its good FAB
sensitivity, especially in acidic solutions. Methods for the determination of dextro
methorphan and its metabolites in human plasma15,16 and urine' have been reported
using conventional HPLC with fluorescence detection. Typical concentration levels of
dextromethorphan in plasma are less than 10 ng/ml after a single dose of 60 mg of
dextromethorphan hydrobromide.P'!". The applicability of the CF-FAB method for
quantitative bioanalysis was studied by analysing dextromethorphan in plasma.
Because conventional HPLC is used in most bioanalytical studies, the possibilities of
conventional HPLC coupled with CF-FAB were investigated. Flow-rate reduction is
achieved by using a splitter between the HPLC apparatus and the CF-FAB interface.

EXPERIMENTAL

Equipment
The two different experimental set-ups that have been used are referred in the

text as system I and system II. The most important differences between those two
systems are summarized in Table J.

The HPLC system consisted of either a Pharmacia P-3500 pump (Uppsala,
Sweden) or an LKB 2150 pump (Bromma, Sweden), a Rheodyne 7125 injector (20 pI,
Berkeley, CA, U.S.A.) and a Techopak reversed-phase C18column (15 em x 3.9 mm
J.D., packed with 10 pm material, HPLC Technology, Cheshire, U.K.). The
temperature of the column and the stainless steel capillaries was kept at 56°C in order
to reduce the viscosity of the mobile phase. The column effluent was directed to
a splitter (see below), which was connected to a Finnigan MAT prototype CF-FAB

TABLE I

SYSTEM DESCRIPTIONS

Pump
Mobile phase"
Composition (wjw%)
HPLC flow-rate
Split capillary
CF-FAB capillary
Split ratio
Split flow-rate
Mass spectrometer
Data system
Source temperature
Source pressure

System I

Pharmacia
TFA-Gly-ACN-H20
0.25-10-30-59.75
1.0 mljmin
19 em x 200 J.lm I.D.
85 cm x 75 J.lm I.D.
1:200
5 J.lljmin
MAT 8200
SS300
40°C
ca. 0.1 Pa

System II

LKB
TFA-Gly-ACN-H 20
0.25-9.9-29.8-60.05
1.2mljmin
44 em x 150 J.lm I.D.
75 em x 75 J.lm I.D.
1:170
7 J.lljmin
MAT 90
ICIS
60°C
ca. 0.01 Pa

a TFA = trifluoroacetic acid; Gly = glycerol; ACN = acetonitrile.
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probe (Bremen, F.R.G.) with a stainless steel target. The CF-FAB probe was fitted on
to either a Finnigan MAT 8200 or Finnigan MAT 90 double-focusing mass
spectrometer, operated at 3 kV and 5 kV, respectively. Both instruments were
equipped with a FAB gun (Ion Tech, Teddington, UK.) using xenon and producing
a beam of neutral atoms of 6 kV energy.

In the Finnigan MAT 90 instrument (system II) an exchangeable ion volume
with a wick was applied. The wick was prepared from compressed paper and
positioned at the bottom of the ion volume. Additional vacuum pumping at the ion
source housing was obtained by a liquid nitrogen trap. In the Finnigan MAT 8200
instrument (system I) there was no possibility to use an exchangeable ion volume,
a wick or a cold trap.

A schematic diagram of the laboratory-made splitter is given in Fig. 1. The
HPLC column was connected to a zero dead volume stainless-steel union-T
(TEE.020", Upchurch Scientific, Washington, U.S.A.) by means of a short stainless
steel capillary (lfl6 in. 0.0., 0.5 mm 1.0.) in which the 75.um1.0. fused-silica capillary
(SGE, Melbourne, Australia) going to the CF-FAB probe is inserted to a position as
close as possible to the column end. The split ratio was determined by the length and
internal diameter of the fused-silica capillaries, the actual dimensions of which are
given in Table I. The flow-rates stated in Table I were measured by weighing the
effluents.

Reagents
Dextromethorphan hydrobromide was obtained from the Research Center of

Orion Pharmaceutica (Espoo, Finland). Trifluoroacetic acid and hexane were
purchased from E, Merck (Darmstadt, F.R.G.). Glycerol (98% chern. pure) was
supplied by Lamers & Pleuger CsHertogenbosch, The Netherlands), acetonitrile
(ChromAR) byPromochem (Wesel, F.R.G.), sodium carbonate (AnalaR) by BDH
(Poole, UK.) and triethylamine by Pierce (Rockford, IL, US.A.). Water was distilled
before use.

5

6

Fig. I. Schematic diagram of the CF-FAB splitter. 1 = LCcolumn;2 = union-T;3 = vespelferrule;4 =
stainless-steel capillary; 5 = CF-FAB capillary (75 Jim J.D.); 6 = split capillary (200 J1m J.D.).
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The mobile phase was prepared daily in order to avoid bacterial growth and
mould formation. Before use it was filtered and degassed ultrasonically. The mobile
phase reservoir was flushed with helium during the experiments.

Sample preparation
Stock solutions containing 15 mg of dextromethorphan hydrobromide were

prepared in 10 ml of water. Plasma samples containing 0.11,0.22,0.44,0.88,1.75,3.5,
7.0, 14.0 and 28.0 ,ugjml of dextromethorphan were prepared by adding the
appropriate amount of dextromethorphan in 50,111 of water to 2.0 ml of blank human
plasma. A mixture of 0.5 ml of saturated sodium carbonate in water and 5 ml of 0.1%
(vjv) of triethylamine in hexane was added to the plasma. The tubes were gently shaken
on a horizontal shaker for 20 min. After centrifugation for 5 min at 1000g, 4.0 ml of the
organic layer were separated and evaporated to dryness in a gentle stream of helium at
40°C. The residue was dissolved in 50,111 of the mobile phase. An aliquot of 20,111 was
injected on to the HPLC column. This procedure is a modification of the method
described by East and Dye 1 5

. Recoveries of ca. 96% have been reported for the
original procedure".

RESULTS AND DISCUSSION

System description
In most bioanalytical applications conventional bore columns are used. With

several LC-MS interfaces, miniaturized HPLC columns are applied to achieve
flow-rate reduction in order to avoid large split ratios. It is important to realize that no
significant improvements in concentration detection limits are to be expected from the
use of micro bore columns since the advantage of reducing the split ratio is balanced by
the necessary reduction in injection volumel".

In the case ofCF-FAB the optimum flow-rate is ca. 5 ,uljmin. For coupling with
conventional HPLC columns with typical flow-rates of 1mljmin a considerable split of
1:200 is necessary. For microbore columns the typical flow-rates are about an order of
magnitude lower, resulting in a split of 1:10, but also the maximum injection volume is
diminished by at least a factor of 10. Therefore, similar concentration detection limits
will be obtained in both cases. Only if the sample size is limited does miniaturization
become attractive. In most cases conventional HPLC columns are also preferred in
bioanalysis for their high sample loadability. Moreover, miniaturization of sample
pretreatment procedures is rather difficult. Because of these arguments, coupling of
conventional HPLC with CF-FAB was investigated for bioanalysis and a splitter was
designed for this purpose.

Several types of flow splitter for use in CF-FAB experiments have been
described: a commercially available pneumatic splitter"? and a splitter with a needle
valve ll . Fig. 1 gives a schematic diagram of a low-cost laboratory-made splitting
device, used in the experiments described here. With certain precautions this splitter is
very easy to handle. The split ratio is determined by the length and the internal
diameter of the fused-silica capillaries. It is important to wash the splitter with water
daily after use to prevent bacterial growth and mould formation. No additional peak
broadening due to the splitter has been observed. Day-to-day variation of the split
ratio is smaller than 10%. When one of the fused-silica capillaries accidentally
becomes clogged it can be easily replaced.
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In FAB, glycerol is generally used as the matrix. In CF-FAB glycerol can be
added to the mobile phase of the HPLC system either in pre_column 1

-
10

, 12- 14 or
post-column 11 mode. In the pre-column mode glycerol ismixed with the mobile phase.
Unfortunately, a mobile phase containing 10% ofglycerol has a much higher viscosity
than the corresponding conventional mobile phase, resulting in an increased pressure
drop over the column. A higher temperature of the mobile phase is needed to decrease
the viscosity. In that case it must be taken into account that the increased temperature
and the polarity of glycerol influences the chromatography. When glycerol is added
in post-column mode, the chromatography is not affected. However, adequate
post-column mixing of pure glycerol with the column effluent is rather difficult.
Post-column addition of glycerol can only be achieved by adding a solvent mixture
containing glycerol, resulting in dilution and peak broadening. In this study
pre-column addition of glycerol was used. The increased temperature (56°C) not only
decreased the viscosity of the mobile phase but also improved the chromatography of
dextromethorphan.

Analysis of plasma samples
The applicability of the CF-FAB method for quantitative bioanalysis was

studied by determining dextromethorphan in plasma samples. Total ion current
chromatograms of a blank plasma sample and a spiked plasma sample are shown in
Fig. 2. The sample has been spiked with 28 Itg/ml of dextromethorphan, which
corresponds to 85 ng introduced into the mass spectrometer. No interfering
background peaks were observed in the chromatogram of the blank plasma sample.
The CF-FAB LC-MS spectrum of dextromethorphan taken from the chromatogram
in Fig. 2B is given in Fig. 3 without background subtraction. Compared with
conventional FAB the background of glycerol clusters is considerably reduced. Only
the protonated glycerol clusters at mlz 93 and 185 can be seen. The protonated
molecule of dextromethorphan at m]z 272 and the protonated glycerol cluster at mlz
277, although of very low abundance, are used in selected-ion monitoring.

Analytical data
The within-run precision of the method was studied by analysing spiked plasma

samples containing 1.8 or 28 Itg/ml of dextromethorphan using a stainless steel target.
Table II summarizes the coefficients of variation (C.V.) of the peak areas and peak
heights. The data in Table II were acquired under various conditions. With system I an
untreated stainless steel target was used, whereas with system II results are given for an
acid-treated stainless steel target. No significant differences in the precision of the
method were observed at the two plasma levels investigated. The acid treatment
roughens the surface of the target and hence enhances the wettability/". The use of the
wick together with the acid-treated target improves the liquid film properties of the
target, resulting in an improved stability of the baseline'? and precision of the method.
The cold trap, which is used to increase the pumping capacity of the mass spectrometer
at the ion source housing, also improves the baseline stability, partly because pressure
fluctuations influence the stability of the FAB gun. Application of the wick, the
acid-treated stainless-steel target and cold trap improves the C.V. of the peak heights
and areas. A typical series of peaks for plasma samples containing 1.75 Itg/ml of
dextromethorphan as obtained with the latter system is given in Fig. 4. The glycerol
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Fig. 2. Total ion current chromatograms of human plasma extracts. (A) Blank plasma sample. (B) Spiked
plasma sample containing 28 Jlg/ml of dextromethorphan (retention time 3 min 15s). System I (see Table I)
with an untreated stainless-steel target.

background was monitored to check the conditions of the system during the run. By
using a labelled internal standard the precision of the method can be improved further,
and the effect of occasional instabilities as well as effects of the changes in the
conditions (e.g. properties of the liquid film, pressure and temperature of the ion
source) are avoided.

The recovery of the extraction method was found to be ca. 80% at the 1.76J.lg/ml
level by comparing the peak areas as obtained from extracted spiked plasma samples
and extracted blank samples, to which dextromethorphan was added after extraction.
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Fig. 3. The LC-FAB mass spectrum of dextromethorphan (MW 271) taken from the analysis shown in Fig.
2B. System I (see Table I) with an untreated stainless-steel target.

The linearity (peak area vs. concentration) of the method was checked in the
range 0.11-28.0 Ilgjml dextromethorphan in plasma. The calibration curve is linear
(correlation coefficient, r = 0.995) over the range 1.75-14.0 Ilgjml corresponding
to 7-53 ng of dextromethorphan introduced into the mass spectrometer. The
calibration samples containing 0.11-0.88 Ilgjml were measured separately. Day-to-day
reproducibility of the absolute peak areas is not very good: peak-area ratios up to 10
were found between two successive days. Daily calibration is therefore necessary, and
an isotopically labelled internal standard would certainly improve the overall
performance.

The determination limit with a signal-to-noise ratio of 10 in selected-ion
monitoring is ca. lllgjml, when system I is used. With system II the determination limit
is 110 ngjml, corresponding to 400 pg introduced into the spectrometer.

TABLE II

WITHIN-RUN PRECISION OF THE PEAK AREAS AND PEAK HEIGHTS FOR DETERMINA
TION OF DEXTROMETHORPHAN IN HUMAN PLASMA BY MEANS OF CF-FAB LC-MS WITH
A STAINLESS-STEEL TARGET

Target Cone. N CY. (%)
(uglml )

Area Height

Untreat~d 28 4 22 29
1.8 5 24 28

Acid-treated 1.8 6 15 16

Conditions

System I
System I
System II
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Fig. 4. Multiple ion monitoring chromatograms of the protonated dextromethorphan (upper trace, m]z

272) and the [3M + H]" of glycerol (lower trace, m]z 277). Plasma spiked with 1.75 {lg/ml of
dextromethorphan, corresponding to 7 ng into the spectrometer. System II (seeTable I) with an acid-treated
stainless-steel target.

Phase-system switching
The mandatory splitting ratio of I to 200 considerably restricts the determina

tion limits of the method. Plasma levels of dextromethorphan below 10 ng/ml, which
are found in practice, cannot be determined. The use of microbore LC columns in stead
of conventional columns gives no significant advantages in this respect, because the
lower injection volume balances the reduced splitting ratio. Preliminary experiments
indicate that splitting can be avoided completely by the use of the phase-system
switching (PSS) approach 2 1

,2 2 . This approach, which is based on valve-switching
techniques, was originally designed for solving mobile phase incompatibilities in target
compound analysis with LC-MS, but it has several additional features, such as the

'trapping colul"lIn

588 ,,1/.. ln

7 "lI·.. ln

Iwaste I
Fig. 5. Schematic diagram of the phase-system switching.
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possibility of peak compression and ofchanging the flow-rate into the spectrometer. In
PSS the compound of interest is trapped after the analytical separation on to a short
trapping column, from which after washing and drying of the column it is eluted in an
appropriate solvent and at a flow-rate favourable to the LC-MS interface applied. The
applicability of this approach has been demonstrated for both the moving-belt
interface and the thermospray interfacez1- z3. If the appropriate trapping column
dimensions are chosen, the PSS approach can also be used for the flow-rate reduction
necessary in CF-FAB and for the post-column addition of glycerol. In the PSS system
illustrated schematically in Fig. 5, an RP-2 analytical column (loa mm x 3.0 mm I.D.)
is used at a flow-rate of 1.0 ml/min in combination with a XAD-2 trapping column of
50 mm x 1.0mm I.D. In order to make trapping of dextromethorphan possible, a pH
change after the analytical column is necessary. The optimization of the conditions
(the trapping column dimensions, the washing and drying steps and the minimization
of the dead volume of the system) is presently under investigation and will be reported
together with quantitative analysis of dextromethorphan with the PSS system.

CONCLUSION

The CF-FAB method can be used in quantitative bioanalysis ofvery polar and
thermally labile compounds. The analytical performance of the method is sufficient for
most bioanalytical applications concerning determination of plasma levels. A system
equipped with a wick, a cold trap and surface-treated targets shows a better stability,
which is reflected in the precision of the method. At present the quantitation levels are
restricted by the mandatory splitting. However, preliminary results from the use of the
phase-system switching approach, in which the necessary flow-rate reduction is •
realized without splitting, indicate that these problems can probably be solved as well.
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DESIGN AND INDUSTRIAL APPLICATIONS OF A REMOVABLE PROBE
INTERFACE FOR DIRECT CAPILLARY SUPERCRITICAL-FLUID CHRO
MATOGRAPHY-MASS SPECTROMETRY

HENRY T. KALINOSKI' and LEONARD O. HARGISS

Unilever Research U.S., lnc., 45 River Road, Edgewater, NJ 07020 (U.S.A.)

SUMMARY

An interface coupling capillary supercritical-fluid chromatography (SFC) with
a commercial quadrupole mass spectrometer has been assembled and utilized to in
vestigate problems involving separation and identification in the consumer products
industry. The design of the interface allowed positive and negative ion chemical ion
ization mass spectra to be obtained on a Hewlett-Packard 5985 gas chromatograph
mass spectrometer without instrumental modification. Changeover from gas chroma
tography-mass spectrometry (GC-MS) to SFC-MS was accomplished in minutes
without the need to remove chromatographic columns or vent the vacuum system.
The interface included provisions for maintaining SFC oven temperature to the ion
source region and for independent heating of the flow restrictor terminus. The system
allowed for choices of restrictor design, column flow-rate and chemical ionization
reagent gas. Chromatographic conditions developed using SFC with flame ionization
detection were readily transferred to the SFC-MS system with only a small change in
chromatographic efficiency. No compromises to MS operating parameters were re
quired. Examples of the evaluation and use of the SFC-MS system on samples and
problems of concern in the consumer products industry are described.

INTRODUCTION

Supercritical-f1uid chromatography (SFC) has developed as an important sep
aration technique for problems not amenable to gas chromatography (GC) and liquid
chromatography (LC). As with these other chromatographic techniques, the use of
mass spectrometry (MS) is recognized as one of the most versatile detection methods
available for SFC1.2. The interface ofSFC with MS has now left the research phase of
development and is being applied to a wide range of analytical problems l

-
1 2

. These
applications have been facilitated by the numerous interfaces developed for coupling
SFC to a wide variety of commercial GC-MS and LC-MS systems1,3-12. Many of
these instruments require the mass spectrometer to be dedicated for an extended
period of time to SFC-MS operation. For many laboratories, such dedication of the
mass spectrometer to one operating mode is not always practical and it is preferable
to have a system which can convert from one operational mode to another with a

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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minimum of down-time. It is also advantageous to have a means to test the perform
ance of an SFC~MS interface with relation to other modes of introduction or detec
tion.

An interface has been developed, based on the capillary-direct injection meth
od pioneered by Smith and co-workers 1

,2 , for coupling a commercial capillary SFC
system with a Hewlett-Packard 5985 GC-MS system. The design permits positive ion
(PICI) and negative ion chemical ionization (NICI) mass spectra to be obtained on a
range of analytes, using a wide variety of CI reagent gases. No modification of the
mass spectrometer or chromatograph was required. The interface incorporates an
independently heatable region for the SFC flow restrictor and allows coaxial in
troduction ofCI reagent gas. A number of the current SFC flow restrictor designs can
be accommodated. Conversion from GC-MS or direct insertion probe (DIP)-MS
operational modes to SFC-MS or from SFC with flame ionization detection (FlO) to
SFC-MS can be accomplished in a matter of minutes. This flexibility permits a wide
range of independent or interrelated experiments to be run on the two instruments,
permitting evaluation of the performance of SFC-MS with respect to GC-MS, DIP
MS or SFC-FID.

Efforts to couple SFC to the HP5985 mass spectrometer first required consid
ering designs previously developed in other laboratories. Henion et al." interfaced an
HP5985 with packed column SFC using a momentum separator. The underlying
reason for this approach was the desire to produce electron impact (EI) ionization
mass spectra. Refinements of this and of the MAGIC LC-MS interface ofWillough
by and Browner' have led to commercial momentum-separator interfaces for LC
MS and SFC-MS. This design was not pursued because there was no specific need for
EI spectra, and this approach required additional pumping and dedication of the
instrument to SFC-MS. The use of open-tubular column SFC minimizes the gas load
on the vacuum system, so additional pumping to reduce the load is not warranted.

Attempts to replicate the efforts of Hawthorne and Millert" by simply guiding
the SFC flow restrictor through a capillary direct interface (used for GC) into the ion
source were unsuccessful. With the HP5985 such an approach requires the vacuum
system of the mass spectrometer to be vented to replace a capillary GC column with
the SFC restrictor. The later works by this groupv" did use the newer HP5988 in
strument which eliminated the need to vent the vacuum chamber. This method,
wherein the GC/SFC-MS interface region is maintained about 100°C above column
temperature to help heat the restrictor tip", was found workable at high SFC column
velocities (4-10 times higher than used for other interface designs) and with the more
volatile and lower-molecular-weight materials. This was the case with both polished
and frit-type restrictors. High volumetric flow-rates led to excessive gas loads in the
ion source chamber and the inability to operate the SFC through the practical density
range ofcarbon dioxide. The use of higher temperatures in the interface block did not
improve the performance of this approach. The inability to transport higher-molec
ular-weight and lower volatility analytes was reason to abandon this approach.

The use of Smith's capillary-direct approach with an HP5985 was recently
reported by Owens et al.7. In that effort the interface used a 6.4 mm 0.0. x 4.8 mm
J.D. stainless-steel probe and a custom machined vacuum seal. The design incorpo
rated a 20-mm heated region for the restrictor and experiments utilized tapered re
strictors. The vacuum system of the mass spectrometer was equipped with a cryogenic
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pumping system but still operated with a partial pressure of 1.0· 10-4-1.5. 10-4 Torr
carbon dioxide in the ion source cham ber. This was due to use of restrictor aperatures
much larger than were used for SFC-FlD 7. Finally, the system was run at low MS
resolution and high detector voltages to increase system sensitivity7

.

Details of the SFC separation process, the direct injection process for SFC-MS
and the advantages of SFC-MS have been fully described elsewhere l

. This report
focuses on the design, construction and evaluation of the probe-mounted interface.
Application of the system to selected analytical problems from the consumer prod
ucts industry are also addressed. A brief comparison of the parameters required for
operation in SFC-FlD versus SFC-MS, and the relative efficiency of SFC-MS sep
arations will be made and the effects of using the mass spectrometer in a direct
injection mode for SFC-MS will be described.

EXPERIMENTAL

Chromatography
All work was conducted on the Model 602 SFC-GC system (Lee Scientific, Salt

Lake City, UT, U.S.A.) which consisted of a computer-controlled syringe pump for
delivery of supercritical carbon dioxide (AGL, Clifton, NJ, U.S.A.), a Model 7526
helium-actuated HPLC-type injector (Rheodyne, Cotati, CA, U.S.A.) with a 0.5-,u1
internal volume, a gas chromatograph oven capable of isothermal or temperature
programmed operation and a GC-type flame ionization detector. The Lee Scientific
computer and software (Ver. 2.0) enabled either pressure or density programming of
the mobile phase. All injections were made at ambient temperature and split using the
"T" supplied by the manufacturer!". The split ratio, usually about 50:1, was con
trolled by the flow through a length (50-60 mm) of 10 ,urn LD. fused-silica capillary
tubing. Chromatography was conducted at 100°C, isothermal, using a fluid density
ramp on a 10 m x 50,um J.D. fused-silica open-tubular column coated with a 30%
biphenyl-70% methyl polysiloxane (SB-Biphenyl-30) stationary phase from Lee Sci
entific. Three types of SFC flow (pressure) restrictor were used, the "frit" restrictor
from Lee Scientific I , both a shorter length supplied for FlD use and the longer
"MS-frit", where the frit material is at the end of a I-m length of deactivated 50-,um
fused-silica tubing, the polished "Guthrie" type 1,15 and the tapered 1,16, both fab
ricated from' deactivated 50-,um fused-silica tubing. A detailed comparison of the
various restrictor designs was beyond the scope of the current work. In all cases the
restrictor was attached to the column terminus using a zero-dead-volume union
(MVSU/003; SGE, Austin, TX, U.S.A.). The restrictor terminus was kept flush with
the interface probe exit. Efforts were made to keep the mobile phase linear velocity
between 2 and 2.5 cm/s, or a volumetric flow-rate of about 4 ,ul/s, measured at a
density of 0.2 g/ml.

Samples were obtained from numerous sources and used in solution in dichlo
romethane or chloroform (certified ACS grade, Fisher Scientific, Fair Lawn, NJ,
U.S.A.). Sample preparation involved dissolving a weighed amount of sample in
appropriate solvent and diluting to the working concentration. Concentrations used
for more complex mixtures, such as non ionic surfactants, were 1-10% by weight and
I to 5 mg/ml for single compounds or simple mixtures.
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Mass spectrometry
MS was conducted on a Hewlett-Packard (Palo Alto, CA, U.S.A.) Model

59858 GC-MS system operated in both positive and negative chemical ionization
modes. The MS system was comprised of a convertible EI/CI ion source and a single
quadrupole mass analyzer. Ion source chamber pumping was accomplished using a
680 I/s (air) diffusion pump, which cannot be valved off from the vacuum chamber.
Any interface design that would require venting the vacuum system to atmosphere
would need 4-8 h to cycle from shut-down to start-up. The ion source chamber was
equipped with a vacuum interlock for insertion of the tuning probe or the direct
insertion probe. The tuning probe or DIP mates with a tapered port on the source, so
the source volume is relatively well confined, with respect to the GC-EI-MS config
uration, when solid samples are introduced or for operation in CI mode. The system
was controlled by an HP-1000 E series computer system. Ion source temperature, for
both PICI and NICI was 200°C with a starting ion source pressure, measured on the
ion source chamber vacuum gauge, of 1.2 . 10-4 Torr. The ion gauge, calibrated for
nitrogen, was not corrected for the various gases present. This pressure value is what
is routinely used for GC-CI-MS and DIP-CI-MS. Depending on the flow restrictor
used for SFC, the ion source chamber pressure would range from 2.0 . 10-4 to 4.5 .
10-4 Torr at the end of the density programmed SFC-MS separation (410 bar, 0.765
g/ml), No effort was made to maintain a constant carbon dioxide/reagent gas ratio.
Methane, isobutane, ammonia, 1% ammonia in methane, argon and Freon-12 were
used as reagent gases for CJ. All gases were of the highest available purity and
obtained from AGL. Electron multiplier voltages used for PICI and NICI were simi
lar to those used for GC-MS and DIP-MS. The mass range scanned depended on the
sample being analyzed. The mass spectrometer was tuned using the Hewlett-Packard
computer-controller tuning procedures. The system was always operated at unit mass
resolution to mlz 614 (from perfluorotributylamine).

Interface probe design
The SFC-MS interface probe was assembled using a 1.27 em O.D. x 0.85 ern

J.D. leak probe (HP part No. 05985-20585), the same type of probe used for the
tuning probe. This permitted use of the vacuum interlock and proper mating with the
ion source without modification. A 35 cm length of 0.16 cm O.D. stainless-steel

SFC Pressure Restrlctor

Thermocouple

Outer Cylinder

Restrictor
Heater Lead

s-Hore Ceramic Tubing

Fig. I. Schematic diagram of the mass spectrometer end of the probe-mounted SFC-MS interface detailing
the ceramic tube support and restrictor heater. S.S. = stainless steel.
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tubing was used to contain the fused-silica flow restrictors and to supply CI reagent
gas. This tube was supported in the probe inside a 22 em length of nine hole ceramic
tubing. A schematic diagram of the MS end of the interface probe is given in Fig. I,
illustrating the stainless-steel and ceramic tubes. The ceramic tube also provided a
means of heating the interface probe, as a nichrome wire was passed through two of
the holes and used as a heater. A thermocouple, silver-soldered to the tube containing
the restrictor, was used to monitor temperature in the probe. The steel tube exited the
leak probe to the SFC oven via a reducing tube fitting. This allowed a tube fitting "T"
to be used to supply the CI reagent gas. CI reagent gases were metered through a fine
metering valve. The flow restrictor was held in the "T" using a graphite-filled vespel
ferrule (GVFj003, SGE) which provided a vacuum seal. The region external to the
SFC oven and MS interlock was wrapped with heating tape and insulator to maintain
oven temperature. The Model 602 SFC system was supplied with holes pre-cut in the
oven wall and access panels in the cabinet to facilitate interface of the oven with an
MS system. This feature allowed the SFC column to remain in the oven and reduced
the need for externally heated zones in the interface. The mass spectrometer end of
the interface probe (Fig. 1) was fitted with a nichrome wire wrapped around an
insulator, sheathing the end of the stainless-steel tube. A second insulator covered the
nichrome wire. A thermocouple, silver-soldered to the steel tube inside the insulator,
enabled the temperature on the steel tube to be monitored. This heater was capable of
temperatures of about 500T, and heated on a 30-35 mm length of the end of the flow
restrictor. This is approximately equal to the length in the heated zone in the Lee
Scientific flame ionization detector. The electrical and thermocouple leads were ad
mitted through holes in the ceramic tube. There was no vacuum seal on the MS end of
the probe; all seals were made with tube fittings external to the vacuum system. The
restrictor heater fits the ion source mating fitting in a manner analogous to the tip of
the direct insertion probe, placing the restrictor terminus within 5 mm of the CI
source volume entrance. An early version of the interface did not include the extra
restrictor heater and relied on the ion source block to heat the restrictor. As the
interface utilized the probe obtained from the instrument manufacturer, a tight fit to
the CI source was assured. The interface probe was operated at SFC oven temper
ature and the restrictor heater temperature was varied between 100°C and 400°C.

RESULTS AND DISCUSSION

Supercritical-fiuid chromatography
The first effort at a probe-mounted interface did not incorporate a restrictor

heater, which permitted evaluation of the need for a restrictor heater in addition to
heat from the ion source block. The ability of the vacuum system of the mass spec
trometer to operate under SFC-MS conditions was also evaluated with the early
interface version. Fig. 2A shows the carbon dioxide SFC-MS total ion chroma
togram, positive ion CI-MS, for the separation of a poly(ethylene glycol) methyl ether
[HO(CHzCHzO)nCH3] sample, average molecular weight (MW) 550 daltons. The
mass spectrometer was scanned from 130 to 750 daltons at 6 sjscan. The chroma
togram shown was not background subtracted. Without an external heater, the re
strictor sheath was between column temperature (l00°C) and ion source temperature
(200°C). Reasonably good separation, defined as narrow peak widths (approx. 30 s
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Fig. 2. Total ion chromatograms from the carbon dioxide capillary SFC-MS separations ofpoly(ethylene
glycol) methyl ether (average mo1.wt. 550) samples. Methane positive ion chemical ionization was employ
ed for both samples, one obtained without additional flow restrict or heating (A) and one with a restrictor
heater operated at 330'C (B).

full width at half hight) and baseline resolution, was achieved for early eluting com
ponents (up to n = 8) but higher-molecular-weight components could not be success
fully transported and ionized. Mass spectra of components up to n = 13,604 daltons,
contained protonated molecules (M + H)+ and structurally significant fragment
ions. SFC with FID of this sample, as well as MW 750, under similar chromatograph-
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ic conditions gave baseline separation oftelomers up to n = 20 for MW 550 and n =

26 for MW 750 with no detector spiking or apparent discrimination against higher
molecular-weight components. For FID experiments the detector was operated at
395°C with the frit restrictor.

Fig. 28 shows the same poly(ethylene glycol) methyl ether sample separated
using carbon dioxide SFC-MS and the interface incorporating the restrictor heater.
In this example a frit restrictor was used and the restrictor heater operated at 330°C.
All of the telomers found with SFC-FID were eluted and ionized, with peak shape
and peak widths directly comparable to SFC-FID. The example illustrates the value
of the added heated region in aiding transport of higher-molecular-weight analytes

A

M/Z 312

n= 2

5

B
TIC

TIME (MIN)

Fig. 3. Chromatograms from the capillary carbon dioxide SFC-MS separations of the ethoxylated surfac
tant Triton X-IOO. (A) m]z 312 selected ion chromatogram obtained in positive ion ammonia chemical
ionization; (B) total chromatogram (TIC) obtained in methane negative ion chemical ionization.
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for SFC-MS and the ability of the mass spectrometer to operate across the practical
density range of carbon dioxide.

Although the ability to controllably heat the SFC flow restrictor aids the analy
sis of less volatile analytes, the current design does not display the marked effects of
restrictor heater temperature found with the previously described interface 7

. Fig. 3
shows the SFC-MS chromatograms of Triton X-100, octylphenol ethoxylate with an
average of about 10moles ethylene oxide. This sample was analyzed as it is often used
as a test mixture for SFC and to compare SFC with other techniques, many previous
separations had been performed on this particular batch using SFC-FID and previ
ous efforts7 demonstrated restrictor heater temperature effects using this surfactant.
Carbon dioxide SFC-FID with a frit restrictor had shown all telomers to n = 19
reproducibly eluted at restrictor heater temperatures from 300°C to 400°C, with ex
pected small shifts in retention times due to variations in mobile phase viscosity and
flow-rate at the restrictor. The same chromatographic conditions, including restrictor
heater temperature, developed for SFC-FID were used for SFC-MS to produce the
separations shown in Fig. 3. Variations in restrictor heater temperature of 50-75°C,
shown in other interfaces to drastically alter the appearance of the SFC-MS recon
structed total ion chromatogram7

, did not show such profound effects here. This
probe-mounted SFC-MS interface succeeds in duplicating nearly all the conditions
found in the SFC-FID system, such that parameters developed for SFC-FID can be
directly transferred to SFC-MS. Although not demonstrated here, SFC-MS extends
the utility of SFC through the use of mobile phases not amenable to SFC-FID 1

.

Mass spectra
Information on analyte identification, in the form of mass spectra, is the most

tangible benefit of SFC-MS. Capillary-direct SFC-MS allows for use of any CI
reagent gas in both positive and negative ion modes. Figs. 4 and 5 show the PICI mass
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Fig. 4. Methane positive ion chemical ionization mass spectra of (A) menthol and (8) I-menthone, obtained
following carbon dioxide SFC.
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spectra of two flavor/fragrance compounds, menthol (Figs. 4A and 58, MW = 156)
and I-menthone (Figs. 48, 5A and 5C, MW = 154), obtained following carbon
dioxide SFC, using a variety of CI reagent gases. Irrespective of the fact that these
particular compounds are amenable to GC-MS, many flavor and fragrance compo
nents do exhibit thermal lability and low temperature separations are obviously pref
erable for such samples. These two compounds highlight a common problem in fla
vor/fragrance analysis, very similar mass spectra from closely related structures. With
the more energetic methane CI-MS both compounds show an ion at mlz 155. This is
the protonated molecule (M + H) + for menthone (Fig. 48) but corresponds to the
loss of molecular hydrogen from the protonated molecule of menthol (M + H 
Hz) +. This type of loss is common in CI mass spectra of alkanes and alkanols.
Common fragment ions are found at m]z 137 and mlz 139. The use of a mild CI
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Fig. 5. Positive ion chemical ionization mass spectra of I-menthone and menthol obtained following
capillary carbon dioxide SFC separation using I% ammonia mixed in methane (A and B) and ammonia
(C) as the reagent gases.
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Fig. 6. Probe inlet 70 eV electron ionization (A) and I~W eV charge exchange CO2-Ar chemical ionization
mass spectra (B) of a sample of chromium(I1I) acetyl acetonate. The sample for CE ionization was in
troduced using carbon dioxide SFC.

reagent, ammonia (Fig. 5C) clearly gives weight information, in the form of ammoni
um adduct ions (M + NH4 ) +. The use of a mixed reagent gas, in this case 1%
ammonia in methane, produces both molecular weight and useful structural informa
tion.

Fig. 6 gives a comparison of charge exchange CI and EI ionization to obtain
similar information from a sample! 7. Again, the analyte is amenable to GC-MS, but
in this example there needs to be an independent means of sample introduction for
EI. The analyte, chromium(III) acetyl acetonate used as a spin-relaxation reagent for
l3C NMR, may be present in samples submitted for SFC analysis. Charge exchange
(CE) CI mass spectra were obtained using the carbon dioxide mobile phase and an
additional amount of argon to maintain ion source pressure at about 1.2 . 10-4 Torr.
Methane and isobutane CI mass spectra of metal acetyl acetonates produced on this
instrument generally show extensive fragmentation and little to no parent ion produc
tion. Metal acetyl acetonates are quite amenable to El, yielding molecular ions M +,
miz 349 in Fig. 6A, and ions due to the loss of one and two ligands with reduction of
the charge on the metal. The same types of ions are found with argon-earbon dioxide
charge exchange with the exception of the mlz 350 ion (M + H)+ being of greater
relative abundance in the CE mass spectrum. In contrast to the intentional use of the
carbon dioxide mobile phase as the CI reagent gas, the occurrence of CE ionization
by carbon dioxide (as evidenced by M + ions) when other reagent gases were used was
not found to be significant.

Industrial application
Analysis of ethoxylate alcohol (non-ionic) surfactants is one application for

which SFC is particularly well-suited 1 8, 19 . Usually the samples, although complex,
are composed only of the starting alcohol and telomers of the surfactant of the
structure R-O-(CH2CH20)n-H, (n = 1-100 or more). In such instances character
ization, comprised of R group identification, average molecular weight calculation
and ethoxylate distribution, can be accomplished by SFC-FID1 8 , 19 . Samples can, at
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times, contain additional components and FID offers no means of identification.
Other methods of characterization which do not contain a separation step may not
reveal the additional materials 19.20. The coupled SFC-MS technique is invaluable for
such samples. Fig. 7 shows the total ion chromatogram of a carbon dioxide SFC-MS
separation of an ethoxylated stearyl alcohol with an average of 13 moles of ethylene
oxide. Telomers of up to 1238 daltons (n = 22) are illustrated here (the MS data
system was filled to capacity and ceased acquisition) which directly compares with
SFC-FID results of this sample '". Such an example illustrates the ability of the
interface to transport and ionize materials of higher molecular weight (greater than
the mass range of the mass spectrometer, in fact) and lower volatility.

A reportedly similar ethoxylated alcohol was found to contain a second distri
bution of components centered between the n = 4 and 5 telomers of the alcohol
ethoxylate!". Positive ion chemical ionization mass spectra of these components,
obtained during the carbon dioxide SFC-MS separation of the mixture, are shown in
Fig. 8. The mass spectra indicate the identity of the second distribution to be poly
(ethylene glycol), at times present in ethoxylated surfactants. The mass spectra are
characterized by abundant protonated molecules of the oligomers and characteristic
fragment ions, at m]z 133 and mlz 177. SFC-FID and SFC-MS of standard poly
(ethylene glycol) samples confirmed the identification of the second distribution and
aided in an average molecular weight calculation!", The separation power of SFC
combined with the ability to obtain molecular weight and structural information
through MS is shown to provide a fast, efficient means of identifying unknown mate
rials.
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Fig. 7. Total ion chromatogram of the capillary SFC-MS separation of a sample of stearyl alcohol ethoxy
late obtained using methane negative ion chemical ionization. The data system ceased acquiring at just
under 33 min (prior to the end of sample elution).
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A probe-mounted, capillary-direct interface has been assembled to allow a
commercial GC-MS system to operate in the SFC-MS mode. The design required no
custom machining and no modifications to either the chromatograph or the mass
spectrometer. The design incorporated a heated zone for the SFC flow restrictor and
three of the most widely applied types of SFC flow restrictor were used with compara
ble ease. All components and conditions used for SFC-FID were directly transferable
to the SFC-MS system. This permitted separations to be optimized using SFC-FID
with a rapid change to SFC-MS for complete analyte characterization, including
abundant structural information. Changeover from GC-MS (or DIP-MS) to SFC
MS required only a few minutes. This permitted the system to be tuned and calibrated
using the procedures applied for GC-MS or for direct comparison of SFC-MS in
troduction with other forms of sample introduction. Chromatographic performance
of the SFC-MS system was only slightly less efficient than SFC-FID. This compari
son was made using the identical column, splitter, restrictor and conditions and re
sults obtained without compromising the MS system operating parameters. The one
sacrifice from standard GC-MS capabilities made was the loss of electron ionization,
but information usually contained in EI spectra was available through charge ex
change chemical ionization. SFC has previously been shown to be broadly applicable
in consumer products research and SFC-MS augments and extends the utility ofSFC
for solving analytical problems in this industry.
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SUPERCRITICAL-FLUID CHROMATOGRAPHY-MASS SPECTROMETRY
OF HIGH-MOLECULAR-WEIGHT BIOPOLYMERS

INSTRUMENTAL CONSIDERATIONS AND RECENT PROGRESS

DOUGLAS M. SHEELEY and VERNON N. REINHOLD'

Division ofBiological Sciences, Department ofNutrition, Harvard School ofPublic Health, Boston, MA 02115
(U.S.A.)

SUMMARY

Interest in supercritical-fluid chromatography (SFC) of biological samples has
recently increased. The following is a summary of recent progress in SFC-mass
spectrometry interfacing and its application to the analysis of high-molecular-weight
biopolymers. The approaches taken in several interface designs and results obtained
with each are presented and compared. Areas which are of special concern in working
with highmass, thermally labile, or polar analytes include interface heating and flow
restrictor design. These topics are discussed in light of previous work, and directions
for further study are suggested.

INTRODUCTION

The structural analysis ofbiopolymers has been advanced considerably in recent
years by the introduction of newer instrumental methods for their characterization.
One approach of considerable importance has been the mass spectrometer, using
a "soft" ionization technique called fast atom bombardment (FAB)l. This ionization
method has extended structural understanding to samples of greater polarity and
higher molecular weight, and application to post-translationally modified peptides has
been most important. For these materials and related biopolymers, other soft
ionization techniques":", such as direct chemical ionization (DCI)s and laser
desorption (LD)6-S, have also contributed to sensitive methods for understanding
sample molecular weights and oligomer sequence. To capitalize on this progress, mass
spectroscopists have focused considerable effort on the interfacing of existing liquid
chromatographic (LC) systems that resolve these polar and/or higher-molecular
weight biopolymers. Most successful in this regard has been the technique of "flow" or
"dynamic" FAB9

.

As important as these LC systems are in biological research, their mass
spectrometric (MS) interfacing imposes serious instrumental constraints, especially
when coupled with FAB desorption. As a method for ion generation, FAB is a very
selective technique, a problem very apparent when analyzing samples composed of
mixtures. With these samples, product ions are usually a function of surface activity

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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not sample concentration, and when compared to other ionization techniques, FAB
remains insensitive. For most lipophilic samples, FAB is a very ineffective method of
ionization,and frequently unsuccessful. These problems can be related, in large part,
to the desorption matrix which causes a biased presentation of the sample. The
problems are minimized in "flow FAB" by dynamic surface motion and a lower
concentration of matrix!". The problem is also diminished in FAB desorption from
a polyimide belt 1 1 which does not require an applied matrix and appears to avoid
sample suppression. But this high-performance liquid chromatographic (HPLC) belt
interface is expensive, appears to have high mass limitations, and is technically
demanding. DCI, as an alternative approach, does not require a desorption matrix and
samples are always detected. However, heat-initiated desorption causes pyrolysis of
many highermolecular-weight and non-volatile materials, which limits its applicability
in these areas.

A separations technique that has received relatively little attention for the
analysis of biopolymers has been supercritical-fluid chromatography (SFC). This
approach, combined with the low flow-rates of capillary columns'Pr!" and the ease of
solvent elimination provides features most appropriate for MS interfacing'<"!",
Specifically, these factors are: (a) the utilization of column efficiencies provided by
enhanced analyte diffusion coefficients, (b) a smaller volume of mobile phase that is
more effectively pumped, (c) the avoidance of high temperatures and thermal limits
experienced with gas-liquid chromatography (GLC) and some LC-MS interfaces;
and, probably the most important, (d) a possibility for capturing the extreme
sensitivities of negative-ion chemical ionization by utilizing derivatization protocols
developed in GLC-MS.

Most applications of SFC-MS have been limited to non-polar analytes of low
mass. Higher-molecular-weight samples of limited polarity, such as fatty alcohols,
ethoxylated alcohols 18 ,19 , and mono- and diglycerides'P'?", however, have provided
most interesting results. Unfortunately, the poor solubility of peptides, nuc1eotides,
and oligosaccharides in CO 2 has precluded a direct application of SFC to these
important biomolecules. Derivatization has been used in GC to overcome sample
polarity, and enhance volatility and thermal stability. Similarly, for SFC, analyte
derivatization has served to increase solute miscibility-": Using this strategy,
researchers have reported success in the study of sucrose polyesters'", glycosphin
golipids " and N-linked glycans from glycoproteins?", as well as SFC-MS of glucose
homopolymers in excess of 5 kD 2 5

. Two cyclic peptides also have been studied by
SFC-MS; these samples, however, were not derivatizedv'-!".

The study of biopolymers by SFC has been very limited, and derivatization
schemes to broaden the application are not usually considered. Thus, applications are
limited to those analytes that are miscible in the more convenient mobile phases;
a feature constrained by the relatively few gases possessing critical points in a workable
temperature-pressure range.

Considering the advantages SFC can bring to biopolymer separations, the
structural insight provided by SFC-MS, and with the expectation of improved
selectivity and sensitivity; we would suggest applications to problems in biomedical
research and molcular biology to be well served. In this regard we have discussed some
of the critical aspects ofSFC and MS interfacing, the limitations, current progress, and
perceived advantages, in the hope others may share their problems and progress.
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An excellent review discussing the basic principles of SFC-MS interfacing has
recently been published/". This summary is therefore focused on those features
'particularly significant to the characterization of high-molecular-weight samples,
a focus that relates immediately to the design and fabrication of flow restrictors. In
previous MS interfacing an assortment of designs have been used (Fig. 1), varying
principally in the shape and length of the restricting region. The simplest restrictors are
fabricated from deactivated capillary tubing and coupled with a zero dead volume
union to the unmodified column tip. The volume of effluent passing through the
restrictor is proportional to its length and internal diameter. The platinium-irridium
crimped tube is an example of a simple restrictor which can be effective but is limited
with problems of reproducibility. Laser-drilled disks are easy to prepare, but this
device is more technically demanding because of the difficulty in mounting and
alignment. Considering the several types of restrictors that have been employed, three
are most commonly used: the multipath frit 2 9

, the robot-pulled tapered restrictor-",
and the integral restrictor'". Both the frit and tapered restrictors are relatively long,
while the integral and laser-drilled disk restrictors are short. This design aspect has
significant bearing on sample transmission and ionization, for it relates directly to
mobile phase density and analyte solubilities.

These features can be appreciated better by considering the principles of
hydrolics and the equation of continuity (Fig. 2A). From these relationships it can be
expected that as a conduit is restricted, the velocity of a passing fluid must increase to
maintain a constant flow. Under such circumstances, Bernoulli's law requires that this
increase in flow velocity must result in decreased pressure at this point (Venturi effect,
Fig. 2B). This pressure decrease is important because the solvating power of
a supercritical fluid is dependent on density and therefore pressure. With pressure
decreasing through a finite restrictor, this presents an opportunity for analyte
nucleation (e.g., association and/or precipitation), to occur previous to orifice exit and

A

G

c

___:::::J

zzz:r:

o

H

Fig. 1. Examples of flow restrictors used for SFC. (A) Straight capillary, (B) robot-pulled tapered capillary,
(C) Guthrie and (D) deposition integral restrictors, (E) quick-drawn capillary, (F) laser-drilled pinhole, (G)
multipath frit, (H) pinched tube. Reprinted with permission from ref. 28.
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Venturi Meter

Fig. 2. (A) Schematic ofa restricted conduit, showing that as diameter decreases, velocity of the moving fluid
must increase. (B) Venturi meter, demonstrating Bernoulli's principle, that as velocity of a fluid increases, its
pressure decreases.

analyte desolvation. Analyte solubility, transit time in the restrictor, desolvation
characteristics, and the methods used for eluant measurement make this area very
difficult to approach on first principles. However, some indications of nucleation may
have been observed experimentally by flame ionization detector (FID) spiking when
using different restrictors, pressures, and temperatures3 1

. The relationship of restric
tor design, analyte solubility and nucleation to the observed experimental factors of
FID spiking, restrictor plugging, and losses in sensitivity may not be as clear as one
would wish. But, from the above, it does suggest that transmission and ionization at
high mass may be directly related to mobile phase density, which can change markedly
in restrictors.

APPLICATIONS

Previous reports of high-molecular-weight SFC-MS transmission have utilized
different samples, restrictors, and diverse strategies for interface and restrictor heating.
Thus, it is difficult to make direct comparisons and draw solid conclusions about the
selective advantages of each. Additional differences lie in the variety of mass
spectrometers utilized and the degree of instrumental modification required. In the
work summarized below, some of these differences have been mentioned.

In a study of.peptideSf'O-Mx, Huang et al.2 7
, working with a double focusing

instrument (Finnigan-MAT Model 8430); have recently presented chemical ionization
(CI) data for valinomycin, a cyclic peptide in excess of 1100 a.m.u. (Fig. 3). This
spectrum was obtained in the negative-ion mode, using methane as reagent gas. When
additional amounts of CO 2 were added to the reagent gas, greater structural detail was
obtained due to charge exchange fragmentation '", These data were obtained using
a multi path frit restrictor, maintained at 350°C, and a source temperature of 280°C. In
this interface the high-temperature region (350°C) was limited to the frit portion of the
restrictor. A diagram of the SFC-MS interface is presented in Fig. 4.

Additional cyclic peptide data has been presented by Kalinosky et al.26 utilizing
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Fig. 3. The methane CI mass spectrum of valinomycin, obtained by SFC-MS, using a multipath frit
restrictor maintained at 350°C. Reprinted with permission from ref. 27.
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Fig. 4. Schematic diagram of the SFC-MS interface used by Huang et af 7
• The column is maintained at

oven temperature up to the restrictor region, which is heated separately. Reprinted with permission from ref.
27.
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Fig. 5. Schematic of the "high-flow-rate" interface of Smith and Udseth2 1
• The source is differentially

pumped to accomodate the high flow-rates of packed-column SFC. Restrictor heating occurs in the last
7 mm. Reprinted with permission from ref. 21.

packed SFC columns and a "high flow-rate" interface " (Fig. 5). This interface,
designed to accomodate the faster flow-rates of packed columns, was combined with
an integral restrictor and heated along the last 7 mm of the restrictor to about 145°C.
The peptide, cyclosporin, was chromatographed in a COz mobile phase doped with
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Fig. 6. Selected ion chromatogram and Cl mass spectrum of cyclosporin A obtained using the
"high-flow-rate" interface with an integral restrictor heated to 145°C. Reprinted with permission from ref.
26.

2% methanol and analyzed by CI-MS. The selected ion chromatogram (MH)+ and the
mass spectrum are presented in Fig. 6. A notable difference between this interface,
(integral restrictor), and the previous frit restrictor-? is the lower temperature
requirements for molecules of similar structure. Higher flow-rates, however, would be
expected to improve transmission and thereby demand less thermal assistance.

Methanol was used as a modifier in the latter case and also served as a convenient
CI reagent gas, providing abundant protonated molecular ions, [M +Ht , while still
showing adequate fragmentation to study molecular detail.

High-molecular-weight waxes have been analyzed by SFC-MS utilizing an
unmodified GC transfer line (Hewlett-Packard Model 5985B GC-MS systemj".
These authors have demonstrated transmission and characterization of components
weighing about 950 dalton. An integral restrictor fabricated directly on the column end
was inserted through the transfer line, and heated to one hundred degrees above
column temperature, which for the separations demonstrated, was 125°C (interface
temperature 225°C). Fig. 7 is the mass spectrum obtained from a component detected
in beeswax by methane chemical ionization. The authors have tentatively identified the
sample as a dipalmitoyl ester of a C24 diol.

Chester and Innis-? and Pinkston et al. 35 have extended high-molecular-weight
studies to carbohydrates using trimethylsilylation to block the polar hydroxyl groups.
This relatively simple method of depolarization also insures mobile phase solubility.
SFC-MS of a series of glucose polymers prepared in this manner has extended high
mass transmission and detection to approximately 3000 Dalton. CI spectra were
obtained with a quadrupole (VG 30-250, VG Masslab) instrument using ammonia as
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Fig: 7. Mass spectrum ofa component from beeswax, obtained using an HP 5985BGC-MS, with an integral
restrictor introduced through the normal GC inlet, heated to 225°C. Reprinted with permission from ref. 34.

the reagent gas'". The [M +NH4 ] + ions were detected up to mlz 2830 which was the
expected ion for (Glc); of this homopolymer series (Fig. 8). This mass range
approximates the detection limits of the quadrupole mass spectrometer and is not
a constraint imposed by the interface. For these studies, a robot pulled tapered
restrictor, fabricated on site, was used. This interface (Fig. 9), was designed to maintain
temperatures equal to that of the column in one zone and heated to 350°C in a second
zone for a length of about 4 em where restriction occurs.

As an extension of the study by Pinkston et al.35, we wished to evaluate two
major points using a high voltage magnetic instrument: (i) were there mass limitations
to sample desolvation and ionization; and, (ii) what were the temperature require
ments for the interface and restrictor. Imposed on these primary concerns were
additional points that for successful application to biopolymers, both processes should
be demonstrated on thermally labile and high-molecular-weight samples at sensitivi
ties comparable, at least, to that realized by FAB.
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Fig. 8. Total ion chromatogram and selected ammonia CI mass spectra of a pertrimethylsilylated glucose
homopolymer mixture. A robot-pulled tapered restrictor was used, at a temperature of 350°C. Reprinted
with permission from ref. 35.
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Fig. 9. Diagram of the interface used by Pinkton et al.35. Reprinted with permission from ref. 35.

For this work2 5 a high-performance mass spectrometer was used (VG ZAB-SE,
VG Analytical), operating at an ion source potential of 8 kV. Presented in Fig. 10 is
a drawing of the standard DCI probe modified with an additional ceramic feed to
accept the SFC capillary column. A platinum heating wire of the same type used in the
standard probe is wrapped in a coil directly around the column end. Heating was
necessary and supplied to the last millimeter ofcolumn, corresponding to the length of
the integral restrictor fabricated at that point. In this design restrictors may be changed
without disruption of the heating wire. The precise temperature at the restrictor tip has
been difficult to assess because of the extremely small area of the heated region, but the
platinum wire temperature under normal operating conditions was estimated to be
280°C based on its length, resistance, and the current supplied by the DCI control unit.
Lower currents resulted in tip plugging and the operating current was set slightly above
this point. Over a rather broad range above this temperature, no discernible effect on
the eluting spectra was detected, although excessive heating currents were not

Capillary Coiumn

1 mm Heated Region

Contacts for DCI Circuit

Fig. 10. Diagram of the SFC-MS probe from ref. 25. The standard DCI probe tip is configured with
additional ceramic feed to accomodate the SFC column. Contact points privide electrical coupling to tabs on
the side of the ion source to control temperature. The inset shows the enlarged tip with the capillary column
and heating wire.
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Fig. I!. Total ionization plot of pertrimethylsilylated glucose polymers. Reprinted with permission from
ref. 25.

evaluated. The temperature experienced by analytes on passing the restrictor zone
must be somewhat lower than that calculated above, due to insulation by the column
wall and tip cooling contributed by mobile phase vaporization.

To assess the effectiveness of this restrictor for analyte transmission and
ionization, the same glucose homopolymer described previously" was prepared and
analyzed by SFC and SFC-MS (Fig. II). A comparison of total ionization plots with
FID signal suggests that sample transmission and ionization efficiency is maintained
from the low to high mass oligomers. Profiles of individual products in the
homopolymer series, [M + NH4] + , for this sample are presented in Fig. 12 which
shows normalized adduct ions from DP2 to DPI5. The chromatographic fidelity is
very apparent with anomer separation still observable at DPI5. Fig. 13 is the mass
spectrum for DPI5.

The overall sensitivity of this interface was studied by use of known concen
trations ofcyclodextrin which have been permethylated previous to analysis. Shown at
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Fig. 12. Selected ion profile of trimethylsilylated glucose polymers. Reprinted with permission from ref. 25.
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Fig. 13. Mass spectrum of trimethylsilylated glucose oligomer, DPI5. Reprinted with permission from ref.
25.

the top of Fig. 14is the total ion profile (TIP) of 100pmol ofcyclodextrin. Panel14B is
the ammonium adduct ion profile, mjz 1446[M + NH4t ,for that sample. The limits
of detectability appear to approach 2 picomol. At this concentration no peaks were
detected in the TIP although the ion was easily detected at this concentration (Fig.
14C).
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Fig. 14. SFC-MS: (A) total ionization plot for an injection of 150 ng permethylated P-cyclodextrin; (B)
Selected ion chromatogram for molecular ion adduct [M +NH 4 ]+, mlz 1446, for the above injection; (C)
selected ion plot of molecular ion adduct [M +NH 4] + for a 3-ng injection. Reprinted with permission from
ref. 25.
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DISCUSSION

D. M. SHEELEY, V. N. REINHOLD

A practical observation of MS interface operation, that increased restrictor
temperatures improve sample detection (up to a limit), suggests that nucleation is
occuring. For those compounds that are thermally stable, heating would enhance
analyte volatility and thus restrictor transmission. Extensive restrictor heating,
however, circumvents one of the advantages offered by SFC, and more importantly,
would be self-limiting with thermally labile and/or polar materials which potentially
could be chromatographed in more polar mobile phases. In the current context, it
would seem that the lower temperature requirements of the integral or disk restrictors,
(the shortest of the three), bears out this reasoning. Since abrupt restriction is
desirable, (in order to minimize solute precipitation and the necessity for extensive
heating), the laser drilled disk would appear to be an ideal resrrictor", although
difficult to fabricate. Subsequently, we have made' extensive use of the integral
restrictor as the "next best thing" for high mass transmission during SFC-MS
interfacing.

Much of the earlier work in SFC-MS has been carried out with low-voltage
quadrupole instruments2 5 ,3 5,3 6 and from these reports it was not clear whether there
were high-mass limitations to detection. Another concern related to high-molecular
weight studies and SFC interfacing was the use of high-voltage sector instruments and
the possibility of extensive arcing of the ion source. Two recent reports of interfaces
with sector instruments, one operating at 8 kV2 5, 2 7 have provided some assurance that
this is not a problem.

One of the most obvious features of CI spectra obtained by SFC-MS is their
strong molecular ions, with little or no fragmentation. There are a variety of
alternatives for developing structural information from these systems, and one's
choice would depend largely on its appropriateness for particular classes of
compounds. Charge exchange from CO 2 has already been mentioned as a useful tool
for obtaining structural detail, and seems to parallel electron impact ionization in the
fragmentations it induces'". Use of other appropriate CI reagents has potential for
providing greater structural detail as well. Work in this laboratory with glyco
sphingolipids has indicated that while ammonia CI provides molecular ions, with little
fragmentation, use of a mixture of CO 2 and methanol as CI reagent can induce very
informative fragmentations in this particular class of molecules. Certainly there is
much to be done in this area.

Another approach to eliciting structural detail from SFC-MS is through
collisionally induced dissociation (f:IO) of molecular ions. In this case, fragmentation
in the ion source is not desirable, because a strong signal for the parent ion is necessary
for CIO. Here an interesting question is whether CIO can be performed on transient CI
product ions, and whether collisions in a low-voltage cell would be more desirable than
collisions at high energy. Addressing the first question, Hurst." has performed
MS-MS experiments on SFC-CI-MS generated ions using a TSQ 70 quadrupole, and
in preliminary experiments in this laboratory, using direct chemical ionization,
metastable ion kinetic energy spectra (MIKES) have been obtained for ammoniated
molecular ions of 3500 daltons". The second question, about the informativeness of
various collision processes, is more complex, but there are certainly advantages to use
of lower collision energies and even chemically reactive reagents in the collision cell.
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Obviously, SFC-MS has not caught up with GC-MS or even LC-MS, but it has
great potential in its application to biological research problems; an area in great need
of all the analytical assistance it can receive. There appear to be no significant mass
limitations, at least up to 6000 dalton, and most current difficulties are purely technical
and will, more than likely, be resolved. One important area in need of work is in the
design of an effective restrictor, which should require far less heating. This could
improve SFC-MS both by making the interface design simpler, and by providing
broader applicability to materials of biological interest.

REFERENCES

M. Barber, R. S. Bordoli, R. D. Sedgwick and A. N. 1. Tyler, Chem. Soc., Chem. Commun., 213 (1981)
1497-1501.

2 K. Biemann and H. A. Scoble, Science (Washington, D.C.), 237 (1987) 992-998.
3 K. Biemann, Anal. Chem., 58 (1986) AI288-A1305.
4 V. N. Reinhold and S. A. Carr, Mass Spectrom. Rev., 2 (1983) 153-221.
5 V. N. Reinhold, in S. J. Gaskell (Editor), Mass Spectrometry in Biomedical Research, Wiley, New York,

1986, pp. 181-213.
6 A. Dell, Adv. Carbohydr. Chem. Biochem., 45 (1987) 17-72.
7 V. N. Reinhold, in V. Ginsburg (Editor), Oligosaccharide Chemical Ionization, Methods in Enzymology,

Complex Carbohydrates, Part E. Vol. 138, Academic Press, New York, 1987, pp. 59-84.
8 M. L. Coates and C. L. Wilkins, Anal. Chem., 59 (1987) 197-200.
9 R. M. Caprioli, T. Fan and J. S. Cottrell, Anal. Chem., 58 (1986) 2949.

to R. M. Caprioli, W. T. Moore and T. Fan, Rapid Commun. Mass Spectrom., I (1987) 15-18.
II S. Santikarn, G. R. Her and V. N. Reinhold, Carbohydr. Chem., 6 (1987) 129-139.
12 M. Novotny, S. R. Springston, P. A. Peadon, J. C. Fjeldsted and M. L. Lee, Anal. Chem., 53 (1981)

407A-414A.
13 1. C. Fjeldsted and M. L. Lee, Anal. Chem., 56 (1984) 619A-628A.
14 1. C. Fjeldsted, R. C. Kong and M. L. Lee, J. Chromatogr., 279 (1983) 449-455.
15 R. D. Smith, J. C. Fjeldsted and M. L. Lee, J. Chromatogr., 247 (1982) 231-243.
16 R. D. Smith and H. R. Udseth, Anal. Chem., 55 (1983) 2266-2272.
17 B. W. Wright, H. R. Udseth, R. D. Smith and R. N. Hazlett, J. Chromatogr., 314 (1984) 253-262.
18 T. L. Chester, J. Chromatogr., 299 (1984) 424-431.
19 C. M. White, C. P. Wagner, R. M. Ravey and R. K. Houck, presented at the 190th ACS National

Meeting, September 8-13, Chicago, 1L, paper ANYL48.
20 C. M. White and R. K. Houck, J. High. Res. Chromatogr.Chromatogr. Commun., 8 (1985) 293-296.
21 R. D. Smith and H. R. Udseth, Anal. Chem., 59 (1987) 13-22.
22 T. L. Chester, D. P. Innis and G. D. Owens, Anal. Chem., 57 (1985) 2243-2247.
23 J. C. H. Kuei, G. R. Her and V. N. Reinhold, Anal. Biochem., 172 (1988) 228-234.
24 D. M. Sheeley and V. N. Reinhold, Anal. Biochem., submitted for publication.
25 V. N. Reinhold, D. M. Sheeley, J. C. Kuei and G. R. Her, Anal. Chem., 60 (1988) 2719-2722.
26 H. T. Kalinosky, B. W. Wright and R. D. Smith, Biomed. Environ. Mass Spectrom. 15 (1988) 239.
27 E. C. Huang, B. J. Jackson, K. E. Markides and M. L. Lee, Anal. Chem., 60 (1988) 2715-2719.
28 R. D. Smith, H. T. Kalinoski and H. R. Udseth, Mass Spectrom. Rev., 6 (1987) 445-496.
29 K. E. Markides, S. M. Fields and M. L. Lee, J. Chromatogr. Sci., 24 (1986) 254-257.
30 E. J. Guthrie and H. E. Schwartz, J. Chromatogr. Sci., 24 (1986) 236-240.
31 R. D. Smith, J. L. Fulton, R. C. Peterson, A. 1. Kopriva and B. W. Wright, Anal. Chem., 58 (1986)

2057-2064.
32 E. Huang and M. L. Lee, SFC Applications, published in conjunction with the 1988 Workshop on

Supercritical Fluid Chromatography, Park City, Utah, January 12-14, 1988, BYU Press, 1988, pp.
169-172.

33 T. L. Chester and D. P. Innis, J. High Resolut. Chromatogr. Chromatogr. Commun., 9 (1986) 178-181.
34 S. B. Hawthorne and D. J. Miller, J. Chromatogr., 388 (1987) 397-409.
35 J. D. Pinkston, G. D. Owens, D. S. Millington, L. J. Burkes and T. E. Delaney, Anal. Chem., 60 (1988)

962-966.



96 D. M. SHEELEY, V. N. REINHOLD

36 S. Santikarn and V. N. Reinhold, Proceedings of the 33rd Annual Conference on Mass Spectrometry and
Allied Topics, San Diego, CA, May 26-31. 1985. pp. 218-219.

37 E. D. Lee, S. H. Hsu and J. D. Henion, Anal. Chern., 60 (1988) 1990--1993.
38 J. Hurst, TSP Report: Technologies and Applications of LC/MS, 2 (1988) L
39 V. N. Reinhold, D. M. Sheeley and G. R. Her, unpublished results.



Journal of Chromatography, 474 (1989) 97-1 II
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

CHROM. 21507

INDUSTRIAL APPLICATIONS OF SUPERCRITICAL-FLUID CHROMATO
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SUMMARY

Three recent applications of supercritical-fluid chromatography with flame ionization
(SFC-FID) and with mass spectrometric (SFC-MS) detection are discussed. These
applications involve thermally labile and/or relatively non-volatile materials. Speci
fically, they involve ethoxylated alcohols, inositol triphosphate and peroxides.
Ammonia chemical ionization (CI) and methane CI SFC-MS were used to deconvo
lute complex chromatograms and to confirm postulated identities. The SFC-MS
"electron ionization like" spectrum of the trimethylsilyl (TMS) derivative of inositol
triphosphate was shown to be very similar to the library electron ionization spectrum
ofTMS-inositol diphosphate. SFC-MS was shown to be particularly suitable for the
analysis of thermally labile peroxides using ammonia CI SFC-MS. All three
applications discussed here would have been difficult, ifnot impossible, by traditional
gas or liquid chromatographic methods.

INTRODUCTION

Industrial analytical chemists encounter separation problems involving widely
differing types of materials. It is not uncommon that these problems are difficult to
address by traditional methods such as gas chromatography (GC) and high
performance liquid chromatography (HPLC). This is the case when the mixture in
question contains components which are too low in volatility or thermal stability for
GC, and which simultaneously lack a good functional group for sensitive HPLC
detection or are members ofa mixture too complex for traditional HPLC separation 1.

Capillary supercritical-fluid chromatography (SFC) has experienced wide
spread growth and commercialization since it was reported in 19812

,3 . Though it has
been proposed as a general screening tool for non-polar samples", most SFC work has
served to fill the "gap" between GC and HPLC described above. Applications
involving thermally labile compounds, such as azo-cornpounds-:", and complex
mixtures of low volatility, such as oligosaccharides7, have been reported. Mass
spectrometry (MS) has been shown to provide sensitive, universal, and specific
detection for SPCS

-
1 S

. Though our laboratory has been involved in supercritical-fluid

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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chromatography-mass spectrometry (SFC-MS) for a number of years 16,17, we only
recently acquired a mass spectrometer dedicated to SFC detection. This report
discusses three of our first applications using this dedicated instrumen.t. They involve
ethoxylated alcohol mixtures, inositol triphosphate, and peroxides. In their own way,
each is a good illustration of how SFC and SFC-MS can be used to solve problems
which are difficult to address by traditional GC and HPLC.

EXPERIMENTAL

The SFC system is identical to that previously described 17 except for the
incorporation ofa stainless-steel tubing 10em x 0.127 mm (0.005 in.) J.D. x 1.6 mm
(0.063 in.) O.D. just before the Valco injection valve in the carbon dioxide line from the
syringe pump. This small addition dramatically reduced the solvent front tail in the
direct (on-column) injection mode used in all the SFC-MS work.

Other modifications include the use of an Upchurch (Oak Harbor, WA, U.S.A.)
fitting with an F226 fused-silica adapter and F140 nut to link the 1 m x 50 /lm J.D.
retention gap directly to the injection valve. SGE MVSU-004 zero dead volume unions
(Scientific Glass Engineering, Austin, TX, U.S.A.) were used to link the retention gap
to the column and the column to the restrictor. A fused-silica capillary sleeve
(Polymicro Technologies, Phoenix, AZ, U.S.A.) with an O.D. of375 /lm and an J.D. of
200 /lm was inserted into each SGE union to reduce the inner diameter. The column
was a 10 m x 50 /lm J.D. SB-Methyl100 (Lee Scientific, Salt Lake City, UT, U.S.A.)
with a 0.5-/lm film thickness. The tapered-flow restrictor was fashioned from a 50
cm x 50 /lm J.D. 180 usi: O.D. fused-silica tubing (Polymicro Technologies) in the
manner previously described 18. It tapered to an aperture of approximately 3 /lm over
a 3.2-cm length.

The SFC-MS interface probe houses the flow restrictor and is similar to one
previously described 17. The tip of the interface probe was machined to fit the rear of
the ion source ion volume of a Finnigan-MAT TSQ-70 triple quadrupole mass
spectrometer (Finnigan-MAT, San Jose, CA, U.S.A.). The aperture of the flow
restrictor was positioned just inside the interface probe tip, as described previously' 7.

The probe stem was held at the same temperature as was the SFC oven, and the probe
tip was held at roughly 300°C, unless otherwise indicated.

The first and third quadrupoles (Ql and Q3, respectively) of the TSQ-70 were
operated in the "low-mass-range mode" im]: 4-2000) with Ql and Q2 transmitting all
ions. Q3 was used as the mass filter. The instrument was tuned and calibrated using
perfluorotributylamine and tris(perfluorononyl)-s-triazine (PCR Research Chemi
cals, Gainsville, FL, U.S.A.) with automatic tuning software in the customary manner.
The ion source temperature was held at 150°C unless otherwise indicated and the
analyzer manifold was held at 70°C. Ammonia chemical ionization (CI) was
performed with 1% ammonia in methanol ("Matheson" purity, 99.99% minimum,
Matheson Gas Products, Dayton. OH, U.S.A.). Matheson purity methane was used
for methane CI (Matheson). Isobutane CI was performed with "Instrument Grade"
isobutane (99.5% minimum, Matheson). The indicated "ion source" pressure required
to achieve proper CI conditions was approximately 1.3 kPa (10 Torr) for both
ammonia and methane CI, and approximately 360 Pa (2.7 Torr) for isobutane CJ.
However, these measurements are performed using an uncalibrated Pirani gauge in the
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CI reagent gas supply line and do not provide an accurate measurement of the actual
ion source pressure. Electron ionization (EI) (with possible contribution from EI-like
carbon dioxide charge exchange ionization) was performed by simply exchanging the
"CI probe" ion source ion volume for the "EI probe" volume. Electron energy and
emission current were held at 70 eV and 200 flA, respectively. The electron multiplier
was operated at - 1500 V with an electrometer gain of 10- 7 A/V.

All the Neodol samples but Neodol 23-3 were commercial samples obtained
from the Shell Chemical Co. (Houston, TX, U.S.A.). Neodol 23-3 was obtained
courtesy ofW. R. West (Shell Development, Houston, TX, U.S.A.). Approximately
2% (w/v) solutions of the Neodol samples were prepared in dichloromethane
(American Burdick & Jackson, Muskegon, MI, U.S.A.) and injected without further
preparation. The 1-pentaethoxy tetradecanol was synthesized and purified in house.
Retention standards were obtained from PolyScience Corp. (Niles, IL, U.S.A.).

The Neodol samples were also analyzed by SFC-flame ionization detection
(FlO) using a Lee Scientific Model 622 SFC-GC system. The capillary column was
a 10 m x 50,um 1.0. DB-1 (J&W Scientific, Folsom, CA, U.S.A.) with a 0.2-flm film
thickness. The flow restrictor was a 50-flm 1.0. ceramic frit (Lee Scientific). Injection
was performed using a 0.2-fll internal loop (Valco, Houston, TX, U.S.A.) and flow
splitting with a rougly 10:I split ratio. The oven temperature was 120°C while the
detector was held at 300°C. The mobile phase in all the work described in this
publication was unmodified, SFC-grade carbon dioxide (Scott Specialty Gases,
Plumsteadville, PA, U.S.A.). In the SFC-FID runs of the Neodol samples, the mobile
phase pressure was held at 10.1 MPa (100 atm) for 5 min and then ramped to 35.5 MPa
(350 atm) over 50 min. In the SFC-MS runs the SFC oven and interface probe stem
were held at 100°C. The mobile phase pressure was held at 9.1 MPa (90 atm) for 8 min
after the direct injection and then ramped at 0.5 Ml'a/min (5 atm/min) to 34.5 MPa
(340 atm) during the methane CI runs. A slight modification of this pressure program
was used in later ammonia CI work. The injection was performed at 7.1 MPa (70 atm).
After 5 min at 7.1 MPa the pressure was stepped to 10.1 MPa (100 atm). The pressure
was then ramped at 0.5 Ml'a/min (5 atm/min) to 35.5 MPa (350 atm). The mass
spectrometer was scanned from m]z 100 to 1200 every second for Neodol 91-6, from
m]z 100 to 1000 every 1.5 s for NeodoI45-7T, and from mjz 100 to 900 every 1.5 s for
Neodol 23-3.

Inositol triphosphate was obtained from W. R. Sherman (Washington Univer
sity School of Medicine, St. Louis, MO, U.S.A.). The sample was silylated as described
in ref. 19. The solution injected had a concentration of 4.1 mg/ml of the trimethylsilyl
ester/ether of inositol trophosphate. The SFC oven temperature was held at 150°C
while the mobile phase pressure was held at 12.2 MPa (120 atm) for 4 min and then
ramped to 32.4 MPa (320 atm) at 1.0 Ml'a/rnin (10 atm/min), The mass spectrometer
was scanned from mlz 300 to 1200 in the CI mode and from mjz 100 to 1200 in the
EI-like mode, both with a cycle time of2 s. During EI-Iike ionization, at a mobile phase
pressure of 27.4 MPa (270 atm) [approximately 2.0 MPa (20 atm) above the elution
pressure of the analyte], the "ion source" pressure (as previously described) was 26
mTorr. Under these same EI-like conditions the analyzer pressure was 1.1 . 10- 5 Torr,
as measured with an uncalibrated Bayert-Alpert ion gauge.

Benzoyl peroxide was obtained from Aldrich (Milwaukee, WI, U.S.A.).
Terpineol succinate peroxide was synthesized in-house. The former was dissolved in
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dichloromethane (American Burdick & Jackson) to a concentration of0.5 J1.g/J1.l, while
the latter was dissolved in acetone (American Burdick & Jackson) at the same
concentration. The mass spectrometer was scanned from m]z 100 to 300 with a cycle
time of I s for benzoyl peroxide. The scan range for terpineol succinate peroxide was
mjz 100 to 550, also with a I-s cycle time. A variety of component temperatures were
used during the benzoyl peroxide runs, but the spectrum presented in the following
section was obtained with an SFC oven and interface probe stem temperature of 80°C,
a probe-tip temperature of roughly 120°C, and an ion source temperature of 150°C.
Temperatures for the terpineal succinate peroxide run presented in the following
section were: oven and probe-stem at 40°C, probe-tip at 100°C, and source at 85°C.
The mobile phase pressure was held at 7.1 MPa (70 atm) for 2 min and then ramped to
27.4 MPa (270 atm) at 1.0 Ml'a/min (10 atrn/min) for both peroxides.

RESULTS AND DISCUSSION

Ethoxylated surfactant
Neodol (Scheme 1) is a trade name for ethoxylated alcohols, an important class

of non-ionic surfactants. They are generally named Neodol xx-z, where "xx" indicates
a range of n values and "z" is an average m value. For example, Neodol45-7 indicates
that the starting alcohols were 14 and 15 carbon alcohols and that the average
ethoxylate value is 7. The average length and range of the alkyl and ethoxylate chains
determine the properties of each mixture. Neodols are used in a wide variety of
industrial and household products. Yet they are difficult to analyze using traditional
chromatographic methods. Many Neodols contain components which are too low in
volatility for traditional GC analysis. Ethoxylated alcohols lack a good chromophore
or other functionality for HPLC detection, and are thus difficult to analyze with good
sensitivity by HPLC. In addition, they are often the product of the ethoxylation of
a mixture of alcohols. It is difficult to resolve the various components of such
a complicated mixture using traditional HPLC, especially if the chosen detector
requires isocratic elution. We have found that SFC using carbon dioxide and FlO is an
excellent tool for analyzing Neodol samples. SFC-MS has been used to identify
unknown components of the ethoxylated mixtures and to confirm postulated peak
identities.

Scheme 1. Structure of neodol.

Fig. 1 shows an SFC-FIO trace of Neodol 45-7T ("T" stands for "topped",
meaning that the concentration of the lower oligomers in the mixture has been
reduced) to which l-tetradecanol and l-pentadecanol have been added. The two
straight-chain alcohols co-elute with the first members of each ethoxylated series
allowing one to postulate identities for the other members of the series by simply
counting from the unethoxylated peak (Eo). Postulating peak identities in this
manner was straightforward for the chromatograms of most Neodol mixtures. Fig.
2 shows the chromatogram of Neodol 45-8NRE, where NRE stands for "narrow
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Fig. 1. SFC-FID chromatogram of Neodol 45-7T with straight-chain CI4 and CIS alcohols "spiked" as
retention standards.

range ethoxylate". It is obvious from the chromatograms that the second sample does
indeed have a tighter ethoxylate distribution than does the Neodol 45-7T, Table
I summarizes the results of the analysis of a number of Neodol samples. These results
assume that the FID response factor is constant during the chromatographic run, in
spite of the increase in carbon dioxide flow into the flame due to pressure
programming. Our results agree well with the expected composition of the mixtures.

CI4E5

C15E5

C14E8

Ir5E8

100 atm 125 175 225 275

o min 10 20 30 40

Fig. 2. SFC-FID chromatogram of Neodol 45-8NRE.
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TABLE I

SUMMARY OF SFC-FID ANALYSIS OF NEODOL SAMPLES

Neodol Average Detectable Ethoxylate Average
sample ethoxylate ethoxylate range carrying alkyl chain

number range 68.3% mass length

23.3 3.1 0-15 0-3 12.5
45-7T 7.4 0-21 3-9 14.5
45-8NRE 8.1 1-18 6-10 14.5
91-6 6.8 0-22 3-10 10.2
91-6NRE 6.7 3-19 5-8 10.2

The postulated peak identities of the Neodol samples were confirmed by
SFC-MS. Some controversy exists in the literature concerning the CI of ethoxylated
alcohols. Stephanou'? discusses spectra exhibiting the ammonium adduct ion as the
base peak, a protonated molecule with a relative abundance of 3-17% depending on
the length of the ethoxylate chain, and many structurally significant fragment ions of
relative abundance generally 3-18%. On the other hand, spectra discussed in the work
of Rudewicz and Munsorr" are much simpler, showing primarily the ammonium
adduct ion, a protonated molecule with less than 2% relative abundance, and even
lower levelsof fragment ions. These results were obtained with either pure ammonia or
I % ammonia in methane as reagent gas. Fig. 3 shows the ammonia CI SFC-MS
spectrum of an ethoxylated alcohol standard, I-pentaethoxy tetradecanoI. The base
peak of the spectrum in Fig. 3 corresponds in mass to the ammonium adduct ion. The
next most abundant ion corresponds to the protonated molecule. The other major
peaks in the spectrum correspond in mass to logical fragments of the ethoxylated
standard that would be expected based on Stephanou's work?". Ions at [M + 32]+ and
at [M + 46]+ may be due to the addition of [CHrNH3t and of [CzH s-NH3 ]+,
produced in the I % ammonia in methane CI plasma, to the ethoxylated standard.

Mass chromatograms of the ammonium adduct ions of a number ofcomponents
of a typical Neodol sample, NeodoI23-3, are shown in Fig. 4. Under the conditions of

[M+NH4] + 1. 5

100
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Fig. 3. Ammonia CI SFC-MS spectrum of I-pentaethoxy tetradecanol.
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Fig. 4. Ammonia CI SFC-MS run of Neodol 23-3 showing a portion of the reconstructed total ion current
chromatogram (bottom) and representative ammonium adduct mass chromatograms.

this run ethoxylated, branched-chain alcohols would elute before their straight-chain
isomers". Small amounts of branched-chain alcohols are known to be present in the
starting alcohols used in this type of ethoxylation reactiorr':'. Thus small peaks eluting
before the major peak in each mass chromatogram are probably due to branched
chain isomers of the starting alcohols. The shift in baseline in the reconstructed total
ion current chromatogram is due to rezeroing the electrometer during the run.

Fig. 5 shows the SFC-FID chromatogram of Neodol 91-6. We could not
unambiguously assign structures to the peak series using coinjection of retention
standards due to the complexity of the mixture. Fig. 6 illustrates mass chromatograms
and the reconstructed total ion current chromatogram from a methane CI SFC-MS
run of Neodol 91-6. Using the data from this run we were able to quickly and
unambiguously assign the peak identities shown in Fig. 5. The chromatographic
resolution is lower in the SFC-MS runs than in the SFC-FID runs. This has been
observed and discussed in previous work"? It is most likely due to the use of direct
injection in SFC-MS instead of flow-splitting injection, as well as column overload.

The analysis of non-ionic, ethoxylated surfactants such as Neodols by SFC-FID
and SFC-MS is straightforward. These data illustrate why we feel that SFC is the most
appropriate separation technique for dealing with problems which involve surfactants
such as these. Some problems involving Neodol mixtures may be solved more rapidly
using Rudewicz and Munson's probe distillation/Cl MS method'". This method,
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Fig. 5. SFC-FID chromatogram of Neodol 91-6.

however, would not be suitable for very complex Neodol mixtures, especially those
where information about isomers was desired, or for Neodol mixtures containing
components of interest too low in volatility to be desorbed from the distillation probe.
Finally, the method would be difficult if ionization conditions producing the very
simple spectra reported by Rudewicz and Munsorr'! were not achieved (as in our
work).

Thermospray LC-MS has recently been shown to be a viable alternative for the
analysis of non-ionic ethoxylated surfactants'". Thermospray LC-MS does suffer
from at least two disadvantages when compared to SFC-MS in this type of analytical
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.. tltA C9~8.
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Fig. 6. Methane CI SFC-MS run of Neodol 91-6showing a portion of the reconstructed total ion current
chromatogram (bottom) and mass chromatograms of the protonated molecules of representative
components.
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challenge, however. Chromatographic efficiency per unit time on a given column is
inherently lower with a liquid mobile phase than with a supercritical mobile phase",
Thermospray LC-MS is often performed with packed columns, while our results were
obtained using capillary columns. Thus the results reported in ref. 24 cannot be directly
compared with our results. However, individual oligomers and their isomers in each
ethoxylated series are better resolved by capillary SFC-MS than by thermospray
LC-MS24

. Secondly, and perhaps more importantly, most traditional CI and even EI
(see below) ionization methods are available in capillary SFC-MS, which is not the
case with thermospray LC-MS.

Inositol triphosphate
The phosphorylated inositols are important in many biological systems (for

a review see refs. 25 and 26). Certain isomers are involved in cellular stimulus-response
coupling via calcium mobilization 2 S

-
2 7

, and it's been postulated that lithium
treatment of manic illness acts on an enzymatic pathway involving phosphorylated
inositols/". The more highly phosphorylated inositols (i.e., pentakis- and hexakis
phosphates) are commonly found in grains, seeds, soils, and sediments.

The chromatographic analysis of the members of this series with higher degrees
of phosphorylation is difficult using conventional chromatographic methods. Signifi
cant losses due to adsorption during GC analysis are apparent with the TMS and
methyl esters of the di- and triphosphates/P'P''. The lack of a sensitive method of
detection and adsorption of the more highly phosphorylated inositols are the obstacles
in HPLC analysisP':". Capillary SFC has relatively inert instrumental components
and is able to elute low volatility solutes at comparatively low temperatures. We have
found that capillary SFC is well suited for analyzing the TMS derivatives of inositol
phosphates!", Isobutane CI SFC-MS was used to confirm the identity of the TMS
derivative of inositol triphosphate!", The base peak of the spectrum is at mjz 1069,
corresponding in mass to the protonated molecule.

We have extended this work by running TMS-inositol triphosphate derivative by
EI or, more appropriately, "El-like" ionization. At least a portion of the ionization is
probably due to carbon dioxide charge exchange3 2 , 3 3 . The spectrum obtained from
this EI run is shown in Fig. 7. The spectrum is indeed EI-like. The base peak at m]z 299,
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Fig. 7. EI-like SFC-MS mass spectrum of the TMS derivative of inositol triphosphate.
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[OP(OSi(CH3h) (OTMSh]+, is a common base peak in the EI spectra of TMS
derivatives of phosphate-bearing molecules. The ion of highest mass in the spectrum is
the [M - CH3]+ peak at mjz 1053. The ion at mjz 739 corresponds in mass to [M 
OP(OTMS)3 - 15]+. Most of the other major ions in the spectrum correspond in mass
to fragments containing portions of the phosphate group. For example, m]z 315
corresponds to [HO-P(OTMSh]+, m]z 387 to [P(OTMS)4]+' and mjz 451 to
[H(OP(OTMShh]+ .

A library search of the EI spectrum of the TMS derivative of inositol
triphosphate against the NBS/EPA library of EI spectra as supplied with the TSQ-70
yields the spectrum of the TMS derivative of inositol diphosphate as the highest match
(the spectrum of the TMS derivative of inositol triphosphate is not in the library). Ions
at mjz 299,315 and 387 are the most abundant in both spectra and have similar relative
intensities. This is not surprising since these are low mass ions related to the TMS
derivative of the phosphate group.

Peroxides
The use of organic peroxides as polymerization initiators, bleaching agents and

oxidizing agents is widespread. They are also involved in many biochemical
processes'". Success in the separation of mixtures of peroxides by HPLC has been
reported35-38, though evidence of decomposition was observed under certain
conditions". All but the smallest peroxides are difficult to analyze by traditional GC
methods due to their lability''". Since the critical temperature ofcarbon dioxide is just
31°C, SFC with carbon dioxide can be performed at temperatures just above room
temperature if necessary. In addition, the components of a capillary SFC system are
relatively inert. SFC with FID, nitrogen-phosphorus, and ultraviolet detection has
been used to analyze thermally labile materials such as peroxides''" and azo
compoundsv". We wanted to further investigate the use of SFC in the analysis of
peroxides. As part of this investigation we decided to use SFC-MS to confirm that the
"peroxide" peak seen by SFC-FID was indeed the intact peroxide and not
a degradation product. Earlier work with a different SFC-MS system" yielded
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a single, sharp chromatographic peak for benzoyl peroxide. The major ions in the
isobutane and ammonia CI spectra of this peak were related to decompensation
products of benzoyl peroxide.

We recently undertook a study of the effects of the temperatures of various
components of the SFC-MS system on the spectrum of benzoyl peroxide. We varied
the temperatures of the mass spectrometer ion source, the SFC-MS interface
probe-tip, the SFC column oven and the interface probe-stem. We also investigated the
use of ammonia (1% in methane) and isobutane CI gases. Fig. 8 illustrates one result of
our investigations, an ammonia CI SFC-MS spectrum of benzoyl peroxide with
a large ion at mjz 260 corresponding to the ammonium adduct of intact benzoyl
peroxide. Other major ions correspond in mass to expected thermal degradation
products of benzoyl peroxide. The ammonium adduct of benzoic acid anhydride has
a m]z of 144. Ions at m]z 216,199,140 and 123 correspond to the ammonium adducts
and the protonated molecules of the phenyl ester of benzoic acid and of benzoic itself.
Fig. 9 shows mass chromatograms of the ammonium adducts of intact benzoyl
peroxide, benzoic acid anhydride, and benzoic acid, as well as the reconstructed total
ion current chromatogram. The decomposition products co-elute with the intact
peroxide in sharp, clean peaks. These results and our SFC-FID work strengthen our
previous belief l 6 that this peroxide is migrating through the SFC system with minimal
degradation until it reaches the interface probe-tip and ion source where some
degradation does occur.

We found that the temperature of the SFC-MS interface probe-tip was crucial in
determining the degree of peroxide decomposition observed. The lowest probe-tip
temperature where noise from sputtering and spiking of the restrictor was not
a problem (l00-120°C) gave the most abundant ammonium adduct of the intact
peroxide. A change in the column oven temperature from 40 to 80°C and a change in
the ion source temperature from 80 to 150°C did not have a significant effect on the
spectrum. We did not determine the probe-tip temperature at which the adduct of the
intact peroxide disappears, but it is two orders of magnitude less intense at our
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Fig. 9. Reconstructed total ion current chromatogram (bottom) and mass chromatograms of the
ammonium adducts of benzoyl peroxide and of some of its degradation products from the ammonia CI
SFC-MS run of benzoyl peroxide.
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customary operating temperature of 300 than at 100°e. Isobutane CI did not yield the
protonated molecule of the peroxide. Only two major ions were observed in the
isobutane CI spectra from duplicate SFC-MS runs of benzoyl peroxide: the base peak
at m]z 123, corresponding to protonated benzoic acid, and an ion of 20% relative
abundance at mjz 105, corresponding to [C7H50] +. These isobutane CI results are
consistent with the previously described behaviour of peroxides under isobutane CJ
conditionsf '.

Armed with the knowledge gained during our work with benzoyl peroxide, we
decided to attempt to confirm the molecular weight of the terpineol succinate peroxide
whose postulated structure is shown in Scheme 2. MS analysis using direct-probe
introduction revealed no ions related to the expected intact peroxide.

000 0
II II II II

0-C-CI1
2
-C11 2-c-o -O-C-CI12- CI1 2-C-O

Scheme 2. Postulated structure of terpineol succinate peroxide.

Fig. 10 shows the ammonia CJ SFC-MS spectrum of the terpineol succinate
peroxide. The ion at mlz 524 corresponds in mass to the ammonium adduct of the
expected peroxide, thus confirming its molecular weight of 506. As with benzoyl
peroxide, the interface probe-tip temperature was crucial. The adduct ion was most
intense near the lowest possible interface probe-tip temperature, in this case 100°e.
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Fig. 10. Ammonia CI SFC-MS spectrum of terpineol succinate peroxide.
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Fig. II. Reconstructed total ion current chromatogram (bottom) and mass chromatograms of the
protonated moleculesand/or of the ammonium adducts of terpineol succinate peroxide and of some of its
degradation products from the ammonia CI SFC-MS run of terpineol succinate peroxide.

Other temperatures were kept as low as possible and the pressure program was
relatively fast, as listed in the Experimental section. Certain ions in the spectrum
correspond to probable thermal degradation products of the peroxide. The ion at m]z
272 corresponds to the ammonium adduct of terpineol succinate monoester/free acid.
The ammonium adduct of terpineol propionate has an m]z ratio of228. The base peak
at mlz 137 and the ion at mlz 154 correspond to the protonated molecule and the
ammonium adduct of limonene. Mass chromatograms of these ions are shown in Fig.
11.While the intact peroxide (Scheme 2) elutes in a single peak less than lOs wide, the
ions related to the peroxide's thermal degradation products elute in broad "humps".
This probably indictes that a significant portion of this peroxide decomposes as it
travels through the SFC column. In spite of this degradation, we were able to quickly
and easily confirm the postulated molecular weight of this peroxide by SFC-MS. As
with benzoyl peroxide, no ions related to the intact peroxide were observed when using
isobutane CI.

CONCLUSION

These three recent applications illustrate the use of SFC and of SFC-MS in the
analysis of relatively non-volatile or thermally labile materials. In all three cases the
analysis would have been difficult by traditional GC or HPLC. Elution and detection
by SFC-FID and SFC-MS were straightforward. Inositol triphosphate did require
derivatization, but this derivative was easily prepared and appeared stable under the
SFC conditions used. SFC-MS was invaluable in quickly confirming the structures of
the eluted species.
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REPELLER EFFECTS IN DISCHARGE IONIZATION IN COMBINED
LIQUID OR SUPERCRITICAL-FLUID CHROMATOGRAPHY-MASS
SPECTROMETRY USING A THERMOSPRAY INTERFACE

1. CHANGES IN THE REAGENT GAS SPECTRUM

W. M. A. NIESSEN*, R. A. M. YAN DER HOEYEN, M. A. G. DE KRAA, C. E. M. HEEREMANS,
U. R. TJADEN and 1. YAN DER GREEF

Division ofAnalytical Chemistry, Center/or Bio-Pharmaceutical Sciences, Gorlaeus Laboratories, P.O. Box
9502, 2300 RA Leiden (The Netherlands)

SUMMARY

The effects of the repeller voltage on the discharge-on mass spectra of the reagent
gas and of analytes has been investigated systematically. This first part describes in
detail the influence on the reagent gas spectra produced from methanol-water
mixtures in liquid chromatography-mass spectrometry and from methanol-carbon
dioxide mixtures in supercritical-fluid chromatography-mass spectrometry. Signif
icant changes in the reagent gas spectra are observed as a function of the repeller
voltage, especially in supercritical-fluid chromatography-mass spectrometry, where
the most abundant species are protonated methanol (clusters), protonated carbon
dioxide, or carbon dioxide molecular ions. This in principle offers the opportunity to
select the ionization conditions by setting an appropriate repeller voltage.

INTRODUCTION

The thermospray interface and ion source for combined liquid chromato
graphy-mass spectrometry (LC-MS) were introduced by Blakley and Vestal in 19831

.

The system is now widely available from several instrument manufacturers. Several
hardware changes have been made to the initial source design. The most important
changes are the addition ofa filament, a discharge electrode, and a repeller or retarding
electrode.

The discharge electrode, like the rhenium filament, has been added to the
thermospray source to induce ionization when the thermospray buffer ionization is
ineffective, e.g. with non-aqueous solvents or when no buffer salts are present in the
mobile phasev", A repeller electrode was initially introduced to increase the sampling
efficiency of the ion source'':", resulting in better detection limits. It is placed either
slightly downstream (retarding electrode)" or directly opposite to the sampling cone
(repeller electrode)5

. The influence of the repeller voltage, placed opposite to the ion
sampling cone, in thermospray ionization of some model compounds has been studied

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.Y.
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systematically by Lindberg and Paulson" in order to optimize the sensitivity, and by
Robins and Crow 7 in order to improve the high-mass sensitivity and the ion current
stability. The influence of the voltage of a retarding electrode, placed slightly
downstream, has been studied systematically by Bencsath and Fields. In general, it
appears that similar effects can be observed with a repeller electrode and with
a retarding electrode, although a particular effect is observed at lower voltages for
a repeller electrode than for a retarding electrode. Surprisingly, little systematic
research has been performed on the influence of the voltage of repeller or retarding
electrode in the other thermospray modes, i.e. filament-on and discharge-on". The
repeller electrode used at higher voltages in the discharge-on mode has been claimed to
induce fragmentation comparable with collisionally induced dissociation (CID), the
so-called repeller-CID effect2

•
1o.

This paper describes the influence of the repeller voltage on the reagent gas
spectrum both in LC-MS using methanol in water as mobile phase and in
supercritical-fluid chromatography-mass spectrometry (SFC-MS) using methanol in
carbon dioxide as mobile phase. The use of the discharge-on mode in SFC-MS has
only recently been described, but without demonstrating repeller effectsII. The results
of the investigations reported in this paper indicate that the explanation of the repeller
effects in analyte spectra as given by McFadden and Lammert'? is not the main
process.

EXPERIMENTAL

Equipment
(Tandem) mass spectrometry was performed on a Finnigan MAT TSQ-70

instrument (San Jose, CA, U.S.A.), equipped with a Finnigan MAT thermospray
interface. The discharge voltage was set at values between 800 and 1200 V. In the
LC-MS experiments the vaporizer tube was treated as usual, while in the SFC-MS
experiments the vaporizer capillary must act as the restrictor; this was achieved by
pinching the last 2 mm of the tube until a stable back-pressure of typically 30-36 MPa
was achieved.

The LC-MS experiments were performed in the flow-injection analysis (FIA)
mode with 20-80% of methanol in water at a flow-rate of 1-1.5 ml/min. The solvent
was delivered with two Model2150 LC pumps (LKB, Bromma, Sweden) controlled by
a Model 2152 LC controller (LKB). A block temperature of 200°C and a vaporizer
temperature of 90-1 10°C, depending 01). the solvent composition, were used.

The packed column SFC-MS experiments were performed on a laboratory-built
instrument consisting of slightly modified commercially available modules. The
system is described in detail elsewhereV. The mobile phase was carbon dioxide
modified with 0-15% of methanol at a flow-rate of 1.5-2 ml/min. The laboratory
packed column (150 mm x 4.6 mm I.D.) was filled with either Nucleosil CIS material
(5 {lm, Macherey-Nagel, Duren, F.R.G.), or Rosil aminopropyl material (7 {lm,
Alltech, Deerfield, IL, U.S.A.). The block temperature was kept at 150aC, and the
vaporizer temperature was 50aC unless stated otherwise.

In order to study systematically the influence of the repeller voltage on the
reagent gas spectra a procedure was written in the Instrument Control Language of the
TSQ-70, which automatically starts data collection, increase the repeller voltage from
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oUpto 195V in lO-Vsteps every 10scans, and stops data acquisition after completion
of the successive steps. The reconstructed total ion current (RIC) and (relative)
intensity values reported here are averaged values of the scans 3 to 8 at each repeller
voltage.

RESULTS

Liquid chromatography-mass spectrometry
In the source design used in the experiments described here the repeller electrode

is placed opposite to the sampling cone. With all mobile phases used so far in both
thermospray buffer ionization and filament-on and discharge-on ionization modes,
a distinct influence of the repeller voltage on the intensity and the appearance of the
reagent gas spectrum is observed. An automatic procedure in which the repeller
voltage is varied from 0 to 200 V (in positive ion mode) and the resulting mass spectra
are acquired, is used as a diagnostic tool to ascertain good performance of the interface
and ion source!", Investigation of the repeller effect is also helpful in optimizing the
sensitivity in particular applications, and may help in the understanding of the
mechanisms of thermospray ionization. In this paper the effects of the repeller voltage
on the reagent gas mass spectra obtained in the discharge-on mode are described.

The intensities of the most abundant ions in the reagent gas spectrum resulting
from 20% methanol in water are plotted as a function of the repeller voltage in Fig. 1.
The plot in Fig. 1 is a profile that can be shifted along the repeller voltage axis as
a result of various experimental parameters, which are discussed below. The mass
spectrum at low repeller voltages is dominated by protonated methanol clusters (ions
of the type [xCH 30H + Ht with x = 1,2,3, ...), decreasing in size with increasing
repeller voltages. At repeller voltages above 80 V, protonated methanol im]z 33) is the
most intense ion in the spectrum. Other abundant ions in the latter region are
protonated water (mlz 19), [CHz=OH]+ at m]z 31 and [2CH30H + H - HzO]+ at
m]z 47. The vaporizer temperature, varied between 90 and 140°C, does not influence
the (relative) intensities of the various protonated clusters.
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Fig. I. Intensities (arbitrary units) of the most abundant ions in the reagent gas spectrum of20% methanol in
water in the discharge-on mode, as a function of the repeller voltage. Conditions: discharge, 1000 V;
vaporizer temperature, 110°C; flow-rate, 1.2 ml/rnin; for other conditions see text.
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A closer look at the mass spectra obtained at lower repeller voltages reveals the
presence of several series of protonated clusters from water, methanol, and combina
tions of water and methanol with a general formula [xCH 30H + yH 20 + H] +. The
various ions observed in the reagent gas spectrum of 20% methanol in water are given
in Table 1. Most of the protonated clusters are found with low intensity, i.e. below 1%
of the intensity of the base peak. Several other species are also observed. Clusters with
the general formula [xCH 30H - H 20 + H]+ with x= 1,2 and 3 are observed at mlz
15,47 and 79, respectively.

The reagent gas spectra of methanol-water mixtures in discharge-on mode have
been studied over a broad range of solvent compositions. Increasing the percentage of
methanol in the mobile phase results in a gradual shift of the profile given in Fig. 1 (for
20% of methanol in water) towards higher repeller voltage. The intensity of the
protonated clusters containing water molecules decreases with decreasing water
content of the mobile phase, while the protonated methanol clusters become more
dominant.

Supercritical-fluid chromatography-mass spectrometry
Discharge-on ionization is also possible in high-pressure ion sources in

combined packed-column SFC-MS with either pure carbon dioxide or a few percent
of methanol in carbon dioxide as the mobile phase. As in LC-MS, the discharge
potential has no influence on the total ion current of the reagent gas spectrum above
the onset value ofa stable discharge, which lies at ca. 700 V in the experiments reported
here. Discharge potentials between 800 and 1200 V are used in practice.

In the reagent gas spectrum of pure carbon dioxide the two most intense ions are
observed at mlz 44, corresponding to the carbon dioxide molecular ion, and at mlz 88,
corresponding to the carbon dioxide cluster ion. The latter ion is observed only at
repeller voltages below 40 V, and is the base peak of the reagent gas spectrum at
repeller voltages below 20 V. The repeller voltage also exerts a marked influence on the
RIC ofthereagent gas spectrum: an eight-fold increase in the RIC is observed when the
repeller voltage is increased from 30 to 120V. The molecular ion ofcarbon dioxide has
also been observed by others 14

, I S, working with either packed or capillary column
SFC. At high pressures the carbon dioxide molecular ion becomes involved in charge-

TABLE I

THE m]z VALUES OF THE PROTONATED METHANOL-WATER CLUSTERS OBSERVED IN
THE DISCHARGE-ON MASS SPECTRA OF 20% METHANOL IN WATER AT LOW REPELLER
VOLTAGES

x y

0 2 3 4 5

0 19 37 55 73 91
1 33 51 69 87
2 65 83 101 119
3 97 115
4 129
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exchange processes. For many analytes the observed charge-exchange mass spectrum
closely resembles the electron impact (EI) spectrum.

An overall ten-fold increase in the RIC is observed when carbon dioxide
modified with a low percentage of methanol is used. The influence of the repeller
voltage on the RIC and on the appearance of the reagent gas spectrum has been
investigated in detail for a mobile phase consisting of 2% of methanol in carbon
dioxide. Fig. 2 shows the intensities of the most abundant ions in the reagent gas
spectrum as a function of the repeller voltage. The plot in Fig. 2 is a profile that can be
shifted along the repeller voltage axis as a result of various experimental parameters,
which are discussed below. Three regions based on the most intense ions can be
distinguished. At low repeller voltages the reagent gas spectrum is determined by
protonated methanol (clusters) of the general structural formula [xCH 30H + H]+
with x = I, 2, 3 and 4. The number of methanol molecules present in the most
abundant cluster decreases with increasing repeller voltages. At repeller voltages above
80 V, protonated carbon dioxide becomes the base peak, and at repeller voltages above
140 V the carbon dioxide molecular ion at m]z 44 is the base peak. Four typical
reagent-gas spectra obtained with 2% of methanol in carbon dioxide at four different
repeller potentials are given in Fig. 3.

The repeller voltages reported here are typical values under the conditions
commonly used. However, the precise values are effected by two parameters, i.e. the
vaporizer temperature and the degree of contamination of the ion source.

Increasing the vaporizer temperature results in a decrease of the intensities of the
protonated clusters, resulting in a shift of the complete profile given in Fig. 2 to lower
repeller voltages. For example, the maximum abundance of the protonated methanol
cluster at mjz 65 is found at a repeller potential of 30 V at a vaporizer temperature of
50°C, but it shifts to 10 V when the vaporizer temperature is increased to 100°C.

The effect of ion-source contamination is more difficult to quantify. Increased
contamination of the ion source, and especially of the repeller electrode, results in
a shift of the profile of Fig. 2 to higher repeller voltages, which change can probably be
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Fig. 2. Intensities (arbitrary units) of the most abundant ions in the reagent gas spectrum of2% methanol in
carbon dioxide in the discharge-on mode, as a function of the repeller voltage. Conditions: discharge, 800 V;
flow-rate, 2 ml/min; for other conditions see text.
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Fig. 3. Typical reagent gas spectra obtained at repeller potentials (a) 20 Y, (b) 50 Y, (c) 100 Y, and (d) 180 Y.
Conditions as in Fig. 2.

attributed to changes in the effective potential of the repeller electrode. The protonated
methanol cluster at m]z 97 appears to be an appropriate means ofdetecting the repeller
contamination. In a clean source, the maximum abundance of the ion at mlz 97 is
found at zero repeller potential, whereas after several days of intensive experiments,
sometimes using quite high analyte concentrations, the maximum abundance of mjz 97
is observed at a repeller voltage of70 V. In our experience the ion source needs cleaning
after 2-3 weeks of working with either LC-MS or SFC-MS, to some extent depending
on the types of sample investigated. It must be mentioned that the pressure in the ion
source, which is a function of the mass-flow of mobile phase into the mass
spectrometer, also influences the relative intensities of the peaks in the spectrum at
a particular repeller voltage. This effect has not yet been studied systematically;
preliminary experiments indicate that increasing the mass-flow results in an increase of
the intensity of the protonated species relative to that of the molecular ions
(comparable with a shift of the profile of Fig. 2 to higher repeller voltages).

A closer look at the reagent gas spectra obtained with 2% methanol in carbon
dioxide indicates several other interesting aspects. At low repeller voltages, especially
in the region 20-70 V, many protonated clusters are observed, most of which have only
low intensities. Protonated clusters are observed with two general formulae, i.e.
[xCH30H + zC0 2 + H]+ and [xCH30H + zC0 2 - H 20 + H]+. The clusters
actually observed are summarized in Table II.

Collision-induced fragmentation of some of the clusters has been performed to
check the assignments. When low-energy collisions in a triple quadrupole instrument
are used, it does not appear to be possible to induce complete dissociation of the
clusters to protonated molecules for some of the clusters studied. The daughter spectra
of two of the clusters will be discussed in more detail. In the MS-MS daughter
spectrum of the protonated cluster at mlz 153, [2CH 30H + 2C02 + H] '. the
successive losses of one and two methanol molecules or one and two carbon dioxide
molecules are observed, resulting in either [2C02 + H] + or [2CH 30H + H] + at mlz 89
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TABLE II

THE m]z VALUES OF THE PROTONATED METHANOL-eARBON DIOXlDE CLUSTERS AND
PROTONATED DEHYDRATED METHANOL-eARBON DIOXlDE CLUSTERS OBSERVED IN
THE DISCHARGE-ON MASS SPECTRA OF 2% METHANOL IN CARBON DIOXlDE

Cluster x z

0 2

[xCH30H + zC0 2 + H]+ 0 45 89
I 33 77 121
2 65 109 153
3 97 141 185
4 129 173

[xCH30H + zC0 2 - H20 + H]+ 0
1 15 59 103
2 47 91 135
3 79 123 167
4 III 155

and m]z 65, respectively. In the daughter spectrum of mjz 129, corresponding to
[4CH30H + H]+, consecutive losses of methanol molecules are observed.

At high repeller voltages the reagent gas spectrum has the appearance of an EI
spectrum of a mixture of carbon dioxide, with the molecular ion at m]z 44, and
methanol, with the molecular ion at mjz 32, a base peak at mlz 31, corresponding to
[CH 2 = OH] +, and the other peaks normally present in the EI spectrum of methanol.

The reagent gas spectra have also been studied at higher percentages of methanol
(7-12%) in carbon dioxide. The reagent gas spectrum of2% of methanol in the mobile
phase is dominated by protonated methanol (clusters) up to a repeller potential of 80
V (e.f Fig. 2), but with higher methanol contents in the mobile phase an even more
predominant role of the protonated methanol (clusters) is observed. The most
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Fig. 4. Intensities (arbitrary units) of the most abundant ions in the reagent gas spectrum of 10% methanol in
carbon dioxide in the discharge-on mode, as a function of the repeller voltage. Conditions: flow-rate, 1.5
ml/min; other conditions as in Fig. 2.
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abundant species at various repeller voltages in the reagent gas spectra of 10% of
methanol in carbon dioxide are shown in Fig. 4. At repeller potentials up to 50 V,
protonated methanol clusters are the most abundant species. At repeller voltages
above 150 V, the [CH 2 = OH] + ion at m]z 31 becomes the most abundant ion, while in
the intermediate region the protonated molecule at m]z 33 is the most intense one. The
contributions of the protonated carbon dioxide ion and the carbon dioxide molecular
ion to the reagent gas spectrum are greatly reduced compared with the situation at 2%
methanol in carbon dioxide (cf Fig. 2). There is some increase in total ion current when
comparing the results from 2% and 10% of methanol. It also appears that several of
the protonated methanol-carbon dioxide clusters, reported in Table II, are less
abundant at 10% of methanol than at 2% of methanol.

DISCUSSION

The reagent gas spectra observed with the methanol-carbon dioxide (or water)
mixtures at low repeller potentials can to some extent be predicted from the
proton-transfer concepts in the theoretical description of chemical ionization16. Like
in methanol chemical ionization, as found for instance in direct liquid introduction for
LC-MS 1 7

, the presence of methanol in the reagent gas results in protonated species
due to a series of ion-molecule reactions. Methanol, being the stronger base (proton
affinities are 777 kJjmol for methanol, 727 kJjmol for water and 541 kJjmol for carbon
dioxide), is expected to dominate the reagent gas spectrum. It is surprising that the
potential of the repeller electrode can change the conditions to such an extent that
protonated carbon dioxide can become the most abundant species, while the
abundance ofprotonated methanol simultaneously decreases. At even higher repeller
potentials, molecular ions and fragments of carbon dioxide and methanol are
observed.

From the changes observed in the reagent gas spectra as a function of the repeller
voltage in both LC-MS and SFC-MS, significant differences in the analyte mass
spectra obtained at different repeller voltages can be predicted. For instance, the
protonated methanol clusters are expected to have somewhat different proton
affinities from that of the protonated methanol itself. The differences in the
ion-molecule reactions between an analyte and protonated methanol (clusters),
protonated carbon dioxide, or the carbon dioxide molecular ion and the effects on the
analyte spectra, for instance with respect to the degree of fragmentation, can be easily
seen. These differences will be discussed in more detail elsewhere!".

A sound explanation for the effects observed in the reagent gas spectra cannot be
easily given. The acceleration of electrons from the discharge electrode to the lower
pressure region near the high voltage repeller electrode has been suggested by Coutant
et al", Those electrons should have reached high enough energies to ionize vaporized
compounds. However, the pressure in the ion source is probably too high for the
electrons to travel such a large distance in the source. The ionization of analytes can be
considered as a secondary ionization process in which charged species present in the
reagent gas are involved in proton-transfer andjor charge-exchange reactions. Several
factors are of importance in this respect. The repeller electrode can influence the
appearance of the reagent gas spectrum as it effectively samples the ions of particular
regions of the spray from the vaporizer into the sampling cone. Sampling takes place
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from the high-pressure centre and/or the lower pressure exterior regions of the spray.
Differences in the concentrations of methanol and carbon dioxide within the spray can
be expected as a result of the differences in volatility and of the temperature gradient,
which is also expected to be present in the spray. These effects may also influence the
composition of the various regions of the spray, the cluster formation, and the types of
ionization reaction involved in the secondary ionization process. Higher repeller
potentials will also increase the energy of the ion-molecule collisions in the source.
Collisionally ind uced dissociation of protonated clusters in the reagent gas is probably
of great importance in the explanation of the reagent gas spectra19.

In conclusion it can be stated that the repeller electrode can exert a strong effect
on the reagent gas spectrum in the thermospray source operated under discharge-on
conditions. It appears to be possible, at least in SFC-MS, to select the conditions for
the ionization of the analyte by setting the potential of the repeller electrode.
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SUMMARY

A combination of thermospray liquid chromatography-mass spectrometry
(LC-MS) and LC MS-MS has allowed the structural elucidation of a number
of metabolites of 4-[2-(dipropylamino)ethyl]-1,3-dihydro-2H-indol-2-one (SK&F
101468) in monkey urine. By using LC-MS-MS with the third quadrupole (Q3) set up
in multiple ion detection (MID) mode, a number of metabolites were subsequently
detected in the human urine and plasma samples despite very low dosing regimes. This
was achieved with minimal sample preparation, e.g. for the urine sample centrifuga
tion was the only preparative step, in order to remove particulate matter, prior to
analysis.

The good signal-to-noise ratio obtained for the human samples, using LC-MS
MS with Q3 set up for MID, raised the possibility ofa LC-MS-MS quantitative assay.
As a result, the detection limit of this method for SK&F 101468 when dissolved in
methanol was determined to be in the region of 20 pg on column.

INTRODUCTION

Potential drug candidates when administered to animals or humans are
generally metabolised quite rapidly, producing a variety of more polar compounds
that can then be eliminated from the body. This is normally achieved in the animal via
a number of oxidative reactions such as hydroxylation, oxidation of alcohols,
N-oxidation and N-dealkylation. These metabolites can then be excreted from the
body or they can undergo further metabolism such as conjugation reactions, normally
with glucuronic acid, sulphate, glutathione and in rare cases amino acids.

The oxidative reactions are normally classed as Phase I metabolism, which also
includes any reductive reactions, while Phase II metabolism covers the conjugation
reactions and also includes methylation and acetylation".

a Present address: Department of Drug Metabolism, Smith Kline & French Research Ltd., P.O. Box
1539, King of Prussia. PA 19406-0939, U.S.A.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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As a result of the wide range of polarities that the drug and its metabolites cover,
the most widely used method for their analysis is by reversed-phase high-performance
liquid chromatography (HPLC) utilising gradient elution in order to ensure good
separation of all the components.

The most commonly used methods of detection for HPLC are fixed or scanning
UV detectors or, if the drug is 14C-labelled, a radiochemical detector. However, the
information that these detectors can provide is limited with the radiochemical detector
mainly being used for quantitative work. Identification of potential metabolites would
therefore require isolation and analysis by NMR and mass spectrometry.

One method that can provide both structural and molecular weight information
on metabolites is coupling HPLC with mass spectrometry (LC-MS). In the early days
this was achieved by using a moving belt interface'<". This interface enjoyed some
success when used for applications that required normal-phase HPLC and where the
compounds of interest were relatively volatile and thermally stable.

However, for reversed-phase HPLC systems the moving belt interface was not as
successful. The major problems were associated with its inability to handle mobile
phases with a high aqueous content and the vapourisation of non-volatile, thermally
labile compounds. The introduction of a spray device for deposition of the HPLC
eluant onto the belt largely eliminated the problem associated with high aqueous
mobile phases'v",

Both of these problems were effectively eliminated when the thermospray LC
MS interface was introduced":". This interface was capable of handling a flow-rate of
1-2 ml min -1 of aqueous solvent but required a volatile buffer, normally ammonium
acetate, in order to effect ionisation of the solute. This removed the requirement for an
external source of ionisation, although this is now available on commercial interfaces
for compounds that do not ionise under thermospray conditions.

One feature of thermospray LC-MS, is that in many cases it produces
a protonated molecular ion, MH +, as the base peak with little or no fragmentation
resulting in a lack of structural information. At present there are two ways that
fragment ions can be induced. One is to use an external source of ionisation which
imparts more energy into the system, usually resulting in increased fragmentation. The
other is to use MS-MS and collisionally activate the MH + ion to produce daughter
ions that are structurally significant.

The objective of this paper will be to demonstrate the potential of thermospray
LC-MS and LC-MS-MS for the structural analysis of drug metabolites. In addition,
it will also illustrate the usefulness of LC-MS-MS with multiple ion detection (MID)
for the identification of metabolites at low levels. This will be achieved by describing its
application to the study of the in vivo metabolism of 4-[2-(dipropylamino)ethyl]-1,3-di
hydro-2H-indol-2-one (SK&F 101468), a dopamine D z receptor agonist which has
potential for the treatment of Parkinson's disease.

EXPERIMENTAL

SK&F 101468 urine and plasma samples
A male cynomolgus monkey was dosed 15 mg kg- 1 of SK&F 101468 per os

(p.o.) and the 0-6-h urine was collected for analysis. The human urine sample was
obtained by dosing a male volunteer 640 J.lg of SK&F 101468 p.o. and the 0-6-h urine
was collected.
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Both urine samples were centrifuged at 9450 g for 10 min to remove particulate
matter. A 50-fllvolume of the monkey and 100fllof the human supernatants were then
used for the analysis.

The human plasma sample was obtained after dosing a male volunteer 1.25 mg
ofSK&F 101468p.o. and taking a blood sample after 2 h. The plasma obtained from
the blood was worked up prior to analysis by taking 500fllof plasma and removing the
protein by precipitation with 500 fll of acetonitrile. The protein was then removed by
centrifugation at 9450 g for 20 min after which the supernatant was taken and the
acetonitrile evaporated under a stream of nitrogen leaving a final volume of
approximately 100fll.This was then stored at - 20°C prior to analysis when the whole
sample was used.

High-performance liquid chromatography
HPLC was carried out on a Hewlett-Packard 1090L fitted with a filter

photometric detector. The chromatographic separation Was carried out on a C1 8

Hewlett-Packard 100 x 4.6 mm J.D. column packed with 5-flm sized particles which
was kept at room temperature. The mobile phases used were 0.1 M ammonium acetate
(pH unadjusted) filtered through a 0.45-flm filter and acetonitrile. The system was run
at a flow-rate of 1.4 ml min -1. The gradient system used to effect the separation
consisted of a 3-min hold at 0% acetonitrile followed by a linear ramp up to 35%
acetonitrile over 17 min with a further 3-min hold at 35%. The wavelength of the UV
detector was set at 254 nm and was connected in line with the mass spectrometer in all
cases.

Mass spectrometry
A Finnigan MAT TSQ 46 mass spectrometer equipped with a Nova 4X

SuperIncos data system was used. The chromatograph was coupled to the mass
spectrometer with a Finnigan MAT thermospray interface. The typical vapouriser
temperature was 120°C with a jet temperature of 300°C.

The MS-MS was carried out using argon as the collision gas at a pressure of
approximately 1.4 mTorr.

Prior to any analysis by LC-MS or LC-MS-MS the system was tuned by the
continuous introduction of a solution of SK&F 101468. This was made up in 0.1
M ammonium acetate-acetonitrile (4:1, v/v) at an approximate concentration of 2 flg
mr 1. All mass spectra shown were background subtracted.

RESULTS AND DISCUSSION

Due to the relatively "soft" nature of the thermospray ionisation process,
thermospray LC-MS is an analytical method that is capable of providing molecular
weight information on drug metabolites in biological matrices with the minimum of
sample preparation. As a result of this, the amount of structural information available
in thermospray mass spectra tends to be limited due to the lack of any fragment ions.
This means that the sites of any structural modifications to the parent drug cannot be
readily identified. However, if the mass spectrometer has a MS-MS capability, this
problem can be overcome by carrying out collisionally activated decomposition
(CAD) experiments to fragment the MH+ ion and obtain structurally meaningful
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daughter ions. For the discussion a conventional mass spectrum will be termed a Ql
mass spectrum while a CAD daughter ion mass spectrum will be termed a Q3 mass
spectrum.

One example where this approach was used was SK&F 101468 (Fig. 1). This
compound was found to be metabolised extensively by the monkey and to a lesser
extent by man. The metabolites identified by LC-MS and LC-MS-MS in the monkey
and human samples are listed in Fig. 1.The results of the monkey urine analysis will be
discussed initially.

The UV trace and totalled selected ion chromatogram trace obtained for the
monkey urine are shown in Fig. 2. The two large peaks in Fig. 2, at scan nos. 273 and
277, are spurious peaks which were produced as a result of temporary pressure
fluctuations in the ion source which artificially enhanced the sensitivity. These peaks
were absent from subsequent LC-MS runs of this sample. The identities of metabolites
4, 7 and 11, SK&F 96990, 104557 and 101468, respectively, were confirmed by
comparison of their mass spectra and retention times with authentic standards.

Metabolite
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Fig. 1. Structures of SK&F 101468 and its metabolites that were found in the urine of the cynomolgus
monkey and man.

The Ql and Q3 mass spectra for metabolite 1 are shown in Fig. 3. The Ql
spectrum showed a single MH+ ion at mjz 192 with no evidence of any fragmentation.
However, collisional activation oim]: 192 resulted in the fragment ion mjz 146, a loss
of 46 a.m. u. This corresponded to a loss of formic acid thus confirming the presence of
the carboxylic acid group. This asignment was confirmed after the metabolite was
isolated and analysed by NMR.

Metabolite 2 was assigned as the O-glucuronide ofSK&F 96990. The presence of
the glucuronide was confirmed by the ion at mjz 411 in the Ql spectrum (Fig. 4a) with
the aglycone ion m]z 235. The site of hydroxylation was narrowed down to the
indo lone ring system by performing CAD of mjz 235, (Fig. 4b), for comparison to the
CAD spectrum obtained for authentic SK&F 96990.

The major fragment ions produced were m]z 72,120,148 and 176.The ion at m]z
72 corresponded to cleavage of the carbon-carbon bond of the ethyl link with charge
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Fig. 2. UV chromatogram (254 nm) and totalled selected ion chromatogram obtained for the O---{j-h monkey
urine.
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Fig. 3. (a) Thermospray QI mass spectrum of metabolite 1, (b) daughter ion mass spectrum of metabolite 1.
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Fig. 4. (a) Thermospray Q I mass spectrum of metabolite 2, (b) Q3 mass spectrum obtained for m]z 235, the
aglycone MH + of metabolite 2.

retention by the propylamine fragment. Cleavage of the carbon-nitrogen bond gave
rise to the ion at m]z 176 confirming that the hydroxyl group was on the indolone ring
system. The two consecutive losses of28 a.m.u. forming m]z 148 and 120 are thought to
be due to successive losses of CO from the lactam and the phenolic hydroxyl group.
The site of hydroxylation was assigned to position 7, as shown, for two reasons. (1) The
results obtained on incubation of the sample with f3-g1ucuronidase showed that the
glucuronide peak (metabolite 2) decreased with a corresponding increase in SK&F
96990 (metabolite 4). (2) The CAD spectrum was identical to that obtained for
authentic SK&F 96990.

The Q1 spectra for metabolites 3 and 5 (Fig. 5a and b) are virtually identical, with
a protonated MH+ for the glucuronide conjugate at mlz 453 with the more intense
aglycone ion at mjz 277. Daughters of m]z 453 (Fig 5c and d) produced the same
fragment ions although the ion ratios varied. Both metabolites produced mlz 114 and
176 which confirmed that the site of hydroxylation was on the indolone ring. This was
assumed to be on position 7, as shown, for both metabolites as metabolite 5 had
previously been found in rat bile, isolated and then characterised by NMR as the
O-glucuronide of SK&F 89124. The site of glucuronidation for metabolite 3 is
unknown.

The Q 1 spectra for metabolites 6 and 8 (Fig. 6a and b) also indicated that they
were both glucuronides of hydroxy1ated SK&F 101468. However, both compounds
were able to lose water from the protonated MH + ion of the aglycone, m]z 277. This
implied that the site of hydroxylation was on one of the aliphatic chains. This was
confirmed by collisionally activating m]z 453 (spectra shown in Fig. 6c and d).

The aglycone ion, m]z 277, was the base peak which underwent loss of water to
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Fig. 5. (a,b) Thermospray Ql mass spectra obtained for metabolites 3 and 5, respectively, (c,d) daughter ion
mass spectra of m]z 453, the MH + ion of both metabolites 3 and 5, respectively.
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m]z 259. The origin of the two other major fragment ions, m]z 130 and 160, were
analogous to m]z 114and 176found for metabolites 3 and 5with the exception that the
site of hydroxylation is now on one of the propyl chains.

Metabolite 6 also produced an additional fragment ion at m]z 306 which
represented the hydroxylated dipropylamine fragment with the glucuronide moiety
still attached implying that the site of glucuronidation was on the hydroxyl group. The
site of glucuronidation for metabolite 8 is unknown.

The final metabolite found in the monkey urine was metabolite 10. The Ql
spectrum (Fig. 7a) produced m]z 219 as the major ion which suggested a structure
similar to SK&F 104557. However, two weak higher mass ions were observed at mjz
263 and 439. The ion at mjz 263 corresponded to an increase of 44 a.m.u. over m]z 219
and may be due to the addition of CO 2 • Addition of glucuronic acid to m]z 263
accounted for mjz 439, thus confirming that the metabolite was a glucuronide
conjugate.

Collisional activation of mjz 439 (Fig. 7b) produced the fragment ions mjz 263,
221, 219 and 160. Loss of the glucuronide along with proton transfer to the aglycone
moiety resulted in the ion at mjz 263. This then demonstrated a loss of 44 a.m.u.,
presumably due to loss of CO 2 , with concomitant proton transfer leaving the ion at
mjz 219. The presence of the ion at mlz 160 confirmed that the indolone ring was
present intact. The other weak fragment ion, m]z 221, corresponded to the glucuronide
still attached to the carboxylic acid group which would suggest that the metabolite was
conjugated through the acid functionality.

The metabolite was then isolated and analysed by NMR spectroscopy. It was
confirmed that the substructure was SK&F 104557 and was conjugated with

100.0 219 110·0~ 100352,

a,

50,0
Metabolite 10

439

OJ
0
c: 150 ZOO 250 300 350 400 450 500

'"'0 ~/;c: 219:J 100.0 14000.
.0

'" 219~R 263OJ
,~

"~,,",",,';"<il b. CAD of ~/! 439
0;
a:

50.0 ;/1 0

0-. ~ MH+= 439

Metabolite 10
160

74 94 340 36 00 423

50 100 150 250 350 400 450

~/;

Fig. 7. (a)Thermospray QI mass spectrum of metabolite 10, (b) daughter ion mass spectrum obtained for
m]z 439, the MH+ ion of metabolite 10.
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glucuronic acid. The site of the COz functionality was confirmed as that shown in Fig.
I by comparison of the chemical shifts for the a-CHz protons bound to nitrogen with
those of SK&F 104557. The sample was also analysed by high-resolution fast atom
bombardment (FAB) MS and the value for the MH+ ion of 439.1699 corresponded
well to the calculated value of 439.1717 with an error of 4.1 ppm. This confirmed that
the addition of 44 a.m.u. was in fact due to COz.

Analysis of the human samples presented a more difficult task due to the low
doses given to the human volunteers resulting in very low levels of metabolites.

The urine sample was initially analysed by LC-MS from which the selected ion
traces for m]z 219, 235, 261 and 277 are shown in Fig. 8. By monitoring these ions all of
the metabolites discussed previously, including the glucuronides, should be detected
with the exception of metabolite 1 which would require a different MS-MS
experiment.

From this analysis it was only possible to identify two compound related peaks,
SK&F 104557and 101468(Fig. 8). Although there were other responses for these ions,
their retention times and mass spectra did not correspond to any metabolites seen
previously.

In an attempt to increase both the sensitivity and specificity it was decided to
re-analyse the sample using LC-MS-MS. An experiment was created that would
alternately pass m]z 219, 235,261 and 277 into Q2 for collisional activation, with Q3 set
for full scan to pick up the fragments.

From the MS-MS work on the monkey urine it was decided that the most
important ions to look for were m]z 72, 160 and 176, which would identify SK&F
104557, 96990 and their conjugates, and mlz 114, 160 and 176 for SK&F 101468,

1060.

SCAN
TIME

2156•

7800.

3728.

.A

1
I

n.~m/z 261

~~*d'
".~
~ .J'-:.w\·

109 200 300 400
3.20 6.40 10.00 13.20

SK&F 104557

47'Sj !!)/~ 219 ~!

~~=""""''!''''~O>O<!-=f'''='''''''-'''''''~." '" ~
~T

Fig. 8. Selected ion chromatogram traces ofm/z 219,235,261 and 277obtained from the LC-MS analysis of
the D-6-h human urine sample, after dosing 640 Jlg of SK&F 101468 p.o.
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SK&F 89124 and any conjugates. The results of this analysis are shown in Fig. 9. There
were no responses observed for daughters of m]z 235 or 277 which meant that there
were apparently no hydroxylated metabolites of SK&F 104557 or 101468. Two
responses were observed for daughters of mlz 219, the major one being SK&F 104557
and the minor one corresponding to metabolite 10. There was only one response for
daughters of mlz 261 which was attributed to SK&F 101468.

As the responses were relatively weak, an attempt was made to increase the
sensitivity still further by re-analysing the sample using a similar MS-MS experiment,
with the exception that Q3 was set up in MID mode to monitor the two main fragment
ions of each metabolite. The results, shown in Fig. 10,were a substantial improvement
over the previous results. SK&F 104557and metabolite 10gave a much stronger signal
than before. A good response was observed for SK&F 96990 at the correct retention
time. Strong responses were observed for SK&F 89124 (metabolite 9) and its
O-glucuronide (metabolite 5) again at the correct retention times. There was also
a substantial increase in the response for SK&F 101468 with two other possible
responses which may be conjugates ofSK&F 101468which have not been seen before
and their identity remains unknown. A different experiment would be required to
detect metabolites 6 and 8.

The plasma sample (Fig. 11) was also analysed using this method and all of the
metabolites found in the urine, were found in the plasma with the exception of
metabolite 10.

CONCLUSION

The introduction of the thermospray interface has succeeded in making the
coupling between HPLC and MS, in our experience, relatively routine and trouble
free. It allows the direct analysis of biological samples with the minimum of sample
preparation, providing structural information on drug metabolites at an early stage in
the development of potential drug candidates. The technique is capable of detecting
metabolites at levels of approximately 10 ng and upwards.

However, sometimes the amount of structural information obtained by
thermospray LC-MS is limited as a result of the relatively "soft" nature of the
ionisation method producing mainly protonated MH+ ions. This problem can be
overcome by carrying out a daughter ion MS-MS experiment in order to induce
fragmentation, thus pinpointing the area of modification in the molecule.

The use of LC-MS-MS can prove invaluable for the identification of
metabolites when present at levels below the detection limits of conventional LC-MS
in a complex biological matrix. By switching to LC-MS-MS with Q3 on full scan the
specificity of the technique is increased, as any compound related material would have
to have the correct retention time, correct mass and produce structurally meaningful
fragment ions. The chances of an endogenous component meeting all these require
ments are remote.

However, even using this technique the sensitivity may not be sufficient, and it
can be increased by setting Q3 on MID mode. The subsequent gain in sensitivity was
significant and the good signal to noise ratio opened up the possibility of a quantitative
LC-MS-MS assay. Although this has not yet been developed, the detection limit of the
technique for SK&F 101468, when dissolved in methanol, was determined to be
approximately 20 pg on column.
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Effects of repeller position and voltage in thermospray mass spectrom
etry
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School 0/ Pharmacy, University 0/ London, Brunswick Square, London WCI N 1AX (U.K.)

Chromatography coupled directly with mass spectrometry (MS) provides the
analyst with a uniquely powerful combination, allowing rapid, efficient separation of
complex mixtures with accurate and sensitive characterization of the individual com
ponents. Gas chromatography-mass spectrometry (GC-MS) has been in widespread
use for more than two decades. It has proved so successful that GC-MS has had a
major impact on mass spectrometer design and the majority of mass spectrometers
are now purchased specifically for that purpose.

By contrast, and despite substantial effort by both academic and industrial
researchers, the linking of high-performance liquid chromatography (HPLC) and MS
has only recently become routine with the development of the thermospray ion
source. Unlike most of the alternative LC-MS interfacing methods, thermospray
does not compromise the chromatography significantly as it allows operation at high
flow-rates (I cm3/min) using reversed-phase chromatography with high aqueous con
tent mobile phases containing volatile buffers.

Thermospray provides a soft ionization method yielding predominantly prot
onated or other cationated molecular ions and generally giving little ion fragmenta
tion. It involves pumping the liquid eluent through a heated capillary tube from
which it sprays into a separately heated expansion chamber. This is evacuated by a
high capacity mechanical pump, causing solvent molecules to evaporate rapidly, clus
ters of solute molecules or ions being broken up by collisions. Ion production is
enhanced by the use of a buffer such as ammonium acetate. A proportion of the ions
formed are drawn into the analyzing region of the mass spectrometer through an
aperture in a sampling cone. This aperture is small enough to maintain differential
pumping, which allows the mass spectrometer to operate effectively.

Most commercial designs incorporate a repeller electrode in the expansion
chamber to enhance fragment ion production, but the precise role of the repeller has
been subject to controversy, as some users report little enhancement of fragmenta
tion. Several factors influence thermospray spectra", including mobile phase compo
sition, flow-rate, nozzle temperature, chamber temperature, applied voltage on any
repeller electrode, and the use of a filament or discharge as a secondary ionization
method:'. The use of a gas phase ion/molecule reaction model can explain the observ-

a Present address: Department of Chemistry, University of Southampton, Southampton S09 5NH,
U.K.
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ed ionization phenomena", whereby a basic molecule (B) in dilute aqueous ammoni
um acetate gives species such as [BH]+ and [BNH 4]+ . The observation that fragment
ions can be enhanced by the use of a repeller electrode down-stream of the sampling
cone has been explained by collisional dissociations", the retarded ions being impact
ed by the high thermal energy molecules streaming through the expansion chamber.
The effects of repeller voltage and vaporizer temperature on protonated and other
cationated molecular ions as well as on fragment ion production have been de
scribed l:", Lower voltages favor ammonium adduct ions, whereas intermediate volt
ages favor protonated molecular ions and high voltages favor fragment ions. Temper
ature effects are less clear-cut as they are compound-dependent, but higher
temperatures discriminate against ammonium adducts compared with protonated
molecular ions, and they tend to favor fragment ion production.

EXPERIMENTAL

This work was carried out on a VG 12/250 quadrupole mass spectrometer (VG
MassLab, Altrincham, U.K.), operating under computer control with a standard VG
thermospray source having no filament or discharge facility. The temperatures of the
nozzle, the expansion chamber and the ion source were 190, 270 and 200°C respec
tively. The repeller electrode height was varied in the range 0-7 mm in I-mm steps.
(For simplicity the data reported here correspond only to heights of 2, 4 and 6 mm,
but this is sufficient to give an accurate picture of the overall behaviour.) The height
of the expansion chamber is 10 mm and the sampling cone protrudes into this by 4
mm. The repeller electrode comes into the chamber from the opposite side, so when it
is at a height of 6 mm its tip is level with the aperture in the sampling cone.

At each height the voltage was varied between 0 and 340 V. The eluent was 0.1
M ammonium acetate (Analar BDH) in water prepared through a Milli-Q system
(Millipore), delivered by a DuPont 870 pump at 1cm3/min. Furosemide was obtained
from Hoechst and was introduced by direct injection in 0.3 mM aqueous solution
through a Rheodyne valve with a 20-jilloop. The data presented here are averages of
results obtained on two separate occasions several months apart.

RESULTS AND DISCUSSION

In this work a commercial thermospray source was used having a rod-shaped
repeller electrode in the expansion chamber approximately 3 mm downstream of the
sampling cone. The source design allows for easy dismantling and cleaning but the
support arrangement for the repeller does not guarantee reproducibility in the repell
er height settings on reassembley. It was noted that the repeller characteristics were

1 (M.=330)
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often different after the source had been dismantled, and it was decided to investigate
the effect of varying the repeller height. The diuretic drug furosemide (1) was used as a
model compound, variations in the intensities of m]z 348 ([M +NH4] +), 331
([M +H]+) and mjz 81 (fragment ion) being monitored as functions of both height
and voltage. The data are shown in Fig. la-c.

Fragment ion intensity
The retarding effect is at a minimum when the electrode height is only 2 mm.

Under these conditions almost no fragmentation occurs to give m]z 81, whatever
voltage is applied. At 4 mm a substantial signal is obtained for the fragment ion when
a high voltage (ca. 300 V) is applied to the repeller, and the maximum is seen to shift
to lower voltages as the height is increased to 6 mm. This behaviour is consistent with
the observations of Bencsath and Field 5 and suggests that the fragmentation is not
unimolecular but results from collisional activation. When the repeller height is set
too low to retard the ions there is no fragmentation and whatever the height, a
retarding voltage of at least 100 V is required to produce any fragmentation at all.

The origin of the m]z 81 ion was investigated as it could correspond either to the
furfuryl group or to the protonated sulphonamide moiety. Protonation at the sul
phonamide seemed unlikely as such groups are somewhat acidic whereas the second
ary amine function is basic. This was confirmed by thermospray analysis from 2H20 :
the protonated molecular ion increased in mass by 5 u and the ammonium adduct by
8 u whereas the fragment ion mass was unaltered, confirming its identity as the
furfuryl cation.

Cationated molecular ions
The application of an appropriate voltage to the repeller gives increased in

tensity for both mlz 331 and 348 over the full range of repeller heights studied. At 2
mm the ion current versus voltage functions are still rising at the highest voltage
available, 340 V, whereas the curves for 4 and 6 mm pass through maxima and the ion
currents fall to zero before the maximum voltage is attained. The ion current maxima
shift to lower voltages as the repeller height is increased. The ammonium adduct ion
mjz 348 is favoured by lower voltages compared with the protonated ion mlz 331,
which is consistent with the theory that much of the protonated molecular ion current
arises through dissociation of the ammonium adduct".

CONCLUSION

The evidence concerning the effects of ion repeller voltage on fragmentation in
thermosprayspectra hasfrequentlybeen contradictory. This study shows that there
may indeed be little effect if the repeller is set too low, e.g. not even the maximum
applied voltage gives significant fragmentation when the repeller height is only 2 mm.

For the particular design of source used in this work it is essential to take steps
to ensure reproducibility in setting the repeller height after dismantling the source for
cleaning and maintenance. Even then it may be necessary to select a height that
optimises performance for a particular ion type at the expense of others; fragment
ions are favoured by high repeller settings (4-6 mm) with high voltages (200-250 V)
whereas these same settings will supress the ammonium adducts. It is noteworthy that
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when the repeller height and voltage are optimised for fragmentation, the apparent
ion current at m]z 81 is six times greater than that observed for the optimised prot
onated molecular ion. This casts doubt on the description of thermospray as a soft
ionisation method, although as already explained most fragment ions arise by colli
sional dissociation and it must also be appreciated that there is significant discrimi
nation against higher mass ions in quadrupole mass spectrometers.
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IMPROVING THE ION CURRENT STABILITY OF A THERMOSPRAY
SOURCE BY IMPROVING THE CONTROL OF THE VAPORIZER TEMPER
ATURE AND SOLVENT FLOW-RATE

WIM GENUIT* and HERMAN VAN BINSBERGEN
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(The Netherlands)

SUMMARY

The original time-proportional vaporizer temperature control system of the
thermospray source has been changed into a system based on phase-angle control,
which enhances the vaporizer temperature stability, and hence the ion current stability
of the source. When combined with a solvent pressure stabilization system, this new
temperature control system stabilizes the vaporizer temperature to within 0.1DC of the
set value.

INTRODUCTION

Partial evaporation and break-up of a liquid flow into small droplets, as occurs
in a thermospray liquid chromatography-mass spectrometry (LC-MS) interface,
inevitably involve statistical fluctuations, which affect the stability of the ion current
output from the thermospray source. However, small variations in the vaporizer
temperature! or in the LC eluent flow-rate? also have a large effect on ion current
stability.

Conventional time-proportional control systems tend to induce variations in
vaporizer temperature owing to the pulsed mode of heating, which allows the
vaporizer capillary to cool between repetitive pulses, and to electrical feedback of the
heating current pulses through the thermocouple spot weld. The rapid fluctuations in
ion intensity resulting from these variations hamper the optimization of thermospray
operating conditions, and make accurate mass calibration and quantitation from
thermospray data even more problematic.

This paper deals with a temperature stabilization system based on phase-angle
control, which provides a uniformly time-distributed heating power. This system
yields a marked improvement in vaporizer temperature and ion-current stability,
compared with the time-proportional control system. It is shown that with this new
temperature control system, most of the residual temperature variation is due to LC
pump pulsation and can be eliminated by stabilizing the solvent flow-rate.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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INSTRUMENTAL

A Waters Assoc. 600MS multi-solvent delivery system, provided with a flow
rate stabilization option, is used to pump a tuning solution consisting of methanol
water (1:1) with the addition of 0.05 M ammonium acetate buffer and 100 ppm (v/v) of
polyethylene glycol PEG 400 at a flow-rate of 1.5 ml/rnin.

The mass spectrometer is a Finnigan 4500 TSQ quadrupole mass spectrometer
equipped with a Finnigan-MAT thermospray LC-MS interface.

Initially, the interface exhibited very poor temperature stability, which was
attributed to an over-dimensioned power circuit. The maximum heating power was
then reduced by putting a diode into the circuit, cutting off half of each alternating
current period. While this modification gave some improvement in temperature
stability, rapid fluctuations of several degrees Celsius were still observed.

In the experiments described below, either the modified time-proportional
control circuit, or a phase-angle control system, made up of an 818P programmable
controller and a 425 phase-angle thyristor unit (both from Eurotherm, Worthing,
U.K.), is used. Fig. 1 shows the two circuits with their different control characteristics.
Time-proportional control varies the on/off ratio within a control cycle period which is
much longer than the lO-ms power cycle period (corresponding to a 50-Hz line
frequency). On a lO-ms time scale, a time-proportional system delivers its heating
power in pulses. Phase-angle control varies the on/off ratio witin each power cycle
period. Therefore, on the same lO-ms time scale phase-angle control provides a much
more uniformly distributed heating power.

(bl
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24 v a.c. IIC=ac

FUSE

\
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DIODE
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TIME-PROPORTIONAL CONTROL
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j i ~~A
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Fig. I. (a) The modified Finnigan time-proportional vaporizer temperature control circuit. (b) The new
phase-angle control circuit.
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Fig. 2 shows the thermospray mass spectrum of the tuning solution. Ions above
mlz 150 correspond to the protonated PEG oligomers (odd-numbered series) and the
respective ammonium adducts (even-numbered series).

For the ion current stability tests, the quadrupole mass filter is set manually at
mjz 344, and the vaporizer temperature and ion current are recorded simultaneously
by a two-pen recorder. A typical result is shown in Fig. 3. The first part (A) was
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Fig. 2. Thermospray mass spectrum of the PEG 400 tuning solution.
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Fig. 3. Vaporizer temperature and m]z 344 ion current trace as a function of time. A, Time-proportional
heating system; B, phase-angle heating system; C, phase angle heating system + flow-rate stabilization.
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obtained using the time-proportional control, without flow rate stabilization. The
vaporizer temperature, optimized for a maximum m]z 344 ion current, oscillates
rapidly between 107 and 110°C, and the ion current trace shows corresponding
fluctuations. Part B was recorded using the new phase-angle control system and
without flow-rate stabilization. The high-frequency variations in temperature and ion
current are largely reduced, compared with A, and the slow variations on an
approximately 10-s time scale, observed in both traces, are exactly in phase with the
piston movements of the solvent pump. This result illustrates the inadequately of
piston pulse-damping devices in normal LC pumps for thermospray LC-MS work, at
least when they are operating in the column bypass mode, or as a post-column buffer
addition pump. In part C, using phase-angle temperature control combined with
solvent flow-rate stabilization, this slow variation is eliminated, and the vaporizer
temperature is stable to within 0.1°C of the set value. The corresponding ion current
trace shows the remaining thermospray noise.

These experiments were repeated a few times with different crimped vaporizer
tips. Although the vaporizer characteristics, such as optimum temperature and
temperature stability, vary somewhat from one tip to another, the results are similar in
that the stability is greatly enhanced by the new temperature control. Also, the
vaporizer temperature is found to be much less critical, the vaporizers operating
steadily in a wide temperature range.

CONCLUSIONS

Poor stabilities of vaporizer temperature and solvent flow-rate are important
sources of ion current fluctuations in a thermospray LC-MS interface. Temperature
stabilization by a phase-angle controlled system gives a significant stability improve
ment over the pulsed time-proportional systems. Temperature variations induced by
pump pulsation can be eliminated by applying flow-rate stabilization.
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SUMMARY

In order to optimize the sensitivity and reproducibility of thermospray liquid
chromatography-mass spectrometry in (bio )analytical applications, some of the ex
perimental parameters that influence thermospray buffer ionization have been in
vestigated systematically.

Attention was paid to the vaporizer temperature, which is especially important
in the analysis of thermolabile compounds, the ammonium acetate concentration, the
methanol content and the repeller potential. General optimization strategies for ther
mospray buffer ionization have been developed. The usefulness of extensive optimiza
tion is discussed for qualitative and quantitative analysis. In quantitative target com
pound analysis optimization on the analyte is necessary. In qualitative analysis,
however, usually unknown compounds have to be analysed and no parent compound
is available for optimization purposes.

INTRODUCTION

The thermospray interface, developed by Blakley and Vestal', is a valuable
analytical tool, which has given a strong impetus to developments in liquid chromato
graphy-mass spectrometry (LC-MS). In many laboratories thermospray LC-MS is
now routinely used and many interesting applications have been described. In our
laboratory thermospray LC-MS is applied in both qualitative and quantitative bioa
nalysis. In the development of bioanalytical methods, the optimization of selectivity,
sensitivity and reproducibility is of utmost importance. This paper deals with the
optimization of thermospray LC-MS in the buffer ionization mode. Many interde
pendent experimental parameters are important in this respect: the mobile phase
composition (amount and type of buffer and organic modifier), the solvent flow-rate,
the design and temperature of the vaporizer, the design and temperature of the ion
source, and the geometry, position and potential of the repeller electrode. Other
important parameters, which are difficult to adjust reproducibly, are the spray per
formance, the condition of the vaporizer, and the degree of contamination of the
repeller electrode and the ion source. Although the thermospray interface has been

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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commercially available for five years now, little attention has been paid to a system
atic investigation of the influence and optimization of the various experimental pa
rameters. Such systematic studies are hampered by the fact that there are large differ
ences in the design and performance of the various commercially available
thermospray interfaces, for instance with respect to the type of vaporizer and the
temperature that has to be applied for stable spray conditions. The optimization of
the temperature of the vaporizer, the type and concentration of the buffer salt, and
the modifier content of the LC mobile phase has been studied by Voyksner and
Haney'' for triazine herbicides and organophosphorus pesticides. The effects of the
vaporizer temperature have been investigated for some drugs by Lindberg and Paul
son". The influence of the potential applied to the repeller electrode, positioned either
opposite to the sampling cone or slightly downstream, has been studied by Lindberg
and Paulson" and by Bencsath and Field 5 . Various other geometries of the repeller
electrode, e.g. a needle tip, are currently under investigation (cf ref. 6). Considerable
effort has been put into the improvement of the thermospray vaporizer performance,
especially with respect to the reproducibility7-12. Both the vaporizer design 7-10 and
the thermospray controllerlL'? are under investigation.

In the present paper the influence of various parameters on the eluent and
analyte signals and mass spectra have been investigated systematically with a Finni
gan MAT TSP interface. The results of the variation of the vaporizer temperature, the
repeller potential, the ammonium acetate concentration and the methanol content of
the mobile phase are reported here. From the results an optimization strategy for
thermospray LC-MS studies is suggested.

EXPERIMENTAL

Thermospray mass spectrometry
The solvents were delivered by a Model 2150 high-pressure pump (LKB, Brom

rna, Sweden). The flow-rate was 1.2 ml/min. Thermospray MS was performed on a
Finnigan MAT TSQ 70 triple quadrupole mass spectrometer equipped with a Finni
gan MAT TSP interface (Finnigan MAT, San Jose, CA, USA). For all experiments
the block temperature was kept at 200°C.

Repeller potential variation/vaporizer temperature variation
The mobile phase consisted of 50 mM ammonium acetate in water-methanol

(80:20, v/v). For the systematic investigation of the influence of the repeller potential
on the eluent background spectrum, an instrument control procedure was written,
which automatically increases the repeller potential from 0 to 200 V in 10 V in-
crernents-After each-potential adjustment, a stabilization timeof2 s is applied. At
each repeller potential ten scans (miz 10-100) are acquired. For investigation of the
influence of the repeller potential on the analyte signal the repeller potential was
increased by 10 V before every injection. These experiments were repeated at several
vaporizer temperatures in order to get information about the influence of the vaporiz
er temperature on the eluent background, the analyte signals and mass spectra.

Methanol content variation
The mobile phase consisted of 50 mM ammonium acetate in water-methanol



OPTIMIZAnON STRATEGIES IN THERMOSPRAY LC-MS 151

(v/v %) mixtures. The amount of methanol was increased from 0 to 80%, in 10%
increments. The vaporizer temperature was decreased with increasing methanol con
tent (ca. 5°C decrease for 10% methanol content increase). At every mobile phase
composition the repeller potential was varied from 0 to 200 V.

Ammonium acetate concentration variation
The concentration of ammonium acetate in water-methanol (90:10, v/v) was

increased from 10-5 to 10-2 M. For each experiment the buffer concentration was
increased by an order of magnitude. The concentration of the analyte was ca. 2 . 10-4

M. In this way spectra were obtained with ammonium acetate concentrations lower
than, equal to, and higher than the analyte concentration. For every mobile phase
composition the repeller potential was varied from 0 to 200 V. The vaporizer temper
ature was IIS-C.

Samples
Standard solutions of analytes, dissolved in the mobile phase used in the de

scribed experiments, were injected (ca. 500 ng/20 /11) in the flow-injection analysis
(FIA) mode, i.e. direct injection into the liquid stream without a chromatographic
column. The analytes were obtained from various sources.

RESULTS AND DISCUSSION

Vaporizer
In the thermospray interface used, the vaporizer is a directly heated stainless

steel capillary. After installation of a new vaporizer a good spray is produced by
squeezing the end of the capillary at ambient temperature and pressure. When a
proper spray is established the thermospray interface can be made operational. The
spray performance obviously is one of the parameters that cannot easily be repro
duced. The use of apparently more reproducible systems with replaceable fused-silica
capillaries or sapphire diaphragms has been suggested recently by Vestal!".

The degree of vaporization of the eluent is an important experimental param
eter, which depends on the composition of the mobile phase, the solvent flow-rate,
and the vaporizer temperature. At a constant mobile phase composition and flow
rate, relatively stable signals can be obtained within a temperature range of ca. 30°C.
Below this temperature range the spray is too wet and unstable signals are observed;
above this range a dry spray is obtained and no signals are observed at all for the
compounds studied. The vaporizer temperature is typically ca. 110°C for 1-1.5 mil
min of water-methanol mixtures, depending on the condition of the vaporizer (e.g.
aperture of the capillary tip after squeezing, age and history of the capillary). The
vaporizer temperature has to be adjusted for each combination of the mobile phase
composition and the flow-rate in order to obtain stable background signals. Within
the temperature range that provides relatively stable signals, optima in absolute in
tensities of the eluent and the analyte can be obtained. In some cases these optima
coincide, as observed by others l:". However, the gain in absolute intensities that can
be achieved by optimization is very compound-dependent. In favourable cases a gain
of an order of magnitude can be realized. The optimum vaporizer temperature for a
particular analyte also depends on the condition of the vaporizer. Vaporizer temper-
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ature optimization for a particular analyte may give different results on different days.
This implies a limited usefulness of reporting "optimum" vaporizer temperatures.
Apparently, the vaporizer temperature has a considerable influence on the mass spec
tra of thermolabile compounds. At high vaporizer temperatures these compounds
will tend to decompose in the eluent stream':'. The decomposition products can also
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be ionized in the ion source, resulting in a spectrum of both the analyte and its
decomposition products. Real fragment peaks may also be observed, when such a
process is thermodynamically favourable or when collisionally induced dissociation
takes place in the source 14.

Fig. 1 shows the effect of the vaporizer temperature on the mass spectra of
mitomycin C (MMC) and (11p, 16a,17P)-1l-hydroxy-16, 17-dimethyl-17-(1-oxopro
pyl)androsta-l ,4-dien-3-one (rimexolone), a thermolabile and a thermally stable com
pound, respectively. With increasing vaporizer temperature the relative abundance of
the protonated molecule of the anti-cancer drug MMC (MW = 334) decreases com
pared with the fragment peaks at mlz 292 and 278. The peak at mlz 292 results from
the loss of HNCO from the protonated molecule, which might take place both by
thermal decomposition of the neutral and by fragmentation of the protonated mole
cule. The peak at m]z 278 is probably due to a loss of HNCO from the protonated
molecule of a hydrolysis product of MMC, 2,7-diamino-l-hydroxymitosene (MW =

320, structure in Fig. lC)15, which is formed by cleavage of the methoxy group,
resulting in an unsaturated bond and opening of the aziridine ring by addition of
water. In this study, 2,7-diamino-l-hydroxymitosene obviously is a thermal hydroly
sis product of MMC formed in the eluent stream, which after loss ofHNCO, either by
thermal decomposition of the neutral or fragmentation of the protonated species,
results in a peak at m]z 278. In the thermospray mass spectrum of 2,7-diamino-l
hydroxymitosene, a peak at m]z 278, resulting from the loss of HNCO from the
protonated molecule, is observed as well", In the thermospray mass spectrum of
MMC, a peak at mlz 321, due to the protonated molecule of 2,7-diamino-l-hydroxy
mitosene, is observed at low abundance. In the chemical ionization (CI) and de
sorption chemical ionization (DCI) spectra ofMMC, a peak at m]z 292 is observed!",
whereas the peaks at m]z 321 and m]z 278 are absent. For a thermally stable com
pound, such as rimexolone (Fig. 1b), no influence of the vaporizer temperature is
observed on the relative abundances of the protonated molecule at mjz 371 and the
major fragment at mjz 353, resulting from a loss of water.

Solvent composition
Ammonium acetate concentration. The presence of a volatile buffer (50-100

mM), e.g, ammonium acetate, in the mobile phase is essential for thermospray buffer
ionization 1. The influence of the ammonium acetate concentration has been studied
by Voyksner and Haney". They report a strong dependence of the relative analyte
signal in a concentration range between 10-3 and 8 . 10-2 M, and a plateau is reached
at higher concentrations. In the present experiments the buffer concentration was
varied between 10-5 and 10-2 M in order to investigate the influence of the ammoni
um acetate concentration on the signal of 10-4 M of analyte. The results obtained are
shown in Fig. 2 for caffeine. When the ammonium acetate concentration is ten times
lower than the analyte concentration, the intensity of the protonated molecule of
caffeine is very weak. Sodium and potassium cationized molecules are observed as the
most intense signals. When the ammonium acetate concentration is equal to the
analyte concentration, the protonated molecule becomes the most abundant peak,
whereas with a buffer concentration ten times higher than the analyte concentration a
large increase (three orders of magnitude) in the absolute intensity of the protonated
molecule is observed. The absolute intensity of the ammoniated molecule increases by
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Fig. 2. Response of the protonated, ammoniated and sodium and potassium cationized molecules of
caffeine (2. 10-4 M) as a function of the ammonium acetate concentration. Repeller potential, 50 V; eluent,
ammonium acetate in water-methanol (90:10, v(v).

two orders of magnitude in the buffer range studied, whereas the intensities of the
sodium and potassium cationized molecules remain constant.

Methanol content. Because in bioanalysis gradient high-performance liquid
chromatographic (HPLC) runs often have to be performed with the organic modifier
content of the mobile phase changing over a wide range, e.g. from 0 to above 50%,
the influence of the methanol content on the analyte intensities and mass spectra has
been investigated. With increasing methanol content the vaporizer temperature has to
be lowered to obtain similar spray conditions, because of the higher volatility of the
mobile phase with increasing methanol content. When no methanol is present in the
mobile phase the highest sensitivity is obtained, which is in accordance with the
results, reported by others tcf. ref. 3). For the test compounds (adenosine, caffeine
and coniferic aldehyde) a slight decrease is observed with increasing methanol content
from 0 to 40%. When the methanol content exceeds 40%, the sensitivity drops signif
icantly. External ionization sources, filament or discharge, are needed at these mod
ifier contents.

Repeller potential
Eluent. In the thermospray source design used in these experiments, a flat circu

lar tip repeller electrode is placed opposite to the sampling cone. Significant influence
of the repeller potential on the intensity and the appearance of the mass spectrum of
the eluent cluster ions has been reported". The repeller potential influences both the
total ion current and the abundance of the various species. The ions observed depend
on the mobile phase. In Tables I and II compositions of the various ions observed
with two different eluents are proposed. Fig. 3 shows the influence of the repeller
potential variation on the total ion current tm]z 10-100) and on the intensities of
some of the more abundant ions for 50 mM ammonium acetate in water. Similar
plots for 50 mM ammonium acetate in water-methanol (20:80, v/v) are given in Fig.
4. The plots of the total ion current and the intensities of the various ions as a
function of the repeller potential differ from the profiles reported by 'Lindberg and
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TABLE 1

COMPOSITION OF THE VARIOUS POSITIVE IONS OBSERVED IN THERMOSPRAY BUFFER
IONIZATION WITH 50 mM AMMONIUM ACETATE IN WATER

Asterisk indicates present in the given repeller potential region.

m]z Composition

15
18
19
33
35
36
37
43
51
53
54
55
61
73
77
78
79
95
96
97

[CH
3j+

[NH4j+

[H
3
0 j+

[HP + CH 3j+
[2NH 3 + H]"
[NH 3 + Hp + H]"
[2HP + Hj+
[CH3COt
[2H20 + CH 3j+

[2NH 3 + H20 + Hj+
[NH 3 + 2Hp + Ht
[3HP + H]"
[HP + CH 3COj+

[4HP + Hj+
[2NH 3 + CH 3COj+

[NH 3 + Hp + CH 3COj+

[2HP + CH 3COt
[2NH 3 + Hp + CH 3COj+

[NH 3 + 2H20 + CH 3COj+

[3HP + CH 3COt

Repeller Repeller
potential potential
<100 V >100 V

*
*

*
*

*
*

*
*
*

*
*

Paulson". The potentials at which the highest intensities for the various ions are
observed are lower in our experiments. These differences cannot be attributed to the
difference in solvent composition (43% methanol in ref. 4 and 20% methanol in this
study).

A closer look at the various cluster ions reveals some interesting features. Clus
ters containing NH3 are observed only at repeller potentials below 100 V for both
mobile phases. The NHtion tm]: 18) is most intense at ca. 100 V. Clusters containing
H20 and no NH 3 are observed only at repeller potentials above 100 V. For the
mobile phase containing 20% methanol, intense methanol clusters are observed over
the whole range of repeller potentials. Protonated methanol clusters ([CH30H2]+,

[2CH30H + Ht and [3CH30H + H]+) are observed at high potential. Methanol
clusters containing NH 3 are observed at low potential, whereas methanol clusters
containing H 20 are observed at high potential. A nice illustration of the changeover
in cluster composition from Nl-lj-containing clusters to H20-containing clusters with
increasing repeller potential is given in Fig. 5, where the intensities of mlz 77 [2NH 3

+ CH 3CO]+, m]z 78 [NH 3 + H20 + CH 3CO]+ and m]z 79 [2H20 + CH 3CO]+)

are plotted as a function of the repeller potential. The NH 3-containing clusters at m]z
77 and 78 have a maximum intensity at low repeller potential, whereas the H20

containing cluster at m]z 79 is observed at high repeller potential. Similar effects have
been observed for other clusters, such as m]z 35, 36 and 37, m]z 53,54 and 55, and m]z
95,96 and 97. Another interesting feature, also illustrated in Fig. 5, is observed for the
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TABLE 11

COMPOSITION OF THE VARIOUS POSITIVE IONS OBSERVED IN THERMOSPRAY BUFFER
IONIZATION WITH 50 mM AMMONIUM ACETATE IN WATER-METHANOL (80:20, v/v)

Asterisk indicates present in the given repeller potential region.

m]z

15
18
19
31
33
35
36
43
47
50
51
54
60
61
65
68
75
77
78
79

82
83
96
97

Composition

[CH 3t
[NH

4j+

[H 30 t
[CH 2=OHj+

[CH 30H + H]"
[2NH 3 + H]"
[NH 3 + H 20 + H]"
[CH 3COj+
[CH 3-0-eH3 + Hj+
[CHPH + NH 3 + H]"
[CHPH + Hp + H]"
[NH 3 + 2H 20 + H]"
[NH 3 + CH 3COt
[HP + CH,COj+
[2CH 30H + H]"
[CHPH + NH 3 + Hp + Hj+
[CH 30H + CH 3COj+
[2NH 3 + CH 3COj+
[NH 3 + Hp + CH 3COt
[2HP + CH 3COI+
[3CHPH - Hp + H]"
[2CH 30H + NH 3 + H]"
[2CH 30H + Hp + H]"
[NH 3 + 2H20 + CH 3COj+
[3HP + CH3COI+
[3CH 30H + H]"

Repeller
potential
<100 V

*

*
*

*
*

*

*
*

*

*

Repeller
potential
>100 V

*
*

*

*
*

clusters at mlz 43 [CH 3CO]+ ,61 [H20 + CH 3CO]+ and 79 [2H20 + CH 3CO] +. It
appears that the larger clusters fragment at higher repeller potentials. The cluster at
mjz 79, containing two water molecules, consecutively loses the two water molecules
with increasing repeller potential, resulting in clusters at m]z 61 and 43. More detailed
discussions on these probably collisionally induced effects will be reported else
where!",

The above-described instrument control procedure can also be used as a diag
nostic tool to ascertain a good instrument performance. When no response of the
total ion current of the solvent background is observed as a result of the increasing
repeller potential, either the vaporizer spray performance has to be checked, or the
repeller electrode and the ion source are seriously contaminated. Cleaning of the
repeller electrode and the ion source has to be performed about every two weeks,
which is obviously dependent on the nature of the samples.

The analyte. The influence of the repeller potential on the analyte signal has
been investigated by means of repetitive injection at various repeller potentials be
tween 0 and 200 V. With repeller potentials between 0 and 100 V not much influence
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Fig. 3. Influence of the repeller potential on the total ion current (a) and on the intensities of the more
abundant solvent cluster ions (m]z 18, 19,36,43,54) (b) for 50 mM ammonium acetate in water. Vaporizer
temperature, 120°C.

on the analyte signal is observed. Flat optima, which are to some extent compound
dependent, are found in plots of intensity versusrepeller potential (cf for instance the
signal obtained for the protonated molecule of adenosine at mlz 268 with various
repeller potentials given in Fig. 6). Above 100 V the signal drops significantly, and it
decreases further with increasing potential. This repeller potential range, in which the
analyte signals reach an optimum in absolute intensity, coincides with the repeller
potential range in which the Nl-lj-containing solvent clusters have their optimum
intensity. Apparently, proton transfer from the ammoniated clusters is an important
contribution in the mechanism of thermospray buffer ionization. This is also in agree
ment with the results obtained in the studies on the influence of the ammonium
acetate concentration on the analyte signals, which are described above. The poten
tial at which the signal drops is shifted to higher repeller potential when the repeller
electrode becomes contaminated. This may be attributed to changes in the effective
potential. The various compounds that were investigated in these experiments, ade
nosine, MMC and rimexolone, reach their optimum response at similar repeller po-
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Fig. 4. Influence of the repeller potential on the total ion current (a) and on the intensities of the more
abundant solvent cluster ions im]: IS, 18, 33, 36, 50, 65) (b) for 50 mM ammonium acetate in water
methanol (20:80, v/v). Vaporizer temperature, II0OC.

tentials. This is in accordance with the results reported by Lindberg and Paulson".
However, the optimum repeller potentials observed in the present study are signif
icantly lower than those reported elsewhere". Thus, while the trends observed are
similar, the actual potentials differ considerably between these two studies.

When the thermospray interface is used in discharge-on mode, high repeller
potentials can induce significant fragmentation of the analytes!". Using thermospray
buffer ionization these effects are usually not observed. However, for some com
pounds, differences in the mass spectra are observed when the repeller potential is
varied. For instance for heptabarbital (Fig. 7) at low repeller potential an intense
ammoniated molecule (m!z 268) is observed as well as a peak at mjz 285, which might
be due to [M + 2NH3 + H]+; no fragmentation occurs. At high repeller potential the
protonated molecule (mlz 251) becomes the base peak and an intense fragment (miz
157) corresponding to the loss of the heptenyl-group is observed. Similar effects were
observed by others for some other compounds tcf, ref. 4).
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Fig. 5. Response of some solvent cluster ions im]: 43, 61, 77, 78,79) as a function of the repeller potential
for 50 mM ammonium acetate in water. Vaporizer temperature, 120'C.

Optimization strategies
As a result of the described systematic studies, some general guidelines for

optimization of thermospray buffer ionization have been developed. A clean ion
source and repel1erelectrode are always necessary for the best results. When ammoni
um acetate concentrations between 50 and 100mM are used, the buffer concentration
generally will be higher than the analyte concentration and the highest sensitivity wil1
be obtained. Gradient runs, with the methanol content of the mobile phase ranging
from 0 to 40% for example, can easily be performed in combination with the thermo
spray buffer ionization mode. Above a methanol content of 40% additional sources
of ionization are needed. These guidelines can be applied in both qualitative and
quantitative analysis with thermospray LC-MS. In general, the usefulness of exten-
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o

Fig. 6. Relative abundances of the protonated molecule of adenosine (MW = 267) as a function of the
repeller potential obtained in the FIA mode. Vaporizer temperature, 120'C; eluent, 50 mM ammonium
acetate in water-methanol (80:20, v/v).
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Fig. 7. Two thermospray mass spectra of hepta barbital (MW = 250) obtained at a repeller potential of 50
V (a) and 160 V (b). Vaporizer temperature, l20OC; eluent, 50 mM ammonium acetate in water-methanol
(60:40, vjv).

sive optimization strategies for thermospray buffer ionization can be questioned.
Many applications of thermospray LC-MS are concerned with qualitative analysis,
i.e. confirmation or identification of (unknown) compounds. In some cases optimiza
tion on one of the constituents of the sample mixtures to be analysed can be useful,
but in other cases the various components can show widely differing thermospray
behaviour. An example of the former case is the analysis of desulphoglucosinolates,
in which for example the readily available sinigrin can be used for optimization of the
vaporizer temperature and the repeller potential. Other desulphoglucosinolates show
similar behaviour under thermospray buffer ionization conditions, especially with
respect to their thermolability!". An example of the latter case is the thermospray
LC-MS analysis of metabolites and degradation products of mitomycin C, where the
parent compound is highly sensitive to the vaporizer temperature, because of its
thermolability, whereas the other products are hardly influenced at all by the vaporiz
er temperature". In many applications, however, parent compounds are not avail
able for optimization purposes.

The chromatographic conditions are another aspect of importance in optimiza-
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tion of the analysis. Quite often the mobile phase used for the HPLC separation is not
compatible with on-line thermospray LC-MS, especially because of the use of non
volatile buffers in the mobile phase. In some favourable cases the non-volatile buffers
can be replaced by volatile ones without influence on the separation. In other cases
the buffers are merely present for reasons of reproducibility of the retention times and
can be replaced easily by volatile ones for qualitative analysis. In many applications
with mixtures, correspondence of the peaks obtained with UV or fluorescence detec
tion and the peaks observed with MS detection is obligatory. Changes in the mobile
phase are not attractive in such cases. Flow-rate incompatibility, which is also en
countered in practice, can be easily overcome, either by using higher flow-rates
through the analytical column, which is sometimes acceptable because of the high
selectivity of the mass spectrometer, or by post-column addition of buffer20. In gener
al optimization for maximum intensity with direct FIA injections of (complex) mix
tures can be considered as well. This approach may give some indication of the
influence of the vaporizer temperature and repeller potential for some major com
pounds in the mixture. The highly analyte-dependent response has probably to be
accepted as a fact in the analysis of complex mixtures.

The optimization strategies are more useful and applicable in quantitative anal
ysis, especially in target compound analysis. In order to obtain the highest sensitivity
and the lowest detection limits the thermospray MS system has to be optimized for
each compound or group of compounds along the lines drawn in the previous sec
tions of this paper. This optimization has to be repeated before every experimental
series, because of the unpredictable influence of contamination and vaporizer condi
tion, or even better, isotopically labelled internal standards should be used.

For some compounds the pH of the mobile phase might be an important pa
rameter as well, because it appears that it is not only the gas-phase ion-molecule
reactions that are of importance in thermospray buffer ionization but the solvent
chemistry as we1l 2 1

-
2 3

. Some systematic studies on the influence of the pH of the
mobile phase and the pKa values of the analytes on the analyte signals have been
described 2 1,24 ,2 5 , but the results have been ambiguous. Systematic pH variations of
the mobile phase are currently under investigation in our laboratory, and the results
will be reported in due course.

CONCLUSIONS

Various experimental parameters influencing thermospray buffer ionization
have been investigated systematically and as a result optimization strategies are sug
gested. Extensive optimization is not always very useful and in many cases, e.g, when
dealing with unknown compounds, optimization for a certain analyte is not possible
at all. For these cases some general guidelines for optimization are given.
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CHARACTERIZATION OF ORGANOPHOSPHORUS COMPOUNDS AND
PHENYLUREA HERBICIDES BY POSITIVE AND NEGATIVE ION
THERMOSPRAY LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

D. BARCELO* and J. ALBAIGES

Environmental Chemistry Department, CTD-CSIC, clJorge Girona Salgado, 18-26.08034 Barcelona (Spain)

SUMMARY

Positive-ion (PI) mode and negative-ion (NI) mode thermospray liquid chro
matography-mass spectrometry (LC-MS) were used to characterize three different
groups of environmentally significant compounds: organophosphorus pesticides,
phenyl urea herbicides and trialkyl phosphates. Reversed-phase LC was performed
with acetonitrile-water (25:75, 50:50 and 75:25) and methanol-water (50:50) + 0.1
M ammonium acetate as eluents. Byemploying PI thermospray LC-MS, the base peak
was [M +NH4 ] + for all the studied compounds when the NI mode was used, [M +
acetater was usually obtained as base peak for organophosphorus pesticides and
phenylurea herbicides. Other adduct ions obtained in the NI mode corresponded to
[M - R]", [M + CW, [M - H]", and to large cluster ions with the eluent.

Detection limits at low nanogram level were achieved for all the studied
compounds in the PI mode. Sensitivities in the NI mode were much poorer for
organophosphorus pesticides and phenylurea herbicides, and trialkyl phosphates were
not detectable at the nanogram level. An application of PI thermospray LC-MS is
illustrated for the determination of vamidothion, paraoxon-methyl and azinphos
methyl in a sediment sample.

INTRODUCTION

The use of liquid chromatography-mass spectrometry (LC-MS) is becoming
most popular with the increasing number of LC-MS interfaces commercially
available: moving belt, direct liquid introduction (DLI), thermospray, plasmaspray,
thermabeam and monodisperse aerosol generated interface. This technique plays an
important role in environmental organic analysis and, compared with gas chromato
graphy-mass spectrometry (GC-MS), offers major advantages for analyzing
thermally labile and/or highly polar compounds'<". The thermospray interfacing
technique is probably the most widely used, and typically involves the use of
reversed-phase columns and volatile buffers such as ammonium acetate",

The work described here will demonstrate the usefulness of filament-on
thermospray LC-MS in combination with postive-ion and negative-ion modes (PI and
NI, respectively) for the characterization of three different groups of pollutants:

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.Y.
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organophosphorus pesticides, phenylurea herbicides and trialkyl phosphates (Fig. I).
Complementary information is obtained by both modes of operation. Such com
pounds exhibit difficulties when analysed by conventional GC because they either
decompose, as do some thermally labile organophosphorus pesticides", or they need
previous derivatization, for instance phenylurea herbicides",

As regards the trialkyl phosphates, although they can be analysed by GC-MS 7
,

there is no selective LC detector, and because of that a conventional GC thermionic
detector has recently been developed8

. The study of their fragmentation pattern is also
of interest in comparison with compounds of similar structure, such as the
organophosphorus pesticides, to achieve a better understanding of the thermospray
LC-MS ionization behaviour.

EXPERIMENTAL

Materials
HPLC-grade water (Farmitalia Carlo Erba, Milan, Italy), methanol (Scharlau,

Barcelona, Spain) and acetonitrile (Romil, Shepshed, U.K.) were passed through
a 0.45-,um filter (Scharlau, Barcelona, Spain) before use. Analytical-reagent grade
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ammonium acetate was obtained from Panreac (Barcelona, Spain), azinphos-methyl,
dimethoate, diuron, linuron, monuron and vamidothion from Polyscience (Niles, IL,
U.S.A.), paraoxon-methyl from Dr. Suo I. Ehrenstorfer (Augsburg, F.R.G.) and
trimethyl phosphate (TMP) and tripropyl phosphate (TPP) from Kodak (Rochester,
NY, U.S.A.).

Sample preparation
Pretreatment of a sediment sample was carried out by a method commonly used

for pesticide residue analysis, and described in the literature", In summary, 25 g of
sediment (wet weight) after spiking with 0.2 ppm ofvarnidothion and azinphos-methyl
and 0.1 ppm of paraoxon-methyl was placed in a Soxhlet apparatus and extracted for
4 h with 150 ml of methanol-water (9:1). Afterwards, the aqueous methanol extract
was concentrated in a rotary evaporator to 2 m\.

Chromatographic conditions
Eluent delivery was provided by two Model 510 high-pressure pumps coupled

with a Model 680 automated gradient controller (Waters Chromatography Division,
Millipore, Bedford, MA, U.S.A.) and a Model 7125 injection valve with a 20 fliloop
from Rheodyne (Cotati, CA, U.S.A.). Stainless-steel columns (30 x 0.40 em 1.0.)
from Tracer Analitica (Barcelona, Spain) packed with lG-um particle diameter
Spherisorb ODS-2 (Merck, Darmstadt, F.R.G.) were used. Four different LC mobile
phase compositions were tested: acetonitrile-water (25:75, 50:50 and 75:25) and
methanol-water (50:50) + 0.1 M ammonium acetate, at flow-rates between I and 1.2
ml/rnin.

Mass spectrometric analysis
A Hewlett-Packard (Palo Alto, CA, U.S.A.) Model 5988A thermospray LC-MS

quadrupole mass spectrometer and a Hewlett-Packard Model 35741B instrument for
data acquisition and processing were employed. The thermospray temperatures were:
stem: 100°C, tip: 178°C, vapour: 194°C and ion source 296°C, with the filament on. In
all the experiments the filament-on mode (ionization by an electron beam emitted from
a heated filament) was used. In this mode of operation conventional positive and
negative chemical ionization can be carried out by using the vaporized mobile phase as
the chemical ionization reagent gas".

RESULTS AND DISCUSSION

Organophosphorus pesticides
The analysed compounds were azinphos-methyl, dimethoate, paraoxon-methyl

and vamidothion (Fig. I). Mobile phase composition was generally acetonitrile-water
(50:50) + 0.1 M ammonium acetate. In the PI mode the base peak was the [M +NH4] +

ion, which is the expected behaviour for this type of compounds in LC-MS 10 or in
GC-MS with ammonia as the reagent gas!". The favoured formation of [M +NH4] +

indicates that the proton affinity of these compounds is slightly lower than that of
ammonia (858 kJImo\) 12. Diazinon, with a pyrimidinyl group in its structure, has been
reported as an exception to this rule, and showed [M +H] + as base peak13. The
formation of [M +H] + reached relatively high values in some cases, up 50% for
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vamidothion (see Fig. 2), which indicates an intermediate basicity for such com
pounds. Other adduct fragment ions are formed with the solvent, e.g., [M +
(CH 3CN)NH4]+ (Fig. 2).

Fragmentation for dimethoate was studied at higher water percentages in the
eluent (Fig. 3). At 75% of water the base peak was still [M + NH 4] + but the intensity of
[M +H]+ increased up to 35%, as compared to a value of 10% when 50% of water was
used". It is worth mentioning that at this high water percentage the sensitivity was
about 5 times higher than with the standard acetonitrile-water (50:50).

In the NI mode, similarly to a negative chemical ionization process, the ions
detected are usually influenced by electron capture, dissociative electron capture and
ion-molecule reactions in the source. These modes of negative ion formation can be
due to impurities in the reagent gas, radical species in the ion source plasma and
interactions with the ion source walls. Depending on the electron affinities, the bond
strengths and the energy of the captured electron, dissociative electron capture
reactions will take place together with electron capture reactions 14. These three
mechanisms have been observed for the different organophosphorus pesticides:
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Fig. 2. Direct flow injection PI and NI thermospray MS spectra of vamidothion. Carrier stream,
acetonitrile-water (50:50) + 0.1 M ammonium acetate; flow-rate, 1 ml/min; injection, 500 ng.
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Fig. 3. (a) Reconstructed ion chromatogram and (b) mass spectrum in PI thermospray LC-MS of
dimethoate. Carrier stream, acetonitrile-water (25:75) + 0.1 M ammonium acetate; flow-rate, I ml/min;
injection, 500 ng.

electron capture [M] -;, dissociative electron capture [M - R]-, where R = CH3 or
C2H5, and ion-molecule reactions [M + CH3COO] - and/or [M + Cl]- 4. Formation of
[M + CW can be important for organophosphorus pesticides containing Cl in the
molecule, such as trichlorfon". The mass spectrum ofvamidothion in the negative ion
mode, by thermospray LC-MS, is shown in Fig. 2. The base peak corresponds to the
anion attachment peak [M + acetate]", while [M - R]" is also obtained and
corresponds to a typical fragment of organophosphorus pesticides as previously
reported in GC-MS with negative chemical ionization P and in DLI LC-MS2. The
most relevant conclusion as regards sensitivity is that the PI mode is three orders of
magnitude more sensitive than the NI mode.

Phenylurea herbicides
First, it should be mentioned that in this case methanol was used in preference to

acetonitrile as organic modifier because a gain of 1-2 orders of magnitude was
observed when analysing compounds containing aryl halide rings!". Similarly to the
previously mentioned compounds, the mass spectra of the studied herbicides, namely
monuron and diuron, exhibit the [M + NH4 ] + ion as the base peak in the PI mode (Fig.
4). Other phenylurea herbicides, e.g., linuron, also exhibited the same feature 17-19,

although the [M + H] + ion was the base peak for several phenyl urea herbicides when
volatile salt ionization (thermospray ionization) was employed20. Similarly to
organophosphorus pesticides, the formation of[M + NH4 ] + as base peak and of[M +
H]+, with relative intensity values close to 20%, indicates that the phenyl urea
herbicides containing aryl halide rings have proton affinities below that of ammonia
(858 kJ/mol)12. When other LC-MS systems have been employed, such as DLI with
a micro-Ltf", split22 or moving belt23, [M+H]+ was always the base peak. Other
fragment ions observed in Fig. 4 correspond to values higher than the molecular
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Fig. 4. Direct flow injection PI thermospray MS spectra of (a) monuron and (b) diuron. Carrier stream,
methanol-water (50:50) + 0.1 M ammonium acetate; flow-rate, 1.2 ml/rnin; injection, 300 ng.

weight, and correspond to adducts with the ionizing additive, such as [M +
CH3COOH]+ and [M + (CH3COOH)NH4]+ and the dimers [2M + Ht and [2M
+ NH 4]+.

In the NI mode, the base peak was always the anion attachment
[M+CH 3COOr ion, with a slight incidence of chloride attachment [M+cn (Fig.
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Fig. 5. Direct flow injection NI thermospray MS spectra of (a) monuron and (b) diuron under similar
experimental conditions to Fig. 4.

5), as previously reported for linuron!". Consequently, there is no need to develop
a post-column system for buffer addition in order to avoid degradation of the
phenyl urea herbicides'". To demonstrate that fact, the reconstructed ion chromato
gram (RIC) in PI thermospray LC-MS for a mixture ofmonuron, diuron and linuron,
obtained using methanol-water (50:50) + 0.1 M ammonium acetate, is shown in Fig.
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Fig. 6. Reconstructed ion chromatogram in thermospray LC-MS for a mixture of (I) monuron, (2) diuron
and (3) linuron. Injected amount of each component, 300 ng. Column packing, 10 Ji.m Spherisorb ODS-2;
mobile phase, methanol-water (50:50) + 0.1 M ammonium acetate at a flow-rate of I ml/min; loop volume,
20 Ji.1.

6. Another difference from the observations of Voyksner et al,'? concerns the
sensitivities in the NI mode. In our experiments, in NI thermospray LC-MS the
phenylurea herbicides exhibit about 30% lower sensitivity than in the PI mode and not
4-5 orders of magnitude!". This large discrepancy can only be attributed to the
different mode of ionization (filament-on in our experiments, versus filament-off
ionization in their work).

Trialkyl phosphates
The PI thermospray LC-MS mass spectra of trimethyl phosphate and tripropyl

phosphate obtained under conditions similar to those for organophosphorus
pesticides are shown in Fig. 7. In both cases the [M +NH4] + ion was the base peak and
the [M + H] + ion was also observed. In contrast, in the literature7 it has been reported
that, when using GC-positive chemical ionization MS with ammonia as reagent gas
for analyzing triethyl phosphate and tributyl phosphate, the [M+H]+ ion was the base
peak. This fact indicates a partial difference between ammonia chemical ionization
and thermospray filament-on ionization, and conflicts with the similarities reported in
the literature when comparing both ionization modes for different groups of
pesticides!". In Fig. 7 it is also possible to observe the tendency to form adduct ions
such as [M + (CH 3CN)NH4] + and the dimer [2M + H] + ions at mass values higher
than in ammonia chemical ionization.

In the NI thermospray LC~MS, the studied phosphates were not detected when
200 ng of each compound were injected. This fact could be due to their higher proton
affinity than acetate ion preventing the detection by NI thermospray LC-MS24

•

Application to residue analysis
A sediment sample was spiked with three different organophosphorus pesticides:

vamidothion (0.2 f,lg!g), azinphos-methyl (0.2 f,lg!g) and paraoxon-methyl (O.1f,lg!g).
Figure 8 shows the PI thermospray LC-MS chromatogram of the sediment after
a pre-treatment procedure derived from that reported from Muir et al". The LC-MS
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Fig. 7. Direct flow injection PI thermospray MS spectra of (a) trimethyl phosphate and (b) tripropyl
phosphate under similar experimental conditions to Fig. 2.

was operated in the selected ion monitoring (SIM) mode, and three different mlz values
per analyte were monitored, corresponding to the [M + H] +, [M + NH4 ] + and [M
+ (CH 3CN)NH4 ]+ ions. Vamidothion was monitored at m]z = 288, 305 and 346,
azinphos-methyl at mlz = 318,335 and 376, and paraoxon-methyl at mjz = 248,265
and 306. As regards selectivity, only a small interference at the beginning of the
chromatogram was noticed, and the sensitivity varied between 5 and 10 ng per
compound (signal-to-noise ratio of 3-4). The thermospray LC-MS analyses were not
performed in the NI mode of operation owing to its poor sensitivity as compared with
the PI mode (about 3 orders of magnitude lower).
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Fig. 8. Selected ion monitoring chromatogram in PI thermospray LC-MS of a sediment sample spiked with
0.2 ppm ofvamidothion (peak 1),0.1 ppm of paraoxon-methyl (peak 2) and 0.2 ppm of azinphos-methyl
(peak 3). Injected amount: 5-10 ng. Column packing, IO-Ilm Spherisorb ODS-2; mobile phase,
acetonitrile-water (75:25) + 0.1 M ammonium acetate at a flow-rate of I ml/min; loop volume, 20 Ill.

CONCLUSION

The use of filament-on thermospray LC-MS in environmental analytical
chemistry is a valuable technique with some points of similarity in the ionization
process with other LC-MS approaches, such as DU, and with ammonia chemical
ionization GC-MS. By using two different modes of ionization in thermospray
LC-MS, PIand NI modes, molecular weight information has been generally obtained
with the formation of [M +NH4] + and [M + acetate] - as base peaks, respectively.
Sensitivities were always better in the PImode than in the NI mode for the three groups
of compounds studied. The lack of fragmentation is still a disadvantage in
thermospray LC-MS when analyzing most environmental pollutants, for which an
unequivocal identification is required.
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Thermospray liquid chromatography-mass spectrometry of pesticides
in river water using reversed-phase chromatography

I. HAMMOND*, K. MOORE, H. JAMES and C. WATTS

Water Research Centre, Henley Road, Medmenham, P.O. Box 16, Marlow, Buckinghamshire SL7 2HD
(U.K.)

EEC Drinking Water Directive parameter 55, which concerns all pesticides,
stipulates that individual pesticide levels in potable water must not exceed 100 ng 1-1
and that the total level must be less than 500 ng 1-1 1.

By far the most highly-used class of pesticides is the herbicides in terms of both
amounts applied and area treated. The two major classes of herbicides currently in
use are the chlorophenoxy acids and the urons. Both classes of compound are suffi
ciently water-soluble and persistent to reach the aquatic environment and have been
detected in surface, ground and drinking waters". Chlorophenoxy acids are common
ly analysed by gas chromatography-electron-capture detection (GC-ECD) or GC
mass spectrometry (MS) after derivatisation ' but the analysis of the uron pesticides
by GC-MS can be problematic in view of their thermal instability at the column
temperatures typically used, and their relatively high polarity.

One potential approach to overcoming this problem whilst maintaining speci
ficity of analysis reported the use of liquid chromatography-mass spectrometry (LC- .
MS) in conjunction with thermospray using a quadrupole mass spectrometer". This
study showed that carbamate and chlorophenoxy acid pesticides are amenable to
analysis once the source conditions have been optimised and if an additional source
of ionisation is used to complement the thermospray process. Spiked soil and lake
water samples were analysed.

Our studies have concentrated on the use of thermospray LC-MS interfaced to
a double-focusing magnetic sector instrument for the analysis of uron pesticides at
environmentally-significant levels. The effects of varying source parameters have been
investigated and optimised, and these conditions used to analyse a mixture of pesti
cides extracted from a river water sample.

EXPERIMENTAL

Mass spectra were obtained on a ZAB-IF (VG Analytical, Manchester, U.K.)
mass spectrometer used in low-resolution mode for maximum sensitivity (M/LlM
typically less than 200). A I090L liquid chromatograph (Hewlett-Packard, Winnersh,
U.K.) was connected to the mass spectrometer via a thermospray interface (Vestee
Corporation, Houston, TX, U.S.A.). Data was acquired into a Superincos Nova 4X
data system (Finnigan MAT, Hemel Hempstead, U.K.).

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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The heated thermospray source (Interion, Manchester, U.K.) was used in the
discharge ionisation mode with a source block temperature of 250°C, tip temperature
of 15YC and vapour temperature of 190°C.The spectrometer was scanned repetitive
ly from m]z 110 to m]z 650 using a 2.5-s cycle time.

A mobile phase of methanol-aq. 0.1 M ammonium acetate (50:50, v/v) was
filtered through a 2-Jim membrane (Millipore, Bedford, MA, U.S.A.) and helium
degassed. This mobile phase was used at a flow-rate of 0.75 ml min -1 during injection
of the single pesticide standards.

Gradient elution for the fortified river water analyses was carried out using a
linear programme of 40% methanol to 60% in 30 min and thereafter to 90% metha
nol in 10 min with aq. 0.1 M ammonium acetate as the secondary solvent system. The
linear gradient programme for the water contamination analysis was from 30% meth
anol to 50% methanol in 5 min, held for 15min, to 80% methanol in 15min using the
same flow-rate and secondary solvent as before. A reversed-phase S50DSI 25 cm x
0.49 cm column (Thames Chromatography, Maidenhead, U.K.) was used for all LC
separations.

A standard pesticide solution was prepared containing metamitron, simazine,
atrazine, chlortoluron, isoproturon and linuron at levels of 5 Jig ml- 1 in the eluent
and this was used to fortify a I-I river water sample to give a concentration of 5 Jig 1- 1

per component. An unfortified sample was also collected to act as a blank.
The water samples were passed through 0.7-Jim glass-fibre filters (Whatman,

Maidstone, U.K.) and then C 1 8 bonded-phase cartridges (Millipore). The cartridges
were eluted using 2 ml of methanol (Rathburn Chemicals, Walkerburn, U.K.) and the
eluate reduced to I ml under a stream of nitrogen. A 20-JiI aliquot was injected onto
the LC column, corresponding to 100 ng of each component on-column, assuming
100% recovery.

A dichloromethane extract derived from river water known to be contaminated
with a uron pesticide was analysed to provide confirmation of pollutant identity.
Previous work by GM-MS suggested that the pesticide was isoproturon present at a
level of about 20 Jigml- 1 in the final extract. A 20-JiI aliquot was injected for analysis
by thermospray LC-MS, corresponding to 400 ng of pesticide on-column.

RESULTS

The effects of changing source parameters were investigated using PEG 600. At
higher block temperatures when using discharge-assisted thermospray the [M +H] +

adduct was formed preferentially, as has already been shown in other laboratories''.
Using filament-assisted thermospray the [M +NH 4] + adductpredominated. Varying
the tip temperature did not change the appearance of the spectra although a temper
ature of 155°C gave an optimum ion yield for the chosen mobile phase composition".

The result of varying the amount of analyte is illustrated in Figs. 1 and 2. The
spectra consist of an [M +H] + adduct (m/z 203) and a fragment ion due to the loss of
methyl from the protonated species ([M + H - CH 3] +', mlz 188). Such losses have
been reported previously in the LC-MS analysis of explosives ([M +NH4 - CH 3) +.7

and pesticides ([M +H - CH 3]+·8). We have observed fragment ions in the TSP spec
tra of several pesticides", e.g. loss of chlorine from atrazine ([M +H - CI]+', m]z 181),
simazine ([M +H - or m]: 167) and mecoprop ([M +NH 4 -ce- CW', m]z 197),
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Fig. I. Thermospray LC-MS spectrum of metamitron at 0.2 mg ml- 1 in mobile phase (methanol-O.l M
ammonium acetate, 50:50 v/v,); flow-rate 0.75 ml min -1; 20 Jll injection.

loss of bromine from bromoxynil ([M + NH4 - Br]"-, m]z 216). loss of parachioroph
enate from triadimefon ([M + H - CIPhO]+·, m]z 167) and losses from methiocarb
([M+NH4-CH3]+·, mjz 228; [M+NH4-CH3S]+·, mjz 197; [M+H-CH3S]+·,

mlz 179).
For all pesticides investigated the relative abundances of fragment ions were

greatest at the lowest concentrations of analyte. Fig. 2 illustrates that a tenfold reduc
tion in the amount of metamitron produced a fivefold increase in the
[M + H - CH 3t·/[M + H]+ ratio. Another typical example of this effect was observed
for dicamba in which chlorine was lost from the molecular adduct ion, as has been
reported previously". The relative intensities observed were, for 40 f.1.g injected:
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Fig. 2. Thermospray LC-MS spectrum of metamitron at 0.02 mg ml" 1 in mobile phase, conditions as in
Fig. I.
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[M +NH4] +, mlz 238 (60%); [M +NH4 -CW', mlz 203 (100%); [M +H -Cl]+', mjz
186 (8%); [M +NH4 -2Cl]+, mjz 168 (19%); [M +H - 2CI]+, m]z 151 (1%); and for
400 ng injected: [M +NH4 ] + (3%); [M +NH4 -CI]+' (26%); [M +NH4 - 2CW
(100%); [M +H - 2CI]+ (41%). The reason for this change with changing concentra
tion is unknown, although similar losses ofchlorine have been reported to result from
pyrolysis in the TSP probe".

Fig. 3 shows the selected mass chromatograms obtained after the injection of an
extract from a spiked river water. The chromatograms correspond to metamitron
([M +H]+, mjz 203), simazine ([M + H]+, mjz 202; [M +H -CI]+', m]z 167), atrazine
([M +H]+, mlz 216; [M +H -CW', mjz 181), chlortoluron ([M + H]+, mlz 213, 215),
isoproturon ([M + H]+, mjz 207) and linuron ([M +NH4] +, mlz 266; [M +Ht, mlz
249; mlz 215 uncharacterised). An unidentified component exhibiting an mjz 167 ion
was also observed at scan 605. The spectra compared favourably with previously
reported data9 , l o ,1l although we did not observe solvent adduct ions.

Mass chromatograms of similar intensity were obtained for the injection of the
standard solution used to spike the water sample and indicated an '" 80% recovery of

- the pesticidesfromthefortified water. Injection of the unfortified riverwater extract
produced mass chromatograms whichindicated the presence oflow levels ( < 3 ng
on-column; equivalent to about 150 ng 1- 1 in the original sample) of chlortoluron,
atrazine, linuronand isoproturon although there was insufficient material to obtain
recognisable full-scan spectra (approximately 20 ng on-column was necessary to
achieve this).

Fig. 4 shows a mass chromatogram obtained from the analysis of a river water
extract thought to contain high levels of isoproturon. The retention-time of a major
peak exhibiting an ion of mjz 207 corresponded to that of an isoproturon standard
(Greyhound Chemicals, Birkenhead, U.K.) and gave a similar mass spectrum
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Fig. 4. Thermospray LC-MS chromatogram of 2-1 river water extract in dichloromethane (methanol-0.1
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([M + H] +, mlz 207). This provided confirmation of the suspected herbicide, isoprotu
ron, in the river water extract.

CONCLUSIONS

The optimisation of source conditions and their effects on spectral appearance
for a magnetic instrument have been found to be similar to previously published
results obtained using quadrupole instruments. However, it seems unlikely that useful
library searching can be performed because of the variation in relative intensities of
fragments and molecular ions with analyte concentration. This has not been observed
with quadrupole instruments and may be due to the high source potential involved (3
kV), partial pyrolysis of the sample, or a combination of these effects.

Application of LC-MS to analysis of riverwater extracts showed the absence of
problematic interferences and allowed the detection of pesticides at levels of a few
nanograms on-column. Concentration of extracts of I-I samples to 0.1 ml and the
injection of 20 III onto the column should enable the detection of pesticides at concen
trations equivalent to 10 ng 1- 1 in water samples by the use of TSP in selected-ion
monitoring mode. Due to the apparent changes in the relative intensities ofTSP-MS
ions with concentration, calibration curves obtained for SIM analysis will probably
be non-linear leading to consequent problems with the precision of the analysis.
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Note

Thermospray liquid chromatographic-mass spectrometric analysis of
Catharanthus alkaloids

SEPPO AURIOLA*, VELI-PEKKA RANTA, TOlVO NAARANLAHTI and SEPPO P. LAP1NJOKI

Department of Pharmaceutical Chemistry, University of Kuopio, P.O. Box 6, SF-70211 Kuopio (Finland)

Catharanthus roseus (L.) G, Don is a source of the medicinally important
bis-indole alkaloids vinblastine and vincristine (Fig, 1)1. The biosynthesis of these
compounds is studied actively in order to produce them in cell or tissue culturesb '. In
this connection, specific and reliable analytical methods are necessary when the levels
of metabolic intermediates and products are determined. High-performance liquid
chromatography (HPLC) in combination with UV or fluorescence detection is widely
used for this purpose'v", although the specificity of these techniques is often question
able. The purity of separated peaks may be evaluated by scanning their UV spectra6,7

and mass spectral analysis of collected peaks using chemicals or electronic? ionization
has been used for structure elucidation and identification.
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Fig. I. Chemical structures of four monomeric and two dimeric indole alkaloids from C. roseus.

Thermospray liquid chromatography-mass spectrometry (LC-MS) offers a
possibility to analyze non-volatile and polar compounds directly without derivatiza
tion l O

-
12

. In this study, this technique was utilized to check the specificity of an
HPLC method in which indole alkaloids of C. roseus were analyzed using electro
chemical and UV detection. Monitoring the MH+ ions of tryptamine, ajmalicine,
serpentine, catharanthine and tabersonine was used to reveal their presence in cell
suspension samples. Thermospray mass spectral fragmentation of a bis-indole alka
loid, vinblastine, was also studied.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers BY
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EXPERIMENTAL
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Chemicals
Catharanthine hydrochloride and tabersonine were generously provided by

Professor W. G. W. Kurz (Plant Biotecnology Institute, National Research Council,
Saskatoon, Canada). Serpentine tartrate was obtained from ICN, K&K Labs. (New
York, NY, U.S.A.), ajmalicine hydrochloride and vinblastine sulphate from Sigma
(St. Louis, MO, U.S.A.) and tryptamine from Aldrich Chemie (Steinheim, F.R.G.).

HPLC conditions
A Beckman 342 gradient liquid chromatograph equipped with two Beckman

solvent delivery modules, a Beckman 420 controller a Beckman 165 variable-wave
length detector (at 280 nm) and an Altex 210 A injector (20-fllloop) were used. The
results were recorded with a Goerz Se 120 recorder. A flBondapak CIS (30 em x 3.9
mm I.D., 10 flm) reversed-phase column (Waters Assoc., Milford, MA, U.S.A.) was
used. The isocratic solvent system was 0.1 M ammonium acetate (pH 7.2)-acetonitrile
(51:49). The flow-rate was set to 1.0 ml/rnin.

Chromatographic conditions for thermospray LC-MS were as described
above, but a Kontron 420 HPLC pump was used for solvent delivery and the samples
were injected with a Rheodyne 7125 injector (loop volume 20 fll).

Mass spectrometry
The thermospray system used was a VG thermospray-plasmaspray probe cou

pled to a VG Trio-2 quadrupole mass spectrometer. The instrument was operated in
the thermospray ionization mode. The thermospray probe temperature was 220°C,
the ion source temperature was 230°C, the repeller voltage was 50 V and other ion
source conditions were optimized daily.

Sample preparation
Samples from freeze-dried cell suspensions of C. roseus were extracted and

purified as described before 7.13.

RESULTS AND DISCUSSION

A good chromatographic separation for the alkaloids of interest was achieved
in 18 min with isocratic elution (Fig. 2) when 0.1 M ammonium acetate was used as a
buffer in the mobile phase. Ammonium acetate offers the best sensitivity in aceto
nitrile-water and methanol-water solutions inthermospray analysis 11 , and the NHt
decreases polar interactions by masking free silanol groups on the bonded stationary
phase!",

The thermospray mass spectrum of ajmalicine (Fig. 3) shows MH+ tm]: 353) as
the base peak and no important fragment or ammonium adduct ions are present.
Thermospray mass spectra of the other monomeric indole alkaloids examined were of
the same type. The mass spectrum of a dimeric alkaloid, vinblastine (found only in
intact plants), was more informative, containing a protonated molecular ion tm]:
811) and abundant fragment ions (Fig. 3). The loss of water from the parent ion gave
the peak at m]z 793 (MH+ - H 20 ). Other peaks were observed at m]z 779 (MH+ -
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Fig. 2. HPLC UV chromatogram (A) and thermospray mass chromatograms (B) of a cell suspension
sample of C. roseus. Compounds monitored: 1 = tryptamine; 2 = ajmalicine; 3 = serpentine; 4 =

catharanthine; 5 = tabersonine. Column: 30 cm x 3.9 mm JIBondapak C's' Eluent: 51% acetonitrile in
0.1 M ammonium acetate (pH 7.2); flow-rate, 1.0 ml/min.

CH 30H) and 753 (MH+ - COOCH2) . These three fragment ions were also present in
the ammonia desorption chemical ionization (DCI) spectrum published by Kunte
bommanahalli et al", In the thermospray spectrum there also exist various other ions
absent in the ammonia DCI spectrum. Of these peaks, that at mlz 457 might originate
from the vindoline moiety (MW 456).

The peak observed at the retention time of tabersonine (18 min) with UV and
electrochemical detection proved to be a mixture of two or more compounds when
analyzed with thermospray LC-MS. Tabersonine was only a minor component in
that peak (Fig. 2). Serpentine was not detected with electrochemical oxidation, but
was easily monitored with the thermospray technique (Fig. 2).

Because of the absence of fragment ions in the thermospray mass spectra of
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Fig. 3. Direct flow injection thermospray mass spectra of vinblastine (MH + 811) and ajmalicine (MH +

353). Eluent as in Fig. 2.

monomeric indole alkaloids, more informative ionization techniques are needed
when structures of unknown compounds are elucidated. These include techniques
described by McFadden and Lammert 1 5

, i.e., filament on or discharge ionization and
collision-induced dissociation (CID) with the thermospray repeller or CID with MS
MS mass spectrometer.

However, single-ion monitoring of the prominent MH+ of monomeric alka
loids is a very suitable method for screening these secondary metabolites from cultur
ed cells of C. roseus. The thermospray method was more sensitive than our HPLC
assay with UV detection 7, the limit of detection being 4 ng per injection for each
alkaloid.
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SUMMARY

A method is described for high-performance liquid chromatographic separation
of underivatized «-carboxyamido amino acids, with sensitive detection by thermo
spray mass spectrometry. The unit mass difference between z-carboxyamido
(amidated) amino acids and their free-carboxyl analogs allows mass spectrometric
detection ofamidated amino acids in the presence of the usual excess of non-amidated
amino acids found in samples from biological sources. Separation is carried out on an
exhaustively end-capped octadecylsilyl reversed-phase support with an aqueous
mobile phase containing 10 mM ammonium p-toluenesulfonate (pH 3.5) and 0-30%
methanol. Using these conditions, the «-amidated amino acids are clearly separated
from their analogous free-carboxyl derivatives. Ammonium formate is added
post-column to provide the necessary ions for efficient thermospray detection of the
eluting amino acids. Detection of the o-amidated amino acids at ca. 1 pmol on-column
is achieved in the single ion monitoring mode. This method allows unequivocal
identification of «-carboxyamido amino acids enzymatically released from amidated
peptides, without the necessity for any extraction of derivatization procedures.

a The opinions and assertions contained herein are the private views of the authors and are not to be
construed as official or reflecting the views of the Department of the Navy, the Department of Defense or the
Department of Health and Human Services.
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INTRODUCTION

A. M. TRESTON et al.

Many biologically active peptides, including most peptide hormones, contain
amino acids which have been post-translationally modified. These modifications are
often essential for complete biological activity, and it is recognized that identification
of such modifications on a novel peptide suggests a hormonal function for that
peptide. The most common post-translational modification of peptides is the
occurrence of an o-carboxyamido moiety on the C-terminal amino acid, instead of the
usual free a-carboxylic acid, i.e. an amidated amino acid. This modification has been
identified on approximately half of the known mammalian gastrointestinal and
neuroendocrine peptide hormones (e.g. gastrin, cholecystokinin, vasopressin and
oxytocin) as well as many peptide hormones from other phyla (for instance frog
bombesin, scorpion venom peptides, crustacean red pigment concentrating hormone,
and insect adipokinetic hormones). Identification of pep tides with C-terminal
amidated amino acids has been used as a criterion for screening for novel peptide
hormones1

, which has led to the discovery of novel biologically active peptides such as
neuropeptide Y and pancreastatin.

The original method described for identification ofamidated peptides in peptide
mixtures involves enzymatic hydrolysis to liberate C-terminal amidated amino acids,
unmodified amino acids, and small peptides, followed by derivatization of the mixture
to yield N-dansylated derivatives, then a "specific" extraction of the dansyl
«-amidated amino acids, and identification by thin-layer chromatography (TLC)l.
This method produces a complex mixture of amino acid and peptide derivatives, which
must be separated before identification of any «-amidated amino acids present. The
alkaline/organic extraction method used biases the procedure towards identification
of amino acid amides with non-polar side-chains, and the two-dimensional TLC
detection is limited in capacity and sensitivity as well as being very labor-intensive.
Modifications to the detection method using high-performance liquid chromato
graphic (HPLC) separation and detection have been reported, using phenylthio
carbamoylv" or dansyl" derivatives, but these still require extraction and derivatiza
tion steps. The problems with these methods, including inability to detect amides of
polar amino acids and under- and over-derivatization, have been described".

The one-unit difference between the masses of an amidated amino acid
(-CONH z, identified here by a #) and its free-carboxyl congener (-COOH) suggests
that mass spectrometry (MS) would be the ideal method for analysis of amino acid
amides in the presence of non-amidated amino acids. This approach would obviate the
necessity for specific extraction of amino acid amides or specific derivatization

. procedures. Thermospray MS is suited to identification of low-molecular-weight polar
non-volatile molecules such as amino acids", and allows coupling to HPLC systems for
separation ofany compounds of the same mass (examples of such isobaric compounds
include isoleucineamide and leucineamide, asparagine and aspartic acid amide,
asparagineamide and leucine). Generally, MS techniques reported for amino acids are
either not currently amenable to the solvent flows of HPLC (secondary-ion MS 7) ,

require derivatization to produce chromatographable analogues (gas chromato
graphy-MS), or have high background at low masses and so require derivatization to
produce high-mass ions for amino acids (continuous-flow fast atom bombardment
MS 8

) .
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There are many LC and HPLC techniques reported for separation of amino
acids":'? and amino acid amidesz- 4

, l l . The majority of these demand pre-column
derivatization for adequate chromatography and detection, and/or use solvents
containing involatile salts that are not compatible with thermospray MS. We report
here a thermospray HPLC.-MS method for high sensitivity analysis of amino acid
z-carboxyamides that requires no extraction or derivatization procedures.

EXPERIMENTAL

Mass spectrometry
The mass spectrometer used in all these studies was a Hewlett-Packard MSD

equipped with a Vestee thermospray interface (Vestee, Houston, TX, U.S.A.). The
mass spectrometer was operated in the positive ion mode. Moderate probe tip (215°C),
vapor (280-310°C) and block (400°C) temperatures were maintained. Data was
accumulated in the single ion monitoring (SIM) mode using low resolution (± 0.45
mass units) with dwell times ranging from 200 to 500 ms/ion, Full-scan spectra were
usually accumulated over mass ranges from 70 to 210 mass units, at rates of 2-4 s/scan.

High-performance liquid chromatography
A Pharmacia/LKls Model 2150 pump provided the constant solvent flow

necessary for stable background ion current (Pharmacia/Lk.B, Piscataway, NJ,
U.S.A.). A low-pressure solvent mixer and a Pharmacia/LKll Model 2152 controller
were used to generate linear gradients in organic modifier content, as required, using
the single pump. Mobile phase flow-rates were usually 1.0 ml/min for 4.0 and 4.6 mm
(1.0.) columns. Post-column addition of ammonium formate to provide the am
monium concentration needed for efficient thermospray positive ion generation was
carried out using a second Pharmacia/Lk.B 2150 pump and a low-volume tee joint.
Post-column solvent flow-rate and concentration were adjusted to provide a final
flow-rate into the thermospray source of 1.2-1.25 ml/rnin and an ammonium ion
concentration of 0.1-0.2 M.

A variety of HPLC columns has been tested. The results shown here were
obtained with a Beckmann 5-flm endcapped octadecylsilyl column (15.0 x 4.0 mm
1.0.). Equivalent results have been obtained using a variety of octadecylsilyl columns
from Pharmacia/LkB, and polymeric octadecylsilyl columns (Excellopac ODS-A
from R. Gourley, Laurel, MD, U.S.A.). Column-to-column differences usually
require adjustment of the organic modifier gradient to maintain adequate resolution.

Chemicals and solutions
Standard L-amino acids and L-amino acid amides were obtained from Sigma (St.

Louis, MO, U.S.A.) and Bachem (Torrance, CA, U.S.A.). Lysineamide dihydro
chloride was a generous gift from Dr. W. H. Simmons, Loyola University Medical
Center, Maywood, IL, U.S.A. p-Toluenesulfonic acid was analytical-reagent grade
(Eastman-Kodak, Rochester, NY, U.S.A.). The standard used, IX-amino-n-butyric
acid, was obtained from Calbiochem (San Diego, CA, U.S.A.). Water used was
purified by reverse osmosis and ion exchange. Other chemicals and solvents were
analytical grade.

Stock solutions of amino acids and amino acid amides were prepared in filtered
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0.1 M ammonium acetate or 0.1 M ammonium formate (pH 7.0) generally at
a concentration of 10 or 20 mM. Most solutions were found to be stable at room
temperature for extended periods (up to 6 months), although some were made up more
frequently, or stored in aliquots at - 20De and thawed as required. Working solutions
for determining retention characteristics were diluted daily in mobile phase to a final
concentration of 0.1 mM. Solutions for signal-to-noise determinations and standard
curves ranged in concentration from 2.0 nM to 1.0 mM.

Solvents were prepared by dissolving the mobile phase modifier (p-toluene
sulfonic acid, 10mM) in water or water-methanol and adjusting to the desired pH with
concentrated ammonium hydroxide. The solutions were then filtered (0.45 /lm filter)
and degassed under vacuum immediately prior to use. Stock solutions of 1.0
M ammonium formate were prepared and were diluted as required with water and
filtered (0.45 /lm) and degassed prior to use.

RESULTS

The one- and three-letter abbreviations used in the text and figures for amino
acids and amino acid amides, the mass-to-charge ratio (m/z) of the ions used for
detection and quantification, and the retention times under the conditions described in
the legend to Fig. 1, are presented in Table I.

In all cases the ion used for quantification is that of the protonated monocationic
molecular ion [M +H] + . Most amino acids and amino acid amides had simple spectra
dominated by the protonated molecular ion, although some spectra showed significant
fragment ions (e.g. mjz 130 for [Glu-t-H - HzO]+). Arg and Arg# had complex
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Fig. I. Summated SIM profiles for thermospray HPLC-MS of a mixture of seventeen c-carboxyamido
amino acids and ()(-amino-n-butyric acid. A 20-,:\ volume ofa solution containing 0.1 mM ofeach compound
in mobile phase was injected at 1.0 min. The mobile phase contained 10 mM p-toluenesulfonic acid, pH
adjusted to 3.5 with ammonium hydroxide, and a linear gradient of methanol from 0 to 30% at 1.5%/min
beginning at 5.0 min. The flow-rate through the 5-flm endcapped octadecylsilyl column (15 cm x 4.6 mm
1.0.) was 1.0 ml/min, and 0.5 M ammonium formate at a rate of 0.25 ml/min was added post-column.



a The symbol used in this article to denote an IX-carboxyamido amino acid is, i.e.asparagineamide is
abbreviated to Arg# or R#.

b The retention time tabulated is minutes after injection, which was at 1.0 min after commencement
of the run.

c There is no commonly accepted three- or one-letter abbreviation for o-amino-e-butyric acid. Aab
and IX are used in this text.

spectra, which showed changes that could be correlated with the cleanliness of the
thermospray probe: a new probe gives spectra for Arg in which the base peak has mjz
115, while older probes produce mlz 157 (assigned to [Arg-t-H - H 20]+) or the
molecular ion (m/z 175) as the base peak. This change is probably due to coating of
reactive sites with a carbonized layer of organic material as the probe is used. Similar
spectral changes can be deliberately induced by using non-reactive glass coatings inside
the stainless-steel thermospray probe.'".

Fig. 1 shows a chromatogram of a mixture of the seventeen available amidated
amino acids and the standard IX-amino-n-butyric acid. The chromatogram has the
appearance of a normal liquid chromatogram, but is actually a summation of
a number of individual ion profiles. This is the reason for the sudden changes in
baseline intensity, for example at 23.5 minutes. The SIM data acquisition parameters
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were such that a set of two to four ions was acquired concurrently, with the start and
end times of each group chosen from previous retention time determinations. The
mobile phase pH and organic modifier gradient were designed to separate isobaric
amidated amino acids (lie #, Leu # ) from each other, and also amidated amino acids
from any isobaric amino acids (e.g. Asp#, Asn). Some of the amino acid amides are
not totally chromatographically resolved, however the SIM profiles of the molecular
ions are resolved as the overlapping peaks are not isobaric. Fig. 2 demonstrates the
resolution of the individual SIM profiles for the group of amidated amino acids eluting
at ca. 5 min after injection.

Fig. 3a shows the chromatographic profile of the set of twenty common proteic
amino acids and o-amino-x-butyric acid under identical conditions to those shown for
Fig. I. Resolution is poor for some of the early-eluting amino acids as the
chromatographic conditions were optimized for separation of the amino acid amides,
as described above. The SIM parameters used for this sample are not the same as those
used for detection of the amidated amino acids in Fig. 1. When the mixture of twenty
amino acids and Aab was chromatographed using the SIM parameters optimized for
the amidated amino acids, only three compounds were detected (Fig. 3b). These
compounds are the internal standard Aab, which is present in both mixtures, and
compounds having masses equivalent to Asp # and Pro #. Upon inspection of the
actual retention times, the amino acids responsible for these peaks were identified as
Asn and Arg, respectively. Asn and Asp # are isobaric, and Pro # is isobaric with the
mlz 115 fragment ion of Arg described above. As shown in Fig. 3c and 3d, which are
"close-up" views of the relevant sections of Figs. 1 and 3a, in both cases the interfering
amino acid is resolved from the amino acid amide.
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elution at 6, 7 and 8 min (blank), 9, 10 and I I min (I pmol) and 12, 13 and 14 min (4 pmol).

As can be seen from Fig. 1, the peak-height response varies for individual
amidated amino acids. The intensity of the molecular ion was not affected significantly
by changes in the pH of the post-column buffer, suggesting that the variation is not
primarily due to different proton affinities. To some degree the variation can be
ascribed to the degree of fragmentation of the protonated molecular ion: the basic
amino acid derivatives (Arg #, Lys # and His #), which have the most complex
spectra, also have the lowest intensity for the parent molecular ion, while the simplest
amidated amino acid, Gly#, has the highest intensity. The MS background is also not
equal for all masses (e.g. note the noisy baseline from 23.5 to 30.0 min in Fig. 1 due to
the ion mlz 204). The detection limits therefore vary noticeably for the different
amidated amino acids. Fig. 4 shows that for a "typical" amidated amino acid, Ala #,
1 pmol on column is readily detectable, with a signal-to-noise ratio of ca. 2:1. As has
been previously reported, amino acids and amidated amino acids (e.g. released by
carboxypeptidase cleavage of amidated peptides) can be quantified over the picomole
to nan om ole range using an added internal standard, z-amino-x-butyric acid 11.

DISCUSSION

The method described here was developed for identification of «-carboxyamido
amino acids released by enzymatic digestion- of peptideinixtures. Amidated amino
acids can be released from peptides by cleavage with a number of carboxypeptidase
enzymes'P'!", providing a method for identification of potentially biologically active
peptide hormones via detection of post-translationally modified amino acids ':". We
have previously presented a preliminary report describing a thermospray HPLC-MS
method for analysis of amino acids and amino acid amides1 1

. This paper details
much-improved method utilizing endcapped octadecylsilyl HPLC columns and a low
pH (pH 3.5) buffer containing p-toluenesulfonic acid.
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Previous methods described for identification of o-carboxyamido amino acids in
peptide digestion mixes have involved complicated extraction and derivatization
steps':". The variation in chemical characteristics of the side-chains of the common
amino acids makes it unlikely that any extraction-derivatization procedures could be
specific for all possible amidated amino acids in the presence of unmodified amino
acids and partially cleaved peptides. The use of a mass selective detector allows
identification of «-carboxyamido amino acids in the presence of a-carboxyl amino
acids due to the one-mass-unit difference between the modified and unmodified
analogs. The thermospray HPLC-MS method is generally at least as sensitive as
previously reported HPLC methods for amidated amino acid detection, although the
sensitivity of detection for individual compounds does vary with the chemical nature of
the amino acid amide and the level of background noise at each mass. However, as the
thermospray HPLC-MS method requires no extraction or derivatization for detection
of the o-carboxyamido amino acids, enzymatic hydrolysates ofpeptides can be injected
directly onto the column, thereby providing a much higher overall sensitivity for
detection of a-carboxyamido amino acids from hydrolyses of biological samples.
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SUMMARY

High-performance liquid chromatography (HPLC) and thermospray mass
spectrometry were combined for the analysis of DNA adducts formed from the inter
action of the anticancer drugs mitomycin C, porfiromycin and thiotepa with calf
thymus DNA. The adducts formed from reaction of mitomycin C and porfiromycin
with DNA were separated from unmodified nucleosides by HPLC on a Cl 8 column
and identified by thermospray mass spectrometry. Thiotepa DNA adducts readily
depurinated from DNA and were chromatographed and identified by thermospray
liquid chromatography-mass spectrometry as the modified bases without the ribose
moiety attached. The utility of thermospray mass spectrometry for the identification
of microgram quantities of nucleoside adducts and depurinated base adducts of these
anticancer drugs was demonstrated.

INTRODUCTION

The ability to link the effluent from a high-performance liquid chromatograph
to a mass spectrometer via a thermospray ionization source has proved to be very
useful for the analysis of thermally labile, non-volatile compounds such as nucleo
tides and nucleosides 1-5. Since the process does not require derivatization''" or exten
sive sample workup'':? as required for other mass spectrometric techniques, thermo
spray mass spectrometry (MS) serves as an excellent method for rapid identification
of nucleoside adducts observed in liquid chromatograms.

Many anticancer drugs are thought to exert their tumor cell killing potency by
their ability to covalently bind to DNA forming mono and dialkylated adducts I O

-
1 2

.

The identification of these adducts is important for understanding their therapeutic

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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importance and designing new drugs. Since thermospray liquid chromatography
(LC)-MS is well suited for nucleoside analysis it could prove to be a useful tool in
determining the structures of adducts created by the alkylation of DNA with anti
cancer drugs.

1. .!.!.

HzN
o

o
II

/C-NH.
o 0

tH, Hi:r
J
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HN~~N/
H09H~O, I

NH. \---?
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Mitomycin C (I) and its N-methyl analogue porfiromycin (II) are clinically
effective anticancer drugs 13 that are known to alkylate DNA. The structure of the
monoalkylation product formed between DNA and mitomycin C has been elucidated
by Tomasz et al.14 using NMR and Fourier-transform infrared (FT-IR) analysis. The
alkylation product is a stable nucleoside adduct which occurs on the exocyclic N-2
position of deoxyguanosine residues (III). Porfiromycin has been shown to alkylate
DNA by the same mechanism as mitomycin C, resulting in the formation of an
analogous adductv'.

Thiotepa (IV) is an anticancer drug which has been used clinically for over 30
years and has been used more aggressively in recent years in combination with autolo
gous bone marrow transplantation-v!", Unlike mitomycin C, there has been little
work done on the mechanism of alkylation of DNA by thiotepa. Several studies

5

II[>-p-N(J

A
OH CH.-CH,-NH,

"~~>
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carried out on the alkylation of isolated nucleosides by thiotepa have suggested that
alkylation occurs on the N-7 position of deoxyguanosine residues'f'?", leading to the
formation of 7-(2-aminoethyl)guanine (V). Based on the instability of N-7 alkylated
deoxyguanosine adducts formed by alkylation with ethylenimine or phosphoramide
mustard 21,22, theadducts formed from reaction of thiotepa with DNA would also be
expected to be unstable, leading to the formation of depurinated or imidazole ring
opened products2 1

,22 .

The purpose of this study was to demonstrate the utility of thermospray LC
MS for the identification of two types of drug-DNs, adducts of potential clinical
importance. The adducts of interest are stable nucleoside-drug adducts and adducts
which cause depurination of the DNA. Since the adducts have been well defined by
other methods, they should make good model compounds for comparative studies by
thermospray LC-MS.

EXPERIMENTAL

Reagents and materials
Mitomycin C was provided by the Drug Development Branch, Division of

Cancer Treatment, National Cancer Institute and by Dr. W. Bradner, Bristol Labs.
(Syracuse, NY, U.S.A.). Porfiromycin was provided by Upjohn (Kalamazoo, MI,
U.S.A.). Thiotepa was provided by Lederle Labs. (Pearl River, NY, U.S.A.). Un
modified nucleosides, calf thymus DNA, pancreatic DNAase (E.C. 3.1.4.5), snake
venom phosphodiesterase (E.C. 3.1.4.1), and alkaline phosphatase (E.C. 3.1.3.1) were
purchased from Sigma (St. Louis, MO, U.S.A.). Ethylenimine was prepared from the
sulfate ester of ethanolamine according to the procedure of Wenker-" and used im
mediately after preparation.

The water used for buffers was purified through a Milli-Q system, Millipore
(Bedford, MA, U.S.A.) to give a resistivity of 18 MQ/cm. Gold-label ammonium
formate was obtained from Aldrich (St. Louis, MO, U.S.A.). HPLC grade methanol
was used for all chromatography.

Preparation ofmitomycin C and porjiromycin DNA adducts
Adducts were prepared by a modification of the procedure of Tomasz et al.24

.

In a typical experiment calf thymus DNA (l mg) was dissolved in 1 ml of 20 mM Tris
buffer, pH 7.4. To this solution was added approximately 300 f.1g of mitomycin Cor
porfiromycin in buffer. Nitrogen was bubbled through the solution for 1 h, after
which time 100 ug of Pt02 was added. Hydrogen gas was bubbled through the solu
tion for 10 min, followed by nitrogen gas for 20 min, air was then bubbled through
the solution for 20 min. The platinum was removed by centrifugation.

The DNA was precipitated and digested according to the procedure of Pan et
al.25. The DNA was precipitated by adjusting the NaCI concentration to 0.1 mM and
adding two volumes of cold 95% ethanol We) to the DNA-mitomycin C solution.
The solution was centrifuged for 5 min at 5000g. The supernatant was discarded and
the DNA pellet was washed with cold ethanol to remove non-covalently bound mito
mycin C or porfiromycin. The DNA was resuspended in 50 mM Tris buffer, pH 7.4.
DNAase at 200 kallikrein units per mg DNA was added to the solution and allowed
to digest the DNA for 4 h at 37°C. The pH was raised to 8.5 and MgCIz was added
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such that the final concentration was 5 mM. The DNA was digested to nucleotides
with 0.05 units of phosphodiesterase per mg DNA in 4 hat 3TC. Finally, the nucleo
tides were digested with 3.0 units of alkaline phosphatase per mg DNA for 12 h at
37°C to yield a mixture of alkylated and non-alkylated nucleosides. This mixture was
then analyzed by thermospray LC-MS. An injection of 100 pi of the digested DNA
was made onto the high-performance liquid chromatographic (HPLC) column
amounting to approximately 1-3 pg of adduct being directed into the thermospray
interface.

Preparation of thiotepa-DNA and ethylenimine-DNA adducts
To a solution of I mg/ml of calf thymus DNA in 25 mM phosphate buffer, pH

7.4, were added aqueous buffer solutions of thiotepa (100 pg) or ethylenimine (500
pg) along with 10 pg of toluene to prevent bacterial growth. The solution was stirred
at 37°C for three days in a capped test tube. At the end of the reaction the DNA was
precipitated and digested as described above in the mitomycin C experiments except
the supernatant from the reaction mixture was lyophilized and stored at O·C until
analysis by thermospray LC-MS. The Iyophylized residue was reconstituted in 1 ml
of mobile phase and 250 pi of this solution was injected onto the column, representing
20-30 pg of the guanine adduct.

HPLC instrumentation
The HPLC system consisted of two Waters Assoc. (Milford, MA, U.S.A.)

Model 501 pumps, a Model 660 solvent programmer, and a Model 440 UV absor
bance detector. UV data were collected and processed through a Hewlett-Packard
(Palo Alto, CA, U.S.A) Model 9000 series 216 computer using a Nelson Analytical
(Palo Alto, CA, U.S.A.) series A/D converter with the chromatography software
package XTRA CHROM. Brownlee (Santa Clara, CA, U.S.A.) RP-18 guard col
umns (30 x 4.6 mm) and RP-18 analytical cartridges (5 pm diameter particles; 220 x
4.6 mm) were used for all assays.

The mobile phase used for analysis of the enzymatically hydrolyzed DNA was
0.1 M ammonium acetate in 5% methanol changed linearly over 30 min to 0.1 M
ammonium acetate in 50% methanol with a flow-rate of 1.2 ml/min. The mobile
phase used for analysis of the hydrolyzed supernatant from the thiotepa-DNA reac
tion mixture was 0.1 M ammonium formate adjusted to pH 4.0 with formic acid that
was changed linearly over 35 min to 0.05 M ammonium formate, pH 4.0, in 50%
methanol, with a flow-rate of 1.0 ml/min.

Thermospray mass spectrometry instrumentation
A Vestee (Houston, TX, U.S.A) thermospray interface'v' connected to either a

Finnigan MAT (San Jose, CA, U.S.A.) Model 4500 mass spectrometer, a Hewlett
Packard mass selective detector, or a quadrupole instrument constructed in our lab
oratory was used. In all cases the scan range of these instruments was set between 120
and 800 a.m.u. The thermospray interface temperatures were optimized for the mo
lecular ion of deoxyguanosine such that the ratio of molecular ion (m/z 268) to base
peak (miz 152) was greater than 10%. The optimum temperatures for the vaporizer
and source block varied slightly between instruments with the optimum vaporizer
temperature being 210-220°C with the block temperatureset at 295T for the Hew-
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lett-Packard mass selective detector, the optimum temperature for the vaporizer was
205-215°e with source block set at 3100e on the Finnigan ion source and the opti
mum vaporizor temperature on the laboratory-made instrument was 220-230oe with
the source block set at 300 "C. The discharge electrode was operated at 1000 V, and
the filament current at 300 rnA.

RESULTS AND DISCUSSION

The UV chromatogram of DNA that had been treated with mitomycin e and
then enzymatically hydrolyzed (Fig. I) showed a peak (retention time 20.1 min) corre
sponding to a monofunctional N-2 alkylated deoxyguanosine!". The UV chroma
togram of the DNA treated with porfiromycin and then hydrolyzed (Fig. 1) showed
an analogous peak (retention time 21.5 min) corresponding to a porfiromycin DNA
adduct. The thermospray mass spectra (Fig. 2) ofthe adduct peaks detected in the UV
chromatograms showed that the porfiromycin adduct corresponds closely to the mi-
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tomycin C adduct except for a higher molecular weight. The difference in mass of 14
a.m.u. in the porfiromycin adduct in comparison with the mitomycin C adduct was
accounted for by the presence of an N-methyl group in porfiromycin which is not
present in mitomycin C.

The principal ions in the thermospray mass spectrum of the mitomycin C
deoxyguanosine adduct are the [M +Ht molecular ion at mlz 570, and the ion at m]z
244 which is proposed to be a protonated mitomycin C portion of the adduct as
shown in Fig. 3.

The ion at m]z 152 was assigned as the guanine base [B+2H] +, accounted for
by thermal cleavage of the ribose (Fig. 3), a common fragment observed in the ther-
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Fig. 3. Thermospray fragmentation of (I) mitomycin C adduct and (II) porfiromycin adduct. a, Protonated
mitomycin C segment of the adduct, m]z 244; b, guanine base [B+2H]+, m]z 152, and c, protonated
porfiromycin segment of the adduct, m]z 258.

mospray spectrum of deoxyguanosine. The spectrum of the portiromycin-DNA ad
duct is analogous to the mitomycin C adduct spectrum with an [M + H] + molecular
ion at m]z 584, an ion at m]z 258 corresponding to the protonated porfiromycin
segment of the adduct (Fig. 3) and the ion at 152 corresponding to the guanine base
[B+2H]+.

The UV chromatogram of the DNA which had been treated with thiotepa then
enzymatically hydrolyzed (Fig. 4A) closely resembles that of untreated DNA (Fig.
4B), with no detectable nucleoside adduct present. However, close examination of the
two chromatograms indicated that the deoxyguanosine peak was relatively smaller in
the thiotepa treated DNA hydrolysate. On comparison of the peak area ratios of
dG:dT and dA:dT (Table I) there is approximately a 14% reduction in the amount of
deoxyguanosine and approximately 6% less deoxyadenosine found in the thiotepa
treated DNA hydrolysate when compared with the untreated control.

Examination of the supernatant from the thiotepa-DNA reaction mixture
showed two major peaks in both the UV chromatogram (Fig. 5A) and thermospray
LC~MS total ion chromatogram (Fig. 5B). The identities of these two peaks were
assigned as 7-(2-aminoethyl)guanine and 7-(2-aminoethyl)adenine since they coeluted
with the adducts formed between ethylenimine and DNA (data not shown). In addi
tion previous experiments with ethylenimine" and thiotepa 19 showed that the N-7
position is the preferred site of adduct formation. The thermospray mass spectra (Fig.
6A and B) consist mainly of a molecular ion at mlz 179 for the 7-(2-aminoethyl)
adenine adduct and a molecular ion at mlz 195 for the 7-(2-aminoethyl)guanine ad
duct. Ions at mlz 136 for the adenine adduct and m]z 152for the guanine adduct could
be attributed to loss of the aminoethyl portion of the adduct. Use of the filament or
discharge electrode to produce fragmentation provided no additional information.

While the lower limits of detection for the adducts were not determined, 200
300 ng of the mitomycin C or porfiromycin adducts and 50-100 ng of the thiotepa
adducts produced full scan spectra. This sensitivity is comparable to that obtained by
Moser and Wood" for non-alkylated nucleosides and nucleotides using fast atom
bombardment (FAB)-MS, although we were unsuccessful in obtaining a FAB mass
spectrum of the mitomycin C adduct. Application of tandem MS with desorption
chemical ionization (DCI)27 has been shown to achieve detection of methylated nu-
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TABLE I

EFFECT OF TREATMENT WITH THIOTEPA ON NUCLEOSIDE CONTENT OF DNA

dC =Deoxycytidine, T =thymidine, dG =deoxyguanosine and dA =deoxyadenosine.

Area ratios of nucleosides

Control DNA
Thiotepa treated DNA

dCT

0.69 ± 0.006"
0.68 ± 0.006

dG:T

1.61 ± 0.02
1.38 ± 0.01

dA:T

1.97 ± 0.01
1.88 ± 0.02

" Values represent the mean and the standard deviation of three runs.
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cleosides at a level of I ng, however molecular ions were not observed. Although FAS
and DCI have been shown to be effective for the MS analysis of DNA adducts,
thermospray provides an alternate method which is as sensitive and often produces
spectra with molecular ion information not obtainable by other methods.

These results demonstrate that thermospray LC~MS is a powerful method for
obtaining structural information on DNA adducts. Although thermospray yields
mass spectra where molecular ions are almost always observed for nucleosides, it
often fails to produce structurally important fragmentation. When fragmentation is
observed, as demonstrated with the mitomycin C and porfiromycin adducts, the ac
tual fragmentation mechanism is difficult to determine since fragments can be formed
by several processes such as chemical ionization or as a result of protonating a pyroly
sis product formed by the thermospray ionization process itself. Even when the frag
mentation mechanism is not known this method provides useful molecular weight
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informatioJ1 for the identification of nucleoside adducts as well as depurinated ad
ducts resulting from the alkylation of DNA with the anticancer drugs mitomycin C,
porfiromycin and thiotepa.
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USE OF THERMOSPRAY LIQUID CHROMATOGRAPHY-MASS SPEC
TROMETRY FOR CHARACTERIZATION OF REACTIVE METABOLITES
OF 3'-HYDROXYACETANILIDE, A NON-HEPATOTOXIC REGIOISOMER
OF ACETAMINOPHEN

MOHAMED S. RASHED and SIDNEY D. NELSON"

Department of Medicinal Chemistry, BG-20, University of Washington, Seattle, WA 98195 (U.S.A.)

SUMMARY

3'-Hydroxyacetanilide (AMAP) is a non-hepatotoxic regioisomer of acetamino
phen that nonetheless does form reactive metabolites that are trapped as glutathione
thioether adducts. These reactive intermediates are, 4-acetamido-o-benzoquinone,
2-acetamido-p-benzoquinone and N-acetyl-3-methoxy-p-benzoquinone. Thermo
spray liquid chromatography-mass spectrometry (TSP LC-MS) was used to charac
terize products of reactions of these reactive compounds with cysteine or N-acetyl
cysteine. The TSP spectra of the mono- and bis-thioether adducts showed protonated
molecular ions and characteristic fragmentation patterns. The chromatographic
resolution together with the MS selectivity allowed for unequivocal identification of
these conjugates in the urine of mice treated with AMAP.

INTRODUCTION

Thermospray liquid chromatography-mass spectrometry (TSP LC-MS) is one
of several techniques developed in the last few years to overcome the inherent difficulty
in interfacing the eluent of an high-performance liquid chromatograph to the source of
a mass spectrometer. Since it first appeared1 and for the last few years TSP LC-MS has
proven to be a valuable technique applicable to drug metabolism studies and in routine
pharmaceutical and environmental analysis":", The technique can handle normal and
reversed-phase solvent systems at flow-rates of0.5-2 ml/rnin and the ionization is soft,
which allows for the analysis of polar, non-volatile thermally labile chemicals present
in plasma or urine or other biological matrices.

Glutathione (GSH) adducts of xenobiotics and their metabolic breakdown
products, namely the cysteine and N-acetylcysteine conjugates, are very polar and
thermally labile compounds and therefore require softer modes of ionization such as
desorption chemical ionization (DCI) 7, field desorption (FD)8 and fast atom
bombardment (FAB)9. More recently'? several model compounds of this type have
been studied by thermospray ionization mass spectrometry. In addition, Conchillo et
a/.1 1 reported that under thermospray conditions sensitivities for GSH adducts were
poor and gave unsatisfactory spectra11. Instead the analysis of the methyl esters of the
corresponding cysteine or N-acetylcysteine derivatives afforded better spectra and

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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TABLE I

STRUCTURE ABBREVIATIONS AND CHEMICAL NAMES OF COMPOUNDS MENTIONED IN
THE TEXT

3-0H-APAP 4-Acetamido- J .2-catechol

3-0Me-APAP 2-0-MethyJ-4-acetamido-l,2-catechol
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Abbreviation

APAP

NAPQI

AMAP

2-AcHQ

2-APBQ

4-AOBQ

MAPQI

Chemical name

4'-HydroxyacetaniJide

N-Acetyl-p-benzoquinone imine

3'-Hydroxyacetanilide

2-Acetamidohydroquinone

2-Acetamido-p-benzoquinone

4-Acetamido-o-benzoquinone

N-Acetyl-3-methoxy-p-benzoquinone imine
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good sensitivity levels. Herein, we report on the use of TSP LC-MS in a drug
metabolism study to detect and characterize cysteine, N-acetylcysteine and glucuro
nide metabolites of 3'-hydroxyacetonilide (AMAP; see Table I for structures and
abbreviations).

AMAP is a non-hepatotoxic regioisomer of acetaminophen (4'-hydroxyaceta
nilide; APAP)12,13. Despite the lack of hepatotoxicity of AMAP, when equal doses of
radiolabeled AMAP and APAP (400 mg/kg) were administered to hamsters, the extent
ofcovalent binding of radioactivity to hepatic proteins was found to be nearly the same
for both compounds:'. Furthermore, NADPH-dependent covalent binding of radio
activity from [14C]AMAP to microsomes from phenobarbital-pretreated mice ocurred
four times faster than covalent binding of radioactivity from [14C]APAP. Although
the binding could be blocked by the addition of glutathione (GSH), little GSH
depletion was observed after the administration of AMAP to control hamsters and
mice12,13. Thioether adducts have been searched for, but not detected, as urinary
metabolites in either animal species14.15.

AMAP is metabolized in vitro to diphenolic compounds, 2-acetamidohydro
quinone (2-AcHQ) and 3-hydroxyacetaminophen (3-0H-APAP)5. In vivo, 3-0H
APAP is further methylated to give 3-methoxyacetaminophen (3-0Me-APAp)4.
2-AcHQ is oxidized further to 2-acetamido-p-benzoquinone (2-APBQ) in vitro by
mouse liver microsomes-?-!".

In a previous study''", we presented evidence for the formation of three different
reactive intermediates as a result of AMAP oxidative metabolism. Both ortho- and
para-quinones are formed by further oxidation of 3-0H-APAP and 2-AcHQ.
A quinone imine, N-acetyl-3-methoxy-p-benzoquinone imine (MAPQI) is formed by
further oxidation of 3-0Me-APAP. All three intermediates form glutathione con
jugates that were detected in vitro in mouse microsomal incubations enriched with
GSH and in the bile of mice treated with AMAP.

In view of the data described above, it became necessary to study the urinary
disposition of AMAP and compare it with that of APAP. This required the synthesis
and characterization of several of cysteine (CYSH) and N-acetylcysteine (NACYSH)
conjugates of the reactive intermediates.

MATERIALS AND METHODS

AMAP was purchased from Aldrich (Milwaukee, WI, U.S.A.) and crystallized
before use from ethanol-water (1:1). CYSH, NACYSH were obtained from Sigma (St.
Louis, MO, U.S.A.). An authentic sample of 3-0Me-APAP glucuronide was
a generous gift from Dr. M. W. Gemborys.

Instrumentation
High-performance liquid chromatography (HPLC) was performed on an LKB

Model 2152-2SD dual-pump instrument equipped with an LKB Model 2152 LC
controller and an LKB Model 2151 variable-wavelength detector used at 254 nm
(LKB, Bromma, Sweden). Separations were carried out on a 5-.um Ultrasphere ODS
column (25 em x 10 mm 1.0.) protected with a 5-.um Ultrasphere ODS precolumn
(Rainin Instruments). Mobile phase consisted of solvent A: water-acetonitrile-glacial
acetic acid (96:2:2, v/v/v); solvent B:acetonitrile. A linear gradient was employed from
0% B to 20% B in 40 min with a flow-rate of 2.0 ml/min.
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LC-MS spectra were generated using an LKB Model 2150 pump with an LKB
Model 2152 LC controller coupled to a Vestee thermospray LC-MS Model 201
dedicated LC-MS system (Vestee, Houston, TX, U.S.A.). The separation was carried
on a 5-J.lm Ultrasphere ODS (15 cm x 4.6 mm 1.0.) protected with a 5-J.lm Ultrasphere
ODS precolumn. The mobile phase consisted of 0.1 M ammonium acetate-acetonitrile
(90:10, v/v) pumped isocratically at a flow-rate of 1.0 ml/min. Operating temperatures
for the TSP interface were Tl (vaporizer) = 130-140°C; T2 (tip) = 250-270°C; jet
(vapor) = 300-320°C; source block = 320-350°e. The system was operated in the
positive ion mode with the filament off.

The thermospray interface temperature was optimized to obtain the maximum
intensity for the MH+ ion of the synthetic standards. Although a lower source
temperature produced less fragmentation, the overall sensitivity was reduced signi
ficantly. Full spectra of the synthetic standards were obtained by injecting 0.5-5 J.lg on
column. The abundance of the MH+ ion was observed to be higher at the top end of
the range.

Animals and treatments
Male Swiss-Webster mice (16-25 g) were administered sodium phenobarbital

(0.1% solution) as drinking water for 5 days. Animals were fasted 12 h prior to i.p.
administration of AMAP (600 mg/kg) dissolved in warm saline. Urine was collected
for 24 h in cups containing ascorbic acid and immersed in dry ice/acetone. Urine was
first filtered through cotton wool then through a 0.45-J.lm Nylon-66 filter and frozen at
- 20°C until analyzed.

Preparations of standards
2-AcHQ16, 3-0H-APAp19, 3-0Me-APAp19, 4-acetamido-o-benzoquinone

(4-AOBQ)ZO, 2_APBQ17 and MAPQI18were synthesized as previously described. The
following is the general procedure used for the preparation of the thioether conjugates.
In a 5-ml Reacti-vial, CYSH or NACYSH (0.12 mmol) was dissolved in 2.5 ml
phosphate buffer (pH 7.4) and sealed under nitrogen. The quinone or quinone imine
(0.1 mmol) was dissolved in I ml acetonitrile (HPLC grade) and injected gradually
through the septum of the vial under nitrogen. The reaction mixture was stirred for 30
min, acidified with formic acid to pH 2.0 and the acetonitrile removed using a gentle
stream of nitrogen. The aqueous solutions were frozen at - 20°C until HPLC
purification was performed. Following purification and Iyophyllization, the powders
obtained were stored at - 20°e. For NMR purposes, the powders were dissolved in
zHzO and Iyophillized once more.

RESULTS

Synthesis of the mercapturic acid conjugates of 4-AOBQ
4-AOBQ when allowed to react with NACYSH gave several products as

determined by HPLC-UV analysis and LC-MS. IH NMR analysis (Fig. 1) of the
major product purified by HPLC revealed that this material was 3-(N-acetyl
cystein-S-yl)-5-acetamidocatechol. The CYSH p-methylene protons appeared as two
sets ofdoublets ofdoublets at 1J 3.16 and 3.42, while the a-proton appeared as a doublet
of doublets at 1J 4.37. The splitting pattern for the CYSH a and p protons is
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Fig. l. 'H NMR spectrum of the synthetic conjugate of 4-AOBQ.

characteristic of an ABX system. The methyl protons of the acetyl side chain of
NACYSH appeared as a singlet at b 1.85and integrated for three protons. The methyl
protons of the aryl acetamido group appeared as a singlet at b 2.13 and integrated for
three protons. The singlet at b 6.98 integrated for two protons. These two aromatic
protons were assigned to carbons 3 and 5 of the aromatic nucleus analogous to the
glutathione conjugate of 4-AOBQ18 which appear as two doublets with a coupling
constant of 2.3 Hz.

The mercapturic acid conjugate was characterized further by TSP LC-MS (Fig.
2A). The spectrum showed a strong protonated molecular ion (MH+) at m]: 329 and
an ammonium adduct at mlz 346. In addition the spectrum showed several fragment
ions at mjz 311, 287, 259, 200,168,147,130. These ions are explained as follows (m/z):
loss ofHzO (311), loss ofketene to give the CYSH conjugate (287), loss ofHzO from
the CYSH conjugate (259), loss of N-acetyldehydroalanine to give the protonated
catechol thiol (200), loss of N-acetyldehydrocysteine to give the protonated catechol
compound (168), ammoniated N-acetyldehydroalanine (147), loss of HzS from
protonated NACYSH (130). Two other ions in the spectrum at mlz 217 and 182 are
related to the base peak at m]z 200, the first being an ammonium ion adduct of the thiol
compound and the other formed by elimination of water, respectively. This type of
fragmentation to give the characteristic ions at mlz 200 and 168 have been observed
previously in the spectra of the CYSH, NACYSH, and GSH conjugates of APAP im]:
184,152) under CI-MS8 and TSP LC-MSZ1conditions. Under FAB-MS conditions,
the CYSH and NACYSH conjugates of APAP essentially showed protonated
molecular ions and sodiated molecular ions". The fragment ion at mjz 287 is believed
to be due to loss of ketene from the N-acetyl side chain and not from the aromatic
acetamido group because the parent compound AMAP does not lose ketene to any
significant extent.

A minor product of the reaction was the reduction product, 3-0H-APAP, as
determined by co-chromatography with the synthetic standard and by LC-MS of the
reaction mixture. Another minor product that eluted earlier on HPLC than the
mercapturic acid conjugate was tentatively characterized as a bis-N-acetylcysteine
conjugate of 4-AOBQ based on its LC-MS spectrum. The spectrum showed
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Fig. 2. (A) TSP LC-MS spectrum of the synthetic NACYSH conjugate of 4-AOBQ. (B) TSP LC-MS
spectrum of the NACYSH conjugate of 4-AOBQ found in urine of mice given AMAP.

a relatively weak MH + at m]z 490 and ions at mlz 472 and 361which would correspond
to loss of H20 and N-acetyldehydroalanine, respectively. Other characteristic ions
were observed at mjz 329, 200,182, 168, 130, the origin of which were explained above.
Not enough material was on hand to rigorously characterize this compound further.

Synthesis of the cysteine conjugates of 4-AOBQ
When 4-AOBQ was allowed to react with CYSH, it gave one major adduct and

a small amount of 3-0H-APAP. The reaction mixture was analyzed directly by
LC-MS. The spectrum obtained for the CYSH adduct was very similar to that of the
corresponding mercapturate except that the MH+ was at mlz 287. Other characteristic
ions were observed at mjz 217,200,168. No ions at mlz 146or 130were observed since
these could only arise from the N-acetylcysteine type conjugates.
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Synthesis of the mercapturic acid conjugates of 2-APBQ
When 2-APBQ was allowed to react with NACYSH, it gave several products

that were characterized by LC-MS. Two major components of the reaction that were
slightly resolved under the LC-MS conditions (see Experimental section) were
characterized as mono-NACYSH conjugates of 2-APBQ. The spectrum in Fig. 3 is
representative of these two compounds. Essentially the spectrum is very similar to that
of the mercapturic acid conjugate of 4-AOBQ and showed the same ions discussed
above. However, the 2-APBQ adduct eluted later in the chromatogram than that of the
4-AOBQ adduct. The other minor components that were observed in the analyzed
mixture were the reduced quinone, 2-AcHQ, and what is tentatively characterized as
a bis-N-acetylcysteine conjugate. This conjugate also eluted earlier than the mono
conjugates. The spectrum (Fig. 4) showed a MH + at mjz 490. Other characteristic ions
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Fig. 4. TSP LC-MS spectrum of the synthetic bis-NACYSH conjugate of 2-APBQ.
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were observed at m]z 472,361,343,329,311,287,217,200, 168, 147, 130. Except for
the ion at m]z 343 (loss of H20 from ion at m]z 361), the origins for these ions were
explained above for the 4-AOBQ bis-adduct. The spectrum also showed ions that
would result from thermally formed NACYSH at mjz 181,164,146 which correspond
to an ammonium ion adduct, protonated NACYSH, and loss of the elements of water,
respectively. An authentic sample of NACYSH eluted earlier in the chromatogram,
yet gave the same ions.

Synthesis of the cysteine conjugates of 2-APBQ
CYSH reacted with 2-APBQ to give the reduction product and two cysteine

conjugates that were resolved under LC-MS conditions. Both conjugates gave the
same ions observed for the CYSH conjugate of the regioisomer 4-AOBQ and had
longer retention times.

Synthesis of the mercapturic acid conjugates of N-acetyl-3-methoxy-p-benzoquinone
imine (MAPQI)

MAPQI underwent reaction with NACYSH to give two major products,
3-0Me-APAP and another product thatwas found to be a mercapturate following 1H
NMR and LC-MS analysis. The NMR spectrum (Fig. 5) showed three singlets at
b 1.82,2.15, and 3.87, each integrated for three protons. These correspond to the acetyl
protons of the side chain, the aryl acetamido group protons, and the 3-methoxy group
protons, respectively. The CYSH fJ-methylene protons appeared as two sets of
doublets of doublets at b 3.12 and 3.45. The CYSH «-proton appeared as a doublet of
doublets at b 4.28. The aromatic protons appeared as two singlets at b 7.02 and 7.11.
The resonance of these protons as singlets suggests a para relationship. However, the
broadness of the singlets suggests a small coupling which has not been observed for
para protons for these type of compounds. In addition, both GSH 18 and CYSH (see
below) add to MAPQI meta to the acetamido group, thereby giving rise to meta
protons on carbons 2 and 6 of the conjugates. Therefore, the protons in this

HNCOCH,,
• /'" 2

H ,I,
CHOC-N, 5;:'-" OCH,

, CH-CH'" H~

HOOc
l

OCH, aryl
COCH,

ali ph.
COCH,

cys

f3' f3
Cys

a

HZ.6

.'l' .:.:.~: .:;, ... '" .. ,,.. :; ;;;~'~;;;:;:::~:;;~;:;::;::;:;~~
ppm

Fig. 5. I H NMR spectrum of the synthetic NACYSH conjugate of MAPQI.
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mercapturic acid conjugate were assigned to the same carbons, and it is proposed that
the compound is 3-(N-acetylcystein-S-yl)-5-methoxyacetaminophen. This compound
was characterized further by LC-MS (Fig. 6A). The spectrum shows the MH + ion m]z

343 and other characteristic ions at m]z 301, 214, 228,182. These correspond to losses
of ketene, N-acetyldehydroalanine, N-acetyldehydroglycine, and N-acetyldehydro
cysteine, respectively.

Synthesis of the cysteine conjugates of MAPQI
CYSH, when allowed to react with MAPQI also gave 3-0Me-APAP and

a CYSH conjugate that was purified with HPLC. 1H NMR (Fig. 7) indicated that this
conjugate was 3-(cystein-S-yl)-5-methoxyacetaminophen. The assignement of the
CYSH moiety to carbon 3 on the aromatic ring is based on the appearance of two
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Fig. 6. (A) TSP LC-MS spectrum of the synthetic NACYSH conjugate of MAPQI. (B) TSP LC-MS
spectrum of the synthetic NACYSH conjugate of MAPQ[ found in urine of mice given AMAP.
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doublets at b 7.02 and 7.12, each with a coupling constant of 2.3 Hz, indicating a meta
relationship. Since the position of the 3-methoxy group is predefined, we assigned
those protons to carbons 2 and 6, and hence the CYSH moiety must be attached to
carbon 3. Further characterization of this compound was performed by LC-MS
analysis. The spectrum of this compound exhibited an MH+ ion at mlz 301 and the
characteristic ions seen with the N-acetyl derivative, namely ions at m]z 214 and 228.

Studies in urine of mice treated with AMAP
The synthetic standards of the thioether conjugates of AMAP metabolites were

used to develop an HPLC gradient elution program (see Experimental section) that
gave baseline separation of these compounds as well as for AMAP, 3-0Me-APAP,
3-0H-APAP, 2-AcHQ. Table II provides the retention times for these compounds.
When urine obtained from mice treated with AMAP (600 rug/kg) was analyzed under
these conditions, UV peaks were observed at the retention times for the thioether
adducts. Fig. 8 shows the chromatogram observed. The proposed identity of the peaks
corresponding to the thioether conjugates was supported by co-chromatography with
the standards.

TABLE II

HPLC RETENTION TIME DATA OF AMAP AND ITS KNOWN METABOLITES

Compound name Peak No. Retention time (min)

AMAP glucuronide
3-0Me-APAP glucuronide
AMAP
3-0Me-APAP
3-0H-APAP
2-AcHQ
CYCSH of AOBQ
NACYSH of AOBQ
CYSH of APBQ
CYSH of MAPQI
NACYSH of MAPQI

I
2
3
4
5
6
7
8
9,10

11
12

17.2
17.5
25.0
24.6
15.8
16.3
19.0
23.5
20.8, 21.8
26.8
13.8
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LC-MS analysis of urine
To further support conclusions described above, untreated urine was analyzed

by TSP LC-MS under the same conditions used for analysis of the synthetic standards.
Fig. 9 shows the total ion chromatogram (TIC) obtained. A search for the thioether
adducts derived from AMAP was done by reconstructing ion chromatograms for the
expected MH+ ions and the base peak ions established for the standards. We were able
to detect the NACYSH conjugate of AOBQ (Fig. 2B) and the NACYSH conjugates of
MAPQI (Fig. 6B) as well as the CYSH conjugate of the latter. The major peak in the
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Fig. 9. Total ion chromatogram of the LC-MS analysis of urine obtained from mice treated with AMAP.
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TIC (2.5 min) was found to correspond to a mixture of AMAP glucuronide and
3·0Me-APAP glucuronide that are co-eluting. The TSP mass spectrum of these two
conjugates is shown in Fig. 10. The ions from the AMAP glucuronide were more
dominant in the spectrum and they appeared at mjz 366 [MK +], 350 [MNa +], 345
[MNH4 +],328 [MH+], 310 [MH+ -H20], and 152[MH+ -dehydroglucuronic acid].
The ions from the 3-0Me-APAP glucuronide appeared at miz 375 [MNH4 +], 358
[MH+], 340 [MH+ -H20], and 182 [MH+ -dehydroglucuronic acid]. When the
authentic sample of the 3-0Me-APAP glucuronide isolated from bile ofrabbits given
acetaminophen was injected under the same conditions, it had the same retention time
and gave the same ions observed for that present in AMAP urine. The identity of these
two conjugates was also supported by their disappearance from the UV chroma
tograms following fJ-glucuronidase hydrolysis (data not shown). Glucuronide con
jugates of the diphenolic metabolites of AMAP were also detected as a major
component in the urine. TSP LC-MS spectrum of these components showed ions at
mlz 382 [MK+], 344 [MH+], 326 [MH+ -H20], and 168 [MH+ -dehydroglucuronic
acid]. The loss of the elements ofwater and that of neutral dehydroglucuronic acid (176
a.m.u.) is characteristic for this type of metabolites under TSP conditions2

,2 1, 22 .

CONCLUSION

Collectively the results presented above support previous work that indicated
that AMAP is metabolized in vivo to three reactive intermediates, 2-APBQ, 4-AOBQ,
and MAPQI. These intermediates are similar to NAPQI, the toxic metabolite from
APAP, in being trapped as thioether adducts in the presence of GSH and metabolic
breakdown products thereof are excreted in urine as CYSH and NACYSH adducts.
Fig. 11 depicts the metabolic profile of AMAP in the mouse.

Tn order to investigate the importance of the reactive metabolite pathways in the
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Fig. II. Metabolic profile for the metabolism of AMAP in the mouse.

overall dispositon of AMAP, we synthesized appropiate standards, developed HPLC
methods for separating the standards and utilized both NMR and MS techniques to
characterize these compounds. The use of TSP LC-MS was critical in the charac
terization of the synthetic thioether standards because of their water solubility and
their relative instability due to autooxidation especially of the hydroquinone type
adducts that in some cases hampered isolation of the materials for NMR and direct
mass spectral characterization by other soft ionization techniques such as FAB-MS. In
addition, TSP spectra provided several characteristic fragmentation ions that aided in
the unequivocal identification of the standards as well as the metabolites in urine.
Work is in progress to determine the quantitative importance of the metabolic
activation of AMAP in the overall disposition of AMAP.
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SUMMARY

A thermos pray high-performance liquid chromatography-mass spectrometry
method for the separation and quantification of tracer concentrations of isotopically
labelled carbamazepine epoxide ([15N, 13C]CBZE) in the presence of steady-state
levelsof the anticonvulsant carbamazepine (CBZ) and its epoxide metabolite (CBZE)
has been developed. The technique does not require derivatization, demonstrates little
or no thermal degradation of the analytes, provides increased specificity not available
from conventional high-performance liquid chromatography, and has a detection
limit of 500 pg for CBZE on-column. The method, incorporating d4-CBZ and
d4-CBZE as internal standards, allows precise and accurate determination of the
analytes with good reproducibility and stability.

INTRODUCTION

The epoxide hydrolase (EH) enzyme system is mainly involved in detoxification
reactions of cytotoxic and genotoxic arene oxide xenobiotic metabolites'. Knowledge
of the overal1 activity of this enzyme system in vivo may be of clinical importance
enabling the prediction of individual susceptibility to adverse drug and environmental
effects.

Carbamazepine-l0, ll-epoxide (CBZE, Fig. 1) is one of the principle metabolites
of the anticonvulsant carbamazepine (CBZ, Fig. 1). The majority of the epoxide

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Fig. I. Structures of Carbamazepine (CBZ); carbamazepine-I0, l l-epoxide (CBZE); carbamazepine-I 0, I 1
transdihydrodiol (CBZD); 9-hydroxymethyl-10-carbamoylacridan (HMCA); and 9-acridinecarbox
aldehyde (9-ACA).

formed isultimately converted to carbamazepine-I 0, l l-transdihydrodiol (CBZD, Fig.
1)by EH. The ratio ofCBZE to CBZ is reported to be higher in children than in adults,
with the ratios being highest in very young childrerr':". To examine this implied age
dependent development of the EH enzyme system, CBZE pharmacokinetics must be
evaluated in epileptic children on CBZ monotherapy. Such an evaluation requires an
analytical method capable of distinguishing administered CBZE from the CBZE
formed as a metabolite of CBZ.

Several gas chromatographic (GC) methods have been developed for the
analysis of CBZ and CBZE 4,5, some of which have utilized mass spectrometric (MS)
detection techniques'':". However, the thermal degradation of the epoxide metabolite
to 9-acridinecarboxaldehyde (9-ACA, Fig. I) during GC analysis" has precluded this
detection method from use with regard to isotopic labelling in the 1-and 2-positions of
the molecule. High-performance liquid chromatography (HPLC) in combination with
less specific detection methods, on the other hand, are routinely employed in the
clinical assay ofCBZ and CBZE and demonstrate no such degradation difficulties'i!".

The thermospray liquid chromatography-mass spectrometry (TSP LC-MS)
. technique has proven to be a valuable and reliable tool in the routine detection and
analysis of' underivatized endogenous compounds that are intractable to GC-MS
methodsll . This paper describes a TSP LC':"l\1S analytical methodology for the
simultaneous determination of administered [l_15N,2-13C]carbamazepine epoxide
([15N,13C]CBZE), CBZE and CBZ in human blood utilizing stable isotope labelled
internal standards and offers an assessment of the sensitivity, precision and accuracy
of the technique in the quantification of these compounds.
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Reagents
Carbamazepine and 9-hydroxymethyl-10-carbamoylacridan were a generous

gift from Ciba-Geigy (Summit, NJ, U.S.A.). Iminostilbene (>97% pure) and
m-chloroperbenzoicacid (85% pure) were purchased from Fluka (Ronkonkoma, NY,
U.S.A.) and used without further purification. Phosgene (l3C, 99%) 6.30% (w/w) in
benzene, gaseous ammonia C,5N, 99%) and sulfuric acid eH2S04 , 99%) were
supplied by Cambridge Isotope Laboratories (Woburn, MA, U.S.A.). Anhydrous
ethanol (00, 99%) was obtained from ICN Biomedicals (Cambridge, MA, U.S.A.).
All solvents used in synthesis were reagent grade. Acetonitrile for HPLC was obtained
from Burdick & Jackson Labs. (Muskegon, MI, U.S.A.). Ammonium acetate and
polyethylene glycol (PEG-200) were purchased from J. T. Baker (Phillipsburg, NJ,
U.S.A.) and Aldrich (Milwaukee, WI, U.S.A.), respectively.

Synthetic procedures
[1_ 1 5N,2- 13CjCarbamazepine epoxide c!"N, l3CjCBZE). [15N,l3C]CBZ was

synthesized by the sequential reaction of iminostilbene with [l3C]phosgene and
[15N]ammonia according to Osterloh and Bertilssou'". The epoxidation of the
purified [15N,13C]CBZ was achieved using m-chloroperbenzoic acid and the product,
[15N,l3C]CBZE, was recrystallized from ethanol. Purity and identity of the syn
thesized compound were verified by thin-layer chromatography (TLC) and melting
point analysis and further confirmed by NMR and MS8,l3. The 1H NMR (300 MHz)
in deuterochloroform using tetramethylsilane as internal standard, was found to be
identical to that of the authentic unlabelled compound with the exception ofthe amino
group protons at position 1.These appeared as a doublet at () 4.59 CJH,N = 90 Hz) due
to the 15N_H coupling. The electron impact mass spectrum was in agreement with that
published earlier", but exhibited the ions m]z 254 [M]+. and 225 [M - CHOt in
contrast to mjz 252 [M]+· and 223 [M-CHO]+ as seen for authentic CBZE.r H4jCarbamazepine (d4-CBZ) and [2 H4jcarbamazepine epoxide (d4-CBZE).
These two compounds were prepared as above using [2H4]iminostilbene (d4-IMS),

phosgene and ammonia as starting materials. The d4-IMS was obtained by twice
heating iminostilbene for 24 h at 78°C with anhydrous ethanol-d. in the presence of
2H2S04 eH2S0CC2H502H, 1:100, v/v) according to a published procedure'<.
Electron impact mass spectra of the recrystallized d4-CBZE and d4-CBZ showed
identical isotopic composition. The compounds contained 63% of the d, isomer and
4% d6 , 20% d5, 12% d, and 1% d..

Chromatography
HPLC analysis was carried out under isocratic conditions using a LKB 2150

HPLC pump combined with a LKB 2152 controller unit (LKB, Bromma, Sweden).
Samples were injected via a Valco C6W manual injector (Valco Instruments, Houston,
TX, U.S.A.) equipped with a 100-/l1 sample loop. Separations were achieved on
a Spherisorb C8 analytical column (25 em x 4.6 mm 1.0., 5 /lm Phase Separation,
Norwalk, CN, U.S.A.) connected to a Brownlee RP-8 guard column (1.5 em x 3.2 mm
1.0., 7 /lm, Brownlee Labs., Santa Clara, CA, U.S.A.). The mobile phase was
acetonitrile-Oil M ammonium acetate (40:60) at a flow-rate of 1.2 ml/rnin.
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Mass spectrometry
TSP LC-MS analysis was performed in positive ion mode with the filament off,

utilizing a Vestee Model 201 dedicated thermospray masss spectrometer (Vestee,
Houston, TX, U.S.A.) with a directly heated probe vaporizer14. Thermospray probe
control and tip temperatures were 120 and 180°C, respectively, and adjusted to
maintain a jet temperature of 250°C. The source block was held at 300°C.
A Hewlett-Packard 59979C ChemStation™ (Palo Alto, CA, U.S.A.) data system was
used to control the mass analyzer and the data acquisition in selected-ion monitoring
(SIM) mode. Selected ions 0\a 100 ppm solution of PEG 200 in 0.1 M ammonium
acetate were used to provide mass calibration of the data system. Tonsmonitoring were
mlz 253.1,255.1 and 257.1, corresponding to the MH+ ions of the CBZE analytes and
their d4-labelled internal standard and mjz 237.1 and 241.1, corresponding to the
MH+ ofCBZ and its dz-analogue. The dwell-times were set at 350 ms/ion for CBZE
analogues and at 750 ms/ion for CBZ and its internal standard.

Quantitative analysis
Sample preparation. To each 250 Jil blood sample, 50 Jil of each of the two

methanolic internal standard solutions containing d,-CBZE (5 Jig/ml) and d,-CBZ (25
Jig/m!), respectively, was added. Following the addition of 5 ml of dichloromethane,
the samples were shaken for 20 min in a horizontal shaker and centrifuged at 500 g for
5 min at room temperature. The organic phase was then transferred to a disposable
glass tube and again to a glass storage vial using a pasteur pipet. After evaporation to
dryness the vials were capped and stored at - 20°C to await TSP LC-MS analysis. For
the generation of standard curves, 25 Jil aliquots of each of five methanolic stock
solutions containing increasing amounts ofe 5N,13C]CBZE (0.5, 1.0,2.5, 5.0 and 10.0
Jig/ml), CBZE (2.5, 5.0, 12.5,25.0 and 50.0 Jig/ml) and CBZ (5.0, 10.0,25.0, 50.0 and
100 Jig/m!)were added to 250 Jil of blank human blood in separate vials and processed
in the same manner as the samples.

With each sample set, two 250 Jilcontrol blood samples were assayed to monitor
the precision and reproducibility of the method. Stocks of these samples containing
0.10,0.50 and 5.0 Jig/ml and 0.75, 2.0 and 10.0 Jig/ml of [15N,13C]CBZE, CBZE and
CBZ, respectively, were stored at -20°C and used throughout the study.

Analysis. Chromatographic analysis was performed using 20 Jil aliquots of the
samples reconstituted in 100 Jil of mobile phase. Individual ion intensities were
integrated using standard Hewlett-Packard MSD-GC™ software. Peak areas of
[15N,13C]CBZE were corrected for the natural abundance derived from the unlabelled
CBZE in the samples. The correction factor was determined empirically by LC-MS
analysis of CBZE stock-solutions.

Response ratios for each analyte relative to its internalstandard were calculated
and used for the generation of the standard curves or the determination of the analyte
concentration in patient and control samples.

RESULTS AND DISCUSSION

Optimization of chromatographic and instrumental parameters
Previously reported HPLC methodsv'" were modified by the incorporation of

ammonium acetate into the mobile phase to allow for TSP ionization of the analytes.
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As may be seen in the reconstructed ion chromatogram illustrated in Fig. 2A, the
acetonitrile-O.l M ammonium acetate (40:60) mobile phase employed, resulted in
excellent separation of CBZE (peak 3) and CBZ (peak 4) which eluted at 4.3 min and
6.4 min, respectively. In addition to the peaks of CBZE and CBZ, two other CBZ
metabolites were detected. The diol, CBZD and [15N,13CjCBZD, was found to elute at
2.7 min (Fig. 2A, peak 1)and could have been monitored if the corresponding MH+ of
these compounds at m]z 271 and 273 had been acquired. The peak eluting at 3.9 min
(Fig. 2A, peak 2) was identified as 9-hydroxymethyl-1O-carbamoylacrian (HMCA,
Fig. 1), whose MH + is isobaric with that of the labelled CBZE at mjz 255. Under the
LC conditions employed, baseline separation of these two compounds was achieved
(Fig. 2B).

The TSP LC-MS spectra of CBZE and CBZ showed protonated molecular ions
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Fig. 2. TSP LC-MS ion current chromatograms from a patient blood sample. (A) Total-ion current
chromatogram with the compounds being detected and the ions monitored for each peak as follows: I = m]z
271 and 273 (CBZD and [ISN,13qCBZD); 2 = m]z 255 (HMCA); 3 = mlz 253, 255 and 257 (CBZE,
[ISN,13qCBZE and d4-CBZE); 4 = mlz 237 and 241 (CBZ and d4-CBZ). (B) Selected-ion current
chromatogram m]z 255; I = HMCA; 2 = [ISN,13qCBZE at a blood concentration of 0.204 ,ug/ml. (C)
Selected-ion current chromatogram m]z 255;detection of I ng [1 SN,13qCBZE on-column. Signals in each
chromatogram are normalized to the most intense peak.
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as their base peaks (Fig. 3). In addition, minor ammonium adducts were observed.
Quantitative analysis was performed in the SIM mode for the protonated molecular
ions. Thus, ions of mlz 253,255 and 257 were monitored for the CBZE analogues in the
time window between 3.5 and 5.0 min and ions ofmlz 237 and 241 for CBZ between 5.0
and 8.0 min.

Critical TSP temperature parameters were optimized by injection of pure
analytes on column. Itwas observed that source temperature variations over the range
of 280 to 320°C did not significantly effect the TSP ionization. However, as observed
by others15, high jet temperatures resulted in pronounced instabilities of the jet leading
to "spiking" in peak chromatographic profiles, while low jet temperatures yielded
significant losses in sensitivity. To overcome this difficulty the peak width of the
analytes were determined and dwell times chosen to enable at least 12 to 15 sampling
across the peak of each ion monitored. The jet temperature was then adjusted to
provide the optimal combination of sensitivity and stability. By this method the jet
temperature of 250°C and dwell times of 350 and 750 ms for the CBZE and CBZ
analogues, respectively, were established.
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The ion chromatogram illustrated in Fig. 3C shows I ng of standard
[15N,13C)CBZE on-column obtained by monitoring the MH+ ion at a dwell time of
350 ms. The detection limit was 500 pg with a signal to noise ratio of 3:1.

Standard curves
For all the quantitative calculations peak areas of [15N-13C)CBZE were

corrected for contributions resulting from the natural abundance of the unlabelled
CBZE. Correction factors were determined empirically by the TSP LC-MS analysis of
CBZE. For the generation of the standard curves, peak area ratios of analytes to
internal standards were plotted against standard sample concentrations. Over the
concentration ranges of 0.05-1.0 Jlg/ml, 0.25-5.0 Jlg/ml and 0.50-10.0 Jlg/ml for
[15N,13C]CBZE, CBZE and CBZ, respectively, the standard curves were found to be
linear with correlation coefficients greater than 0.999.

As discussed elsewhere'P-!", the detection of natural isotopic species from an
analyte in the mass window of the internal standard results in standard curves which
diverge from linear. In all cases presented, these isotopic contributions were found to
be minor and an insignificant source of non-linearity. Of greater consequence was the
observed 2.02% isotopic contribution of CBZE to the measured abundance of
[15N,13C)CBZE at m]z 255. Since all of the standard solutions contained CBZE and
[15N,13C)CBZE in the ratio of 5:1, the use of the observed peak areas in the generation
of standard curves for the latter would have resulted in an approximate 10%
systematic error. In the quantification of patient samples, where the ratios were as high
as 40: I, the correction for isotopic contribution was found to be correspondingly more
critical.

Precision and accuracy data of the assay are summarized in Table I. The
intra-day variability was determined by analysis of triplicate extracts of the control
samples throughout the day and was less than I% for CBZ and CBZE, and 6% for
[15N,13C]CBZE at a blood concentration of 100 ng/ml. The interday reproducibility
showed coefficients of variation ofless than 9% in all cases. Furthermore, it was found
that the calculated concentrations were in good agreement with the predicted values.

TABLE I

INTRA- AND INTER-DAY VARIATIONS FOR [15N,I3C]CBZE, CBZE AND CBZ IN HUMAN
BLOOD CONTROL SAMPLES

Compound

CBZE

CBZ

Nominal Intra-day variation (n = 3) Inter-day variation (n = 3)
concentration
(ILg/ml) Mean c.v. Mean c.v.

( ugjml) (%) [ugjml) (%)

0.100 0.10 5.7 0.11 6.2
0.750 0.76 3.9 0.72 7.3

0.500 0.58 1.0 0.54 8.9
2.000 2.05 1.0 1.98 7.7

5.000 5.05 0.4 5.12 1.3
10.000 10.94 0.1 10.66 5.4
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CBZ, CBZE and I' 5N_13Cj CBZE concentrations in patient blood samples
This method has been used to measure CBZ, CBZE and [15N,13C]CBZEin over

200 blood samples of children on CBZ monotherapy. The steady-state blood
concentrations for CBZ and CBZE were found to be in the range of 8-12 and 1-2
fig/ml, respectively. Values for [15N,13C]CBZE varied in the range 50-800 ng/ml.

CONCLUSIONS

A TSP LC-MS method which allows the simultaneous quantification of
[15N,13C]CBZE, CBZE and CBZ from blood samples after a single extraction
procedure has been developed. The technique has proven to be rapid, sensitive and
reliable, demonstrating little or no thermal degradation of the analytes, and unlike
GC-MS methods does not require derivatization. The high specificity of LC-MS in
combination with the exact control of sample recovery, using d4-CBZE and d4-CBZ as
internal standards, provides precise and accurate determination of the analytes, with
a detection limit for CBZE of500 pg on-column. To date, this analytical procedure has
been successfully utilized in the analysis of [15N,13C]CBZE, CBZE and CBZ in over
200 blood samples collected in single dose pharmacokinetic studies conducted in
children on CBZ monotherapy.
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CHARACTERIZATION OF SOLUTION-PHASE AND GAS-PHASE REAC
TIONS IN ON-LINE ELECTROCHEMISTRY-THERMOSPRAY TANDEM
MASS SPECTROMETRY

KEVIN J. VOLK, RICHARD A. YOST* and ANNA BRAJTER-TOTH

Department of Chemistry, University of Florida, Gainesville, FL 32611 (U.S.A.)

SUMMARY

Electrochemistry was used on-line with high-performance liquid chromatogra
phy-thermospray tandem mass spectrometry to provide insight into the solution
phase decomposition reactions of electrochemically generated oxidation products.
Products formed during electrooxidation were monitored as the electrode potential
was varied. The solution reactions which follow the initial electron transfer at the
electrode are affected by the vaporizer tip temperature of the thermospray probe and
the composition of the thermospray buffer. Either hydrolysis or ammonolysis reac
tions of the initial electrochemical oxidation products can occur with pH 7 ammoni
um acetate buffer. Both the electrochemically generated and the synthesized disulfide
of 6-thiopurine decompose under thermospray conditions to produce 6-thiopurine
and purine-6-sulfinate. Solution-phase studies indicate that nucleophilic and electro
philic substitution reactions with purine-6-sulfinate result in the formation of purine,
adenine, and hypoxanthine. Products were identified and characterized by tandem
mass spectrometry. This work shows the first example of high-performance liquid
chromatography used on-line with electrochemistry to separate stable oxidation
products prior to analysis by thermospray tandem mass spectrometry. In addition,
solution-phase and gas-phase studies with methylamine show that the site of the
nucleophilic and electrophilic reactions is probably inside the thermospray probe.
Most importantly, these results also show that the on-line combination of electro
chemistry with thermospray tandem mass spectrometry provides valuable informa
tion about redox and associated chemical reactions of biological molecules such as
the structures of intermediates or products as well as providing insight into reaction
pathways.

INTRODUCTION

Redox reactions play an important role in the metabolism and activation of
xenobiotics and other substances. Because modern electrochemical methods have
been shown to be useful in mimicking enzyme-catalyzed oxidation reactions":", the
combination ofelectrochemistry with mass spectrometry (MS) can provide important
chemical information about intermediates and products formed in these redox reac-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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tions":". Most importantly, tandem mass spectrometry (MS-MS) can be used to
confirm the presence of reaction intermediates as well as provide structural informa
tion. The driving force behind this work lies in the similarity between the biological
oxidation and the electrochemical oxidation of many types of biologically important
compounds such as purine drugs10.

6-Thiopurine (6-TP) is a potent antineoplastic agent used in the treatment of
several types of leukemia. However, its use has been restricted due to hepatotoxicity
in some patients11. 6-TP is known to undergo extensive metabolism along several
possible routes such as the transformation to its nucleotide I

2
, and nucleoside':'. Hys

lop and Jardine11 have recently described a previously unknown oxidation pathway
of 6-TP which involves activation by cytochrome P-450 with subsequent binding to
protein via mixed disulfide bonds.

The electrochemical oxidation pathways of 6-TP and other structurally similar
thiopurines such as 6-thioxanthine (6-TX), and 6-thioguanine (6-TG) have been ex
tensively studied by off-line methodsvv'". At low potentials, the first step in the
oxidation of thiols is a one-electron process resulting in thiyl radicals followed by
rapid dimerization to form disulfides. The S-S bonds of many disulfides have been
shown to be unstable in acidic and basic mediav'". Cleavage of the S-S bond by a
hydroxide ion will regenerate the parent thiol and give rise to a sulfinic acid I 5

-
1 7

. The
parent thiols are regeneratad in ca. 70% yield in this disproportionation process I

5

(Fig. I). The compound 6-thiopurine serves as an excellent model for studying the
electrochemical oxidation of thiopurines because only the thiol group is involved in
the oxidation process in the potential range from 0.0 to + 1.1 V vs. Pd which is the
normally accessible potential range in aqueous electrolytes. Other substituted thiopu
rines such as 6-TX and 6-TG behave differently electrochemically than 6-TP at high
potentials of ca. 1.0 V. The difference in electrochemical behavior is due to the elec
tronegative substituents which make the purine ring more vulnerable to oxidation.
However, all three thiopurines are thought to undergo a one-electron oxidation at
moderately low potentials to form a thiyl radical resulting in disulfide formation. This
has been shown for 6-TX and 6-TG2

,3 . It is often difficult to verify this by coulometry
because of the disproportionation reaction which regenerates the starting material in
high yield", The electrochemical oxidation products of 6-TP have been previously
identified as bis(6-purinyl) disulfide, purine-6-sulfonic acid, and purine-e-sulfinic acid

2RS-
-2e-
----)~ RS-SR

SH

RSH- ljc-J
N N

H
Fig. 1. Oxidation of6-thiopurine to form 6-thiopurine disulfide, followed by disproportionation in alkaline
media to form purine-6-sulfinate and the original thio!.
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by comparison of the polarographic waves of electrolysis solutions with authentic
standards 14.

Since the introduction of thermospray as a viable high-performance liquid
chromatographic (LC)-MS interface, this technique has gained popularity as a soft
ionization technique that gives primarily molecular weight information. Hambitzer
and Heitbaurn" were the first to successfully combine electrochemistry on-line with
MS via a thermospray LC-MS interface. The experiments carried out by Hambitzer
et al. demonstrated the potential for direct detection of electrochemically generated
products by monitoring the formation of intact dimers and trimers upon electrooxi
dation of N,N dimethylaniline at a Pt electrode.

We have shown that the coupling of electrochemistry (EC) with tandem mass
spectrometry via a thermospray interface (EC-thermospray MS-MS) can provide
important chemical information about redox reactions of small biological mole
cules'"!". After the initial redox reaction has taken place, following chemical reac
tions can occur and produce a variety of products. Some of the products observed in
on-line EC-TSP-MS result from unstable compounds undergoing electrophilic and
nucleophilic substitution reactions with the mobile phase during the thermospray
process. In this work, we show the first example of HPLC used on-line with electro
chemistry to separate stable oxidation products prior to analysis by thermospray
tandem mass spectrometry (EC-LC-thermospray MS-MS). Inthis paper, we report
our attempts to characterize the chemical reactions which occur after the on-line
electrooxidation of 6-thiopurine.

EXPERIMENTAL

Materials
Purine, hypoxanthine, adenine and 6-thiopurine were obtained from Sigma.

Bis(6-purinyl) disulfide and sodium purine-6-sulfonate were prepared according to
Doerr et al.1s.

HPLC procedure
Samples were analyzed by HPLC using a Microsorb (Rainin) C 18 reversed

phase column (15 em x 4.6 mm J.D.). All experiments were performed with a Rainin
MacRabbit HPLC gradient system. The separation procedure for the oxidation prod
ucts of 6-thiopurine required isocratic elution with 0.1 M ammonium acetate-metha
nol (pH 6.9) (98:2, v/v) for 9 min followed by a 2-min ramp from 2% methanol to
30% methanol with a flow-rate of 2.0 ml/rnin. The ammonium acetate and methanol
solutions were filtered through a 0.45-,um filter before use. Samples were injected with
a Rheodyne (Model 7125) injector fitted with a 20-,ulloop. Details of the electrochem
ical cell have been described previously",

Mass spectrometry
The thermospray interface (Vestee) was mounted on a triple quadrupole mass

spectrometer (Finnigan Model TSQ 45) equipped with an INCaS data system. Two
temperatures were monitored in the experiments: the vaporizer exit temperature (tip
temperature) and the source block temperature. In the tip temperature profile studies,
the tip temperature was varied while the source temperature was held constant at
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290°C. Ata flow-rate of 2.0 ml/min, the typical operating temperatures were tip,
240°C, and source, 290°C.

Both positive ion and negative ion thermospray mass spectra were obtained by
pulsed positive ion-negative ion chemical ionization (PPINICI). Typical conditions
for thermospray MS were scan range m]z 120-300 in 0.3 s, electron multiplier voltage
1000 V, and preamplifier gain 108 VA -1. The lower scan range limit of mlz 120 was
normally used to avoid background interference from the ammonium acetate reagent
ions. For MS-MS, the scan range and rates varied depending upon the m]z of the
parent ion. Collisionally activated dissociation (CAD) studies were carried out using
nitrogen as the collision gas (2 mTorr) with a collision energy of 30 eV.

RESULTS AND DISCUSSION

Identification of products by EC-thermospray MS-MS
Based on the electrochemical results, the known chemistry of 6_Tp1 4

, 1 8 , EC
thermospray MS results with 6-TP were expected to indicate dimer formation by
producing intact molecular-type ([M +Hj+ and [M - Hr) ions of the disulfide. How
ever, neither the disulfide nor its decomposition product, purine-6-sulfinate (Fig. 1),
are observed in the EC-thermospray mass spectra. The results obtained by on-line
EC-thermospray MS of 6-TP were initially confusing because of the unusual prod
ucts which were detected and identified. Table I lists the ions identified in the EC
thermospray mass spectra of 6-TP. The formation of purine, adenine, and hypoxan
thine (Table I) during the electrooxidation of 6-TP must clearly involve substitution
reactions prior to mass analysis.

MS-MS was used to confirm the presence of purine, adenine, and hypoxan
thine in the EC-thermospray mass spectra by comparing the daughter spectra of
authentic standards with the daughter spectra of electrochemically generated prod
ucts. The agreement between daughter ion abundances of standards and electrochem
ically generated products was generally ± 10% relative abundance (R.A.). The com
parison of results is shown in Table II. The identification of intermediates and
products in a mixture was based on their characteristic daughter spectra19 which were
obtained through the use of MS-MS as shown in Fig. 2.

TABLE T

OXIDATION PRODUCTS OF 6-THlOPURTNE

Positive ions
(mjz)

121
136

137
154
153
170

Negative ions
(mjz)

134
194
135
195
151

Structure correlation

Purine [M + H] +
Adenine [M + H]+, [M - H]"
Adenine [M +CH3COOr
Hypoxanthine [M - H]"
Hypoxanthine [M + NH4]+, [M +CH 3COOj
6-Thiopurine [M + H] +, [M - H]
6-Thiopurine [M + NH 4]+
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TABLE II

COMPARISON OF DAUGHTER SPECTRA OF THE [M + Hj+ IONS OF AUTHENTIC STAN
DARDS WITH THOSE OF ELECTROCHEMICALLY GENERATED PRODUCTS

Compound [M+Ht Authentic standard EC generated product
ion ion (% R.A.) ion (% R.A.)

Purine 12l + 121 (I 00), 94(35) 121(I 00), 94(36)
67(I0), 52(2) 67(7), 52(2)

Adenine 136+ 136(100), 119(73) 136(100),119(63)
94(5), 92(5) 94(1),92(5)

Hypoxanthine 137+ 137(100), 119(21) 137(100), 120(5)
110(23),94(7) 119(20), 110(26)
82(3), 55(2) 94(10), 82(3), 55(2)

Insights into the reaction pathway provided by EC-LC-thermospray MS
Although MS-MS allowed identification of purine, adenine, and hypoxanthine

in the EC-thermospray mass spectra, MS-MS did not provide any information con
cerning the location of the reactions responsible for these products. In order to help
determine whether the reactions occurred in solution prior to analysis by thermo
spray or during the thermospray vaporization process, HPLC was used on-line with
an electrochemical cell to separate electrochemically generated products prior to
analysis by thermospray MS-MS (Fig. 2). It was postulated that if the products listed
in Table I were formed in solution immediately after electrooxidation, then it should
be possible to correlate the retention times of these products with the retention times
of the authentic standards. If, on the other hand, these products were formed later, in
the thermospray probe or in the source, their retention times should instead be the
same as that of the electrochemically generated disulfide which eventually leads to
their formation.

Fig. 3 illustrates the LC-thermospray positive ion [M+ Hj+ mass chroma
tograms of a four-component mixture of authentic purine [molecular weight (MW)

Thermospray
Probe

Thermospray
Source

Ionization

LC Column

Mass Analysis

EC Cell

TSQ 45

Dissociation

HPLC Pump

Mass Analysis Detection

Fig. 2. On-line EC-LC-thermospray MS-MS system.
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Fig. 3. HPLC-thennospray MS positive ion mass chromatograms of 4-component purine mixture. Flow
rate of O. I M ammonium acetate mobile phase 2.0 ml/min. Tip temperature 240'C, source temperature
300'C.

120], adenine (MW 135), hypoxanthine (MW 136), and 6-TP (MW 152) which are
chromatographically separated in ca. 8 min. The small peak at ca. 14 min (Fig. 3) is
due to trace amounts of the 6-TP disulfide, an impurity in the 6-TP standard. The
retention time of this small peak at ca. 14 min is identical to the retention time of the
synthesized disulfide (Fig. 4).

RIC

m/z 121 Purine

m/z 136 Adenine

m/z 153

ttvtz. 137 .' :Y,~:O:'~iot.,
6-thiopurine~

I I i

. ,\
i'i"I"M'""I

'l~--.-----.----r-~-,----,----"--~
~ 8.41 ~
";;;
~r.lIll!''''' M/tJv."J,IM. '''*#tt h 1A"'f',.w...h"'O",lhlr\'"
J!

"j~~~~
'"l'----r------r-----,-------r-------.-----.----~

'''L
0:00 2:28 4:58 7:26 9:32 12:22 14:52

Time (rnin.s)

Fig. 4. HPLC-thermospray MS positive ion mass chromatograms of synthesized 6-thiopurine disulfide.
Flow-rate 2.0 ml/min, tip temperature 240 'C, and source temperature 300"C.
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When a sample of synthesized 6-TP disulfide is analyzed by LC-thermospray
MS, decomposition reactions occur during the thermospray vaporization process
which result in the formation of 6-thiopurine, adenine, hypoxanthine, and purine
(Fig. 4). The LC-MS mass chromatograms of the [M + H]+ ions formed during the
decomposition of the authentic disulfide standard can be seen in Fig. 4. The fact that
all four products originate from a single peak with a retention time of ca. 14 min
reveals that decomposition of the disulfide occurs somewhere during the thermospray
ionization process. This is clear from the comparison of the retention times of the
authentic purine standards (Fig. 3) with the retention times of the decomposition
products arising from the disulfide (Fig. 4).

The on-line EC-LC-thermospray MS results obtained for the electrochemical
oxidation products of 6-thiopurine can be seen in Fig. 5. The positive ion mass
chromatograms obtained in an EC-LC-thermospray MS experiment (Fig. 5) are in
agreement, when both the retention time and relative intensity are compared, with the
positive ion mass chromatograms obtained for the authentic 6-TP disulfide standard
(Fig. 4). In addition to the peak corresponding to the disulfide at ca. 14 min in
EC-LC-thermospray mass chromatograms in Fig. 5, a few smaller peaks with much
shorter retention times (2 and 4 min) are also observed. Although these ions corre
spond to oxidation products of 6-TP, they could not be positively identified because
their retention times did not match those of the available standards and their low
intensities precluded the use of MS-MS for structural elucidation. The only conclu
sion which can be drawn is that the product at ca. 2 min forms only a positive ion at
m]z 121 and the product at ca. 4 min forms only positive ions at mlz 121 and mjz 136.

RIC

m/z 121 Purine

I l\ i~
I

.
I

13'61~~~~

~ '1 .~~.....,.,........:;:.::~~:.;: ...&
Q)

~cti '1 , 'r' " , ,I,••~/~ 1,37, '" ~Y~,o~an,t~i~~,~..".
, I I I I i ~

"'l mf> '53 6-',hiO,",'OO~

'·l'--,--~~.-----.-.----..--L.4--
0:00 2:28 4:58 7:26 9:32 12:22 14:52

Time (rnin.s)

Fig. 5. EC-LC-thermospray MS positive ion mass chromatograms of the oxidation products of 6-thiopu
rine. Flow-rate 2.0 ml(min, tip temperature 240°C, and source temperature 300°C. Potential +0.60 V vs.
Pd.
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H

Tip temperature studies
Optimum thermospray interface parameters such as tip temperature are tradi

tionally determined by maximizing the solvent-buffer ion intensities for a given flow
rate 2 0

-
22

. Using the solvent-buffer ion intensity method, a signal maximum is ob
tained at a tip temperature of ca. 240°C for a flow-rate of 2.0 ml/min. As expected,
this tip temperature also produces the most intense reconstructed ion current for
samples in EC-thermospray MS. However, some ions produced during the vapor
ization process of 6-TP oxidation products do not follow the tip temperature profile
of the authentic standards. Tn this study, we have identified the ions which show
different responses. These ions have been identified as ammonolysis products and are
believed to result from purine-6-sulfinate. Purine-6-sulfinate is one of the 6-TP dis
ulfide disproportionation products (Fig. 1). Because hydrolysis reactions of interme
diates following electrochemical oxidation are well known 1, the formation of ammo
nolysis products under EC-thermospray MS conditions is not surprising but has only
recently been reported 2 3- 2 5 .

We hypothesize that ammonia and water react with purine-o-sulfinate by nu
cleophilic substitution to form adenine and hypoxanthine (Fig. 6). Electrophilic sub
stitution by a proton followed by elimination of S02 gas is responsible for the forma
tion of purine (Fig. 6). Decomposition of purine-6-sulfinate in 98-100% formic acid
to yield purine has been previously reported 15. It is important to note that no ions
corresponding to either H 2S0 2, the leaving group produced by nucleophilic sub
stitution, or S02, the leaving group produced by electrophilic substitution, are ob
served in the thermospray mass spectra when the lower m]z scan limit is reduced from
m]z 120 to m]z 25.

Fig. 7 compares the tip temperature profiles of authentic adenine and hypoxan
thine with the tip temperature profiles of electrochemically generated adenine and
hypoxanthine. As can be seen in Fig. 7, the profiles differ dramatically at tip temper
atures lower than 240°C due to the decreased efficiency with which the product of
electrochemical oxidation, postulated to purine-6-sulfinate, undergoes ammonolysis
and hydrolysis reactions. The decreased intensity of products at lower tip temper
atures is indicative that the reactions of the electrochemical product forming adenine
and hypoxanthine are occurring inside the vaporizer probe.

5°2-

l~J
N N

-5~/ 1~~S02
NH2 °

l~« "(r-J
N N/ N N

H H
Purine Adenine Hypoxanthine

(MW 120) (MW 1.35) (MW 1.36)

Fig. 6. Reaction pathways of purine-6-sulfinate under thermospray conditions.
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Fig. 7. EC-thermospray MS tip temperature study of hydrolysis and ammonolysis reactions with purine-6
sulfinate under thermos pray conditions. (0) Hypoxanthine, (0) adenine.

Because the synthesis of sodium purine-6-sulfinate (RSO z"Na") using the
method described by Doerr et al.1 5 was not successful, it was not possible to analyze it
under thermospray conditions to prove our hypothesis. However, a very similar com
pound, sodium purine-6-sulfonate (RS0 3 "Na+), was prepared instead P and ana
lyzed by LC-thermospray MS. Fig. 8 illustrates the LC-thermospray positive ion
mass chromatograms of sodium purine-6-sulfonate. As can be seen in Fig. 8, pu-

m/z 137 Hypoxanthine

m/z

.,

136 Adenine

0:00 2:28 4:58 7:26 9:32 12:22 14:52

Time (min.sse)

Fig. 8. LC-thermospray MS positive ion mass chromatograms of the thermos pray-induced decomposition
products of purine-6-sulfonate. Flow-rate 2.0 mlfmin, tip temperature 240OC, and source temperature
300°C.
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rine-6-sulfonate completely decomposes during the thermospray process to produce
adenine and hypoxanthine. Hydrolysis studies have shown that both purine-6-sulfi
nate and purine-6-sulfonate are very labile to acid resulting in the formation of hy
poxanthinc'". No ions indicative of intact purine-6-sulfonate are observed in the
LC-thermospray mass spectra. It is important to point out that purine is not pro
duced during the decomposition of sodium purine-6-sulfonate under thermospray
conditions; however, purine is produced during the thermospray-induced decomposi
tion of 6-TP disulfide which may occur via electrophilic substitution reactions with
purine-6-sulfinateo

Solution-phase and gas-phase studies
These studies were performed to determine if substitution reactions such as

ammonolysis and hydrolysis reactions shown for purine-6-sulfinate were occurring

TABLE III

PRODUCTS FORMED IN SOLUTION-PHASE AND GAS-PHASE STUDIES OF ELECTROOXI
DATION PRODUCTS OF 6-THIOPURINE

Reagent gas
added to source

None

None

NH 3

Buffer
composition

Products

Purine, hypoxanthine, 6-thiopurine
and adenine
Purine, hypoxanthine, 6-thiopurine,
adenine and N6-methyladenine
Purine, hypoxanthine, 6-thiopurine
and adenine
Purine, hypoxanthine, 6-thiopurine
and 6-TP disulfide
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inside the thermospray vaporizer probe or in the thermospray source. By modifying a
standard Vestee thermospray source, we were able to introduce various reagent gases
capable of acting as nucleophiles into the thermospray source (Fig. 9). The electro
chemical oxidation products of 6-TP were monitored as the mobile phase composi
tion and reagent gas were varied.

Methylamine was chosen as a model nucleophile in these experiments because
its chemical properties and reactivity are similar to those of ammonia and it is not
present in the normal thermospray buffer. When a mixture of 0.1 M methylamine
(CH 3NH2) and 0.1 M ammonium acetate pH 7 is used as a buffer during the elec
trooxidation of 6-TP, a new product, N6-methyladenine, is observed in the EC
thermospray mass spectra (Table III). N6-methyladenine is formed as a result of the
electrochemically formed product undergoing a nucleophilic substitution with
methylamine in analogy to the reaction with NH 3 which forms adenine (Fig. 6).

To determine if the nucleophilic reaction with methylamine can occur inside the
thermospray source, methyl amine (0.4 Torr) was introduced into the thermospray
source while O.IM ammonium acetate was used as the buffer. Under these conditions,
no gas-phase nucleophilic reactions between methylamine and the electrochemical
oxidation products of 6-TP are observed. Specifically, N6-methyladenine was not
detected. Hence, it appears that methylamine must be present in the buffer solution to
react and form N6-methyladenine. Therefore, this reaction and other nucleophilic
substitution reactions (hydrolysis, ammonolysis) probably occur inside the vaporizer
probe during the thermospray vaporization process, rather than in the thermospray
ion source.

Additional results supporting this conclusion were obtained using 0.1 M acetic
acid (pH ca. 2.8) as the buffer while introducing ammonia (0.4 Torr) into the thermo
spray source. The use of acetic acid as the mobile phase was designed to control
conditions so that ammonia was present only in the source and was not part of the
solution phase. Under these conditions, the normal ammonolysis product, adenine, is
not observed following electrooxidation of 6-thiopurine. However, hypoxanthine and
purine are still observed in addition to small amounts of the intact disulfide. The
inability to detect the disulfide by EC~thermospray MS at pH ca. 7 with the tradition
al ammonium acetate buffer is consistent with the disproportionation process which
is favored at high pH l 5

. Detection of the disulfide shows that under acidic conditions,
the disproportionation process (Fig. 1) will not be favored. This supports the results
obtained with methylamine and indicates that the ammonolysis reaction occurs inside
the vaporizer probe.

Mass spectrometric hydrodynamic voltammograms
Typical electrochemical techniques such as cyclic voltammetry and chronocou

lometry rely on monitoring current or charge as a function of potential or time. These
techniques provide little chemical information about the actual molecular structures
of the species which form as a result of electron transfer at the electrode surface. One
of the most important uses of on-line EC-thermospray MS or EC-thermospray MS
MS is the monitoring of reactants, intermediates, and products as a function of
electrode potential".

Fig. 10 illustrates the mass spectrometric hydrodynamic voltammograms of
6-thiopurine obtained by EC-thermospray MS. Oxidation of 6-TP begins at poten-
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Fig. 10. MS hydrodynamic voltammograms of 6-thiopurine. Flow-rate of 0.1 M ammonium acetate mobile
phase 2.0 ml/rnin. Tip temperature 2400C and source temperature 300·C. (0) Purine, m]z 121; (0) ade
nine, m]z 136; (L'» hypoxanthine, m]z 137; (0) 6-thiopurine, m]z 153.

tials > +0.20 V and reaches a steady-state level at potentials < +0040 V. Steady
state behavior is expected for both reactants and products when operating in the
limiting current region due to the hydrodynamic flow of reactant in the electrolysis
cell. This is what is observed in HPLC with detection by electrochemistry'". At ca.
+0.65 V, a second oxidation process appears to occur. This process can be followed
by noting the decrease in the intensity of the [M +H] + ion of 6-TP at m]z 153. This
second oxidation process does not favor the formation of purine. In addition, the
intensities of the ions corresponding to hypoxanthine and adenine also change at
potentials higher than +0.65 V. This behavior is expected if further electrochemical
oxidation of 6-TP results in the formation of an intermediate which does not readily
undergo the same substitution reactions or react at the same rate as the intermediate
formed at lower potentials.

CONCLUSIONS

Electrochemistry has been used on-line with LC-thermospray MS-MS to pro
vide insight into redox reactions of the purine drug 6-thiopurine. After the initial
oxidation reaction of 6-TP has taken place, the disulfide which forms disproportion-
ates in solution inside the thermospray vaporizer probe to regenerate 6-thiopurine
and to form small amounts of an intermediate proposed to be purine-6-sulfinate.
Neither the disulfide nor purine-6-sulfinate are detected under normal thermospray
conditions. The disulfide can be detected if acetic acid is used as a mobile phase.
Formation of purine-6-sulfinate was tested by synthesis of a structurally similar deriv
ative, purine-6-sulfonate, which reacted under thermospray conditions to form the
products found in EC-thermospray MS-MS. The observed products, adenine, hy
poxanthine, and purine were shown to form inside the vaporizer probe by nucleophil
ic and electrophilic substitution reactions of purine-6-sulfinate.
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In addition to the solution-phase studies, tip temperature profiles also support
the disulfide disproportionation process. The LC-thermospray mass chromatograms
of authentic 6-TP disulfide and the EC-LC-thermospray mass chromatograms of the
electrochemically generated disulfide indicate that all decomposition products arise
from a single LC peak corresponding to the retention time of 6-TP disulfide thereby
supporting the hypothesis of decomposition occurring inside the vaporizer probe.
This is further supported by the formation of the nucleophilic substitution product,
N6-methyladenine, when methylamine is added to the thermospray buffer. Because
N6-methyladenine is not detected when methylamine is added to the thermospray
source, these results indicate that the site of nucleophilic and presumably electrophilic
attack is within the thermospray probe.
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UTILITY OF SOLUTION ELECTROCHEMISTRY MASS SPECTROMETRY
FOR INVESTIGATING THE FORMATION AND DETECTION OF BIOLOG
ICALLY IMPORTANT CONJUGATES OF ACETAMINOPHEN

T. A. GETEK*, W. A. KORFMACHER, T. A. McRAE and J. A. HINSON

National Centerfor Toxicological Research, Jefferson, AR 72079 (U.S.A.)

SUMMARY

On-line formation and detection of glutathione and cysteine conjugates of acet
aminophen were accomplished by the interfacing of a coulometric electrochemical
cell with a thermospray mass spectrometer in a flow-injection experiment using a
liquid chromatographic pump. Formation of the conjugates occurred only after acet
aminophen was oxidized electrochemically by a two-electron transfer to N-acetyl-p
benzoquinoneimine and reacted in a mixing tee with either glutathione or cysteine.
The newly formed conjugate was detected by thermospray mass spectrometry by
observing the [M + H] + ion for the acetaminophen-glutathione conjugate at m]z
457, or the [M + Ht ion for the acetaminophen-cysteine conjugate at m]z 271. Both
the glutathione and cysteine conjugates produced a common fragment ion at mjz 184.
The on-line reaction of glutathione and electrochemically generated N-acetyl-p-ben
zoquinoneimine was monitored at varying pH. At pH 8.5 the ion intensity for the
acetaminophen-glutathione conjugate was greater than at lower pH, indicating that
lower proton concentration enhanced the reaction of glutathione with N-acetyl-p
benzoquinoneimine. This on-line electrochemical-thermospray mass spectrometric
method demonstrated that acetaminophen conjugates may be formed and detected in
the time frame of 1 s.

INTRODUCTION

Thermospray mass spectrometry (TSP MS) has been an indisputable success as
an interface and detection mode for high-performance liquid chromatography
(HPLC) and as a soft ionization mode for non-volatile compounds. A good part of
this success stems from the fact that the mobile phases used in reversed-phase HPLC,
the method of choice for many of today's analyses by HPLC, usually utilize polar
solvents and various salts that buffer the mobile phase. These types of polar mobile
phase for reversed-phase HPLC are similar to the liquid carriers best suited for maxi
mizing the thermospray effect. This excellent match between suitable operating condi
tions for reversed-phase HPLC and TSP MS is fortuitous for the viable interfacing of
these two methods.

The utilization of polar solvents with various salts and buffers also allows in-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.Y.
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terfacing of electrochemical methods with TSP MS. Because TSP MS is normally
operated at flow-rates of 1-2 ml min -1, this makes the coupling of electrochemistry
(EC) with TSP MS very simple and convenient. This flow-rate also permits the ther
mospray mass spectrometer to be employed in the flow-injection mode. The initial
development of the EC-TSP MS interface was started by Hambitzer and Heitbaum',
and by one of the authors of this study in Marvin Vestal's laboratory". Later work by
Volk et at.3 investigated the electrochemical oxidation of purines by tandem mass
spectrometry (MS-MS) and demonstrated the utility of EC-TSP MS for studying
short-lived electrochemically generated intermediates. Previous to the development of
TSP MS4

, electrochemical methods were coupled to MS for purposes of detecting
electrolysis productsv", but these products had to be gaseous in order to accommo
date the mass spectrometer's vacuum environment. Only with the advent of TSP MS
and its flow-injection capabilities did the EC-MS interface for directly studying non
volatile compounds in solution on-line become feasible. In order to differentiate the
EC-TSP MS interface from the EC-MS interface, which detects only volatile prod
ucts, the name "solution electrochemistry mass spectrometry" (SECYMS) was given
to this EC-TSP MS interface",

The conjugation of glutathione (GSH) to acetaminophen (APAP) has been
reported by Potter and Hinson 7 to go through a two-electron oxidation step for
APAP followed by reaction with GSH. Recently the enzymic reaction of the oxidized
product of APAP, i.e. N-acetyl-p-benzoquinoneimine (NAPQI), and its spontaneous
reaction with GSH were investigated by stopped-flow experiments". The direct analy
sis by TSP MS of rat bile for APAP conjugates by Betowski et at.9 demonstrated that
the GSH conjugate may be detected as the [M + H] + ion.

As an extension of the SECYMS method, the electrochemical oxidation of
APAP to NAPQI was performed on-line as a constant flow-injection experiment
followed by TSP MS. After injection ofGSH into the stream ofNAPQI, the reaction
was monitored by the thermospray mass spectrometer. Preliminary results showed
that this is a very rapid (ca. 1 s) and simple method for forming and detecting the
acetaminophen-glutathione (APAP-SG) conjugate!". Details of the APAP-SG for
mation, as well as similar experiments with APAP and cysteine (CSH) conjugation to
form the acetaminophen--eysteine (APAP-SC) conjugate are reported in this paper.

EXPERIMENTAL

A diagram of the flow-injection system for forming and detecting conjugates of
APAP by SECYMS is shown in Fig. I. For the APAP-SG formation, a 3.3.10- 5 M
APAP solution in water-methanol (90:10) containing 0.1 M ammonium acetate was
placed in the syringe pump CISCO LC-5000). The reciprocal pump (Waters 6000A)
contained an identical solution, but without APAP. The solution containing APAP
was pumped through an electrochemical coulometric guard cell (ESA, Model 5020) at
various potentials as maintained by a potentiostat (ESA, Model 5100A). The poten
tial was reported as referenced to a palladium reference electrodell . The potentiostat
was modified so that guard cell currents could be fed to an integrator. Solutions of
GSH diluted in water-methanol (90:10) containing 0.1 M ammonium acetate were
injected into the stream of APAP by an HPLC injector (Rheodyne, Model 7125) with
a 100-Jllloop and reacted in a stainless-steel mixing tee with a 0.043 in. through-hole
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Fig. I. Flow-injection system used to form and detect acetaminophen-glutathione conjugates by TSP MS.
For the case of the cysteine conjugate, the acetaminophen solution was in the reciprocal pump and the
100-111 loop on injector A.

(Scientific Systems Inc.). The mixed streams of APAP and GSH were then directly
pumped into a quadrupole mass spectrometer (Delsi R-lOI0C) equipped with a ther
mospray probe (Vestee) and thermospray source (Delsi). The vaporizer and block
temperatures were maintained by a thermospray controller (Vestee). Solutions of
different pH were made of ammonium acetate aqueous solutions adjusted with acetic
acid for pH below neutral and ammonium hydroxide for pH > 7. For each pH
evaluated, the pH for the GSH and APAP solutions, and the pH for the liquid carrier
for injections were equivalent. Potentials were manually adjusted on the potentiostat
(non-scanning mode). Temperature conditions for TSP MS were: vaporizer (TI ) ,

137°C; tip (Tz), 246°C; and block 285°C. The flow-rates for syringe and reciprocal
pumps were 0.7 ml min - 1 each; the total flow into mass spectrometer was 1.4 ml
min-I.

The procedure for forming CSH conjugates was identical with that used for
APAP-SG, except the APAP-containing solutions were pumped by the reciprocal
pump. A solution of 1.8.10- 4 M APAP was used to form the CSH conjugate. The
concentration of cysteine injected was I mg ml" I in a 100-,u1 loop. Thermospray
conditions were: vaporizer (TI ) , 140°C; tip (Tz), 198°C; and block, ca. 250°C. Flow
rates for the reciprocal and syringe pump were 0.5 ml min -I each for the APAP-SC.

Cyclic voltammetry and differential pulse voltammetry utilized a BAS (Bioana
Iytical Systems) glassy carbon electrode as the working electrode. Waveforms were
generated by a BAS-lOOA electroanalytical system. In both cases, potentials were
referenced to an AgjAgCI electrode, and a platinum wire was the counter electrode.
The electrolyte was 0.1 M ammonium acetate (pH 4.5) for the APAP and APAP-SG
cyclic voltammetry. The cyclic and differential pulse voltammetry study of GSH and
CSH employed 0.1 M ammonium acetate (pH 7) as electrolyte. Differential pulse
voltammetry was carried out at a scan-rate of 5 mV s- I with a pulse amplitude of 50
mV. Solute concentrations were ca. 1.10- 3 M.

An authentic sample of APAP-SC was synthesized using methods similar to
those previously describedv!", The identity of the conjugate was proven by TSP MS
and proton NMR spectrometry, and the purity of the conjugate was evaluated by
analytical HPLC with UV detection and with electrochemical detection. Electro-
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chemical detection 13 indicated that the APAP-SC contained 4.1% cysteine. The
analysis of APAP-SC by TSP MS was performed in 0.1 M ammonium acetate at a
flow-rate of 1.0 ml min -1 without a chromatographic column.

All mass spectral scans in this study by TSP MS were full scan range (ca.
100-500 m/z). The term "selective ion monitoring" is used in this text to refer to the
selected m/z plots after a full scan measurement.

RESULTS AND DISCUSSION

The reported electrochemical oxidation of APAP in water, which is catalyzed
by H+, is shown in Fig. 2, pathway A 14

. Cyclic voltammetry of APAP at a scan-rate
of 50 mV s-1 gave an oxidation wave, which is indicative of the electrochemical
conversion to NAPQI, at a potential of + 0.58 V vs. Ag/AgCI. A quasi reversible wave
for the reduction of NAPQI to APAP was observed at ca. - 0.08 V vs. Ag/AgCI.
When GSH was added to APAP in a 1:1 mole ratio, the cyclic voltammogram showed
an oxidation wave at +0.60 V vs. Ag/AgCl, but no quasireversible wave for the
reduction of NAPQI back to APAP. This indicated that GSH reacted completely
with the electrochemically generated NAPQI at the electrode interface and this led to
no observance of the reduction of NAPQI. This reaction of NAPQI with GSH is
shown in Fig. 2, pathway B.

The electrochemical study of APAP is a good candidate for the technique of
SECYMS because of the electrochemical quasireversible nature of APAp 1

5 . As
shown in Fig. 3a, when analyzed by TSP MS, APAP produced an [M + H]+ ion at
mlz 152, an [M + NH4 ] + ion at m]z 169, and an [M2H]+ ion at mlz 303. Upon
oxidation of APAP to NAPQI utilizing the on-line electrochemical coulometric ESA
guard cell, NAPQI was detected at an applied oxidation potential of ca. + 0.5 V. As
shown in Fig. 3b, NAPQI produced an [M + H]+ ion at mjz 150and a fragment ion at
mjz 108, which may be due to protonated p-benzoquinoneimine formed from deace
tylation of APAP. A residual mass spectral peak at mjz 152 for the [M + H]+ ion of
APAP is also observed. This residual APAP [M + H]+ ion is due to the electrochem
ical quasireversible nature of APAp1 5

.

o 0
II II

.~;"~"6~~'~'"-'
OH 0 Pathway B

GSH

APAP
MW=1S1

NAPQI
MW= 149

Fig. 2. Electrochemical oxidation of APAP as it occurs by pathway A in H 20 as catalyzed in acidic media
(ref. 14) and by pathway B with glutathione.
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Fig. 3. TSMS of APAP in 0.1 M ammonium acetate obtained (a) before oxidation of APAP to NAPQI and
(b) after oxidation of APAP to NAPQI at ca. +0.5 V. Mass spectral peaks at m]z 150 and 108 are
indicative of NAPQI.

The TSP MS of APAP-SG has been reported, the [M + H]+ ion at mlz 457 and
a fragment ion at m]z 184 were observed". The fragment ion corresponded to a
cleavage of the GSH molecule from the APAP, leaving only a thiol attached to the
APAP moiety. The thiol fragment, APAP-SH, had a much higher ion intensity than
the peak intensity for the [M +H]+ ion for APAP-SG.

The flow-injection arrangement in Fig. I was utilized to form and detect the
APAP-SG conjugate on-line. At a constant flow-rate of APAP through the electro
chemical cell (labeled EC cell in Fig. 1), the potential was increased by 0.05 V in
crements until APAP was oxidized to NAPQI. Complete oxidation of APAP in the
coulometric electrochemical cell occurred at +0.2 V, as indicated by the hydrody
namic voitammogram in Fig. 4. The oxidation of APAP to NAPQI was confirmed by
TSP MS. A lOO-ftl volume of the GSH solution was injected into the stream of
NAPQI and it reacted in less than 1 s to form the APAP-SG conjugate. The time of
formation was calculated from the volume inside the stainless-steel tubing after the
mixing tee, and the flow-rate. The results of this reaction are illustrated in Fig. 5.
Before oxidation of APAP, injection of the GSH solution produced only the
[M +H]+ ion for GSH at mlz 308 and fragment ions for GSH at mlz 179, 147, and
130 (Fig. 5a). When APAP was oxidized to NAPQI, and then mixed with GSH, the
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Fig. 4. Hydrodynamic voltammogram of APAP obtained by constant flow of APAP in water-methanol
(90:10) containing 0.1 M ammonium acetate through the coulometric ESA guard cell. The potential is
given in volts vs. reference.

APAP-SG conjugate is detected by TSP MS at m]z 457 for the [M + H]+ ion and the
corresponding fragment ion at m]z 184 (Fig. 5b).

The constant flow of APAP was monitored on-line by TSMS at various applied
potentials. The selective ion monitoring scan of m]z 150 and 108, ions indicative of

147
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50.0

GSH
IM+Hl'

308

>-

I, 111.11 I

~
c:
$ I.5

" 150 200 250 300 350 400 450
.~

i
"a: 147 b)... 100.0

130 APAP + GSH

IAfter Oxidation)

r 5O.OX

179

50.0

APAP-SH
IM+Hl' 308
.184

APAP-SG

.I . Jd'l I

IM+Hl'
457

I I
150 200 250 300 350 400 450

mil

Fig. 5. TSP MS of APAP mixed with GSH acquired (a) before oxidation of APAP and (b) after oxidation
of APAP. After oxidation of APAP, mass spectral peaks indicative of APAP-SG are seen for [M+H]+ at
mjz 457 and the protonated thiol fragment ion at mjz 184.
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Fig. 6. Selective ion monitoring of ions indicative ofNAPQI (m]: 150and 108)and APAP-SG im]: 457 and
184) shown at various applied potentials. Note that ions associated with APAP-SG did not appear until
NAPQI was formed.

the oxidation of APAP to NAPQI, is seen in Fig. 6 as a function of potential. Initially,
only background ion intensity was observed for the monitoring of mlz 150 and 108,
but when NAPQI began to form these ion intensities increased significantly. This
occurred at ca. + 0.2 V. A point to remember is that the stream of APAP is contin
uously being oxidized to NAPQI at potentials greater than + 0.2 V, thus the selective
ion scans for m]z 150 and 108 appeared as a plateau above +0.2 V, and only back
ground intensity is observed at non-oxidizing potentials. GSH was injected into this
stream of constantly formed NAPQI. These injections corresponded to peaks observ
ed in Fig. 6 for scans of m]z 457 and 184, ions representing the APAP-SG conjugate.
A feature to note from Fig. 6 is that the conjugate was observed only after APAP was
oxidized to NAPQI. The emergence of ion intensities for monitoring m]z 457 and 184
correlated with the growth of ion intensities for the NAPQI ions. Another feature to
note is that upon injection of GSH, the peaks observed for the ions due to formation
of APAP-SG correspond to the valleys in the selective ion scans for the NAPQI
fragment. This feature is expected because the NAPQI is being depleted by the reac
tion with GSH to form the APAP-SG conjugate.

The formation of APAP-SG was evaluated at varying pH vs. peak area of the
ion intensities. The ion intensities for the ions corresponding to APAP-SG, formed
after the on-line electrolysis of APAP and injection of GSH, were determined as a
function of pH as shown in Fig. 7. At a pH 8.5, the ion intensity for APAP-SG is
considerably higher than at pH 4.5. It may be interpreted from Fig. 2 that at lower pH
the alternative pathway for the oxidation of APAP to NAPQI, which is catalyzed by
H+ 14, to form 1,4-benzoquinone (pathway A) is competing with the GSH conjuga
tion (pathway B). At higher proton concentrations pathway A becomes more promi
nent than pathway B, hence the decrease in intensities for the APAP-SG conjugate.
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Fig. 7. Peak area of ion intensities for APAP-SG ions at rn/z457 (-) and 184(---) formed and detected at
various potentials and pH. (e) pH 4.5; (.) pH 6.0; (4) pH 8.5.

The pH affects the potential where APAP begins to oxidize to NAPQI. At lower pH,
the oxidation is more difficult, i.e. a higher positive potential is needed to convert
APAP into NAPQI. This pH effect on oxidation has been reported for APApI6.

Hydrodynamic voltammograms in the ESA coulometric electrochemical ceIl con
firmed this effect of pH. This is indicated in Fig. 7 by the intensity of m]z 457 at pH 4.5
and pH 8.5. For the potential of +0.15 V, the lower pH of 4.5 produced no ion
intensity for the [M + H]+ ion compared with the [M + H]+ ion intensity at pH 8.5 for
+0.15 V.

The electrochemical cell employed in this study was a coulometric cell. If the
concentration of a constant flow of solute through the electrochemical cell is known,
then the number of electrons transferred during the redox event may be calculated by

i = (n FfC)/(60 s min-I)

where i is the constant current that is measured, n is the number of electrons trans
ferred, Fis Faraday's constant (96 500 A s mol -I),fis the flow-rate in ml min -I, and
C is concentration of solute in mol ml -I. For the case of APAP, the expected two
electron transfer was confirmed by the flow coulometric measurement.

The thermospray mass spectrum of an authentic sample of the cysteine conju
gate of APAP is shown in Fig. 8. The [M + H]+ ion for APAP-SC at mjz 271 and the
protonated APAP-SH fragment ion at m]z 184 were observed. The ammoniated form
of the fragment ion was also detected at m]z 201.

The APAP-SC conjugate was also electrochemically formed on-line and detect
ed by TSP MS in a similar manner to the APAP-SG conjugate. The TSP MS of APAP
before oxidation and mixing with CSH is shown in Fig. 9a. Mass spectral peaks for
CSH were detected for the [M + H]+ ion at m]z 122 and the [M2H]+ ion at mlz 243.
Two undetermined peaks were seen at mjz 148 and mjz 273. These two undetermined
peaks were also observed foIlowing injection of CSH without APAP. As shown in
Fig. 9b on oxidation of APAP and mixing with CSH, two mass spectral peaks with
low ion intensities were observed at mjz 184 and mlz 271. These mjz values corre
spond to the values indicative of the APAP-SC conjugate (Fig. 8). The selective ion
scans ofNAPQI, APAP-SC, and the two undetermined peaks m]z 148 and m]z 273
are shown in Fig. 10 at increasing oxidizing potentials, at 0.2 V increments. The
NAPQI ion at m]z 108 behaved as described previously for the APAP-SG conjugate,
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Fig. 9. TSP MS of APAP mixed with CSH acquired (a) before oxidation of APAP and (b) after oxidation
of APAP. After oxidation of APAP, mass spectral peaks indicative of APAP-SC are observed for [M + H]+
at m]z 271 and for the protonated thiol fragment ion at m]z 184.
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Fig. 10. Selective ion monitoring of ions indicative of NAPQI im]: 150 and lOS)and APAP-SC (mjz 271
and 184) shown at various-applied potentials. Ion intensities at m]z 148 and m]z 273 were due to un
determined ions.

but the m]z 150 ion intensity appeared even before APAP began to be oxidized. This
ion intensity for mjz 150 prior to oxidation is possibly due to a sulfur isotope from the
undetermined peak at m]z 148. This possibility is supported by the ratio of relative
ion intensities (Fig. 10) for m]z 148 and m]z 150, which are 100% and 5.5%, respec
tively. The 100:5.5 ratio is approximately the ratio for the 32S:34S isotopes. The peaks
corresponding to the ions associated with the APAP-SC conjugate appeared only
after the APAP was electrochemically converted into NAPQI at +0.2 V. The
[M +H]+ ion at mlz 271 and the fragment at mlz 184 for APAP-SC appeared when
100 ,Ill of the CSH solution was injected into the stream of NAPQI and mixed. The
selective ion scan of one of the undetermined peaks in Fig. 10 demonstrated potential
vs. ion intensity dependency; the mlz 273 species decreased in ion intensity at in
creasing oxidizing potential.

Glutathione conjugates have been succesfully observed as the [M + H]+ ion by
fast atom bombardment (FAR) MS for the APAP moiety!", and FAR tandem mass
spectrometry has also been reported 18. A comparative study of TSP MS analyses of
glutathione and cysteine conjugates has been carried out, and various other ion
ization modes in MS for these conjugates have been discussed 19. In their comparative
study, Parker et dlYnotedthat the ion intensities for [M + H]+ ions were dependent
on source conditions for these thermally labile conjugates. Optimizing the APAP-SG
and APAP-SC ions for this study did require fine adjustment of the vaporizer and
block temperatures, as well as the flow-rate into the mass spectrometer.

For the APAP-SG conjugate, ion intensities produced by SECYMS for the
[M + H]+ ion and the protonated APAP-SH fragment ion were similar to those previ
ously reported". The SECYMS of APAP-SC gave a much diminished ion intensity
for the [M +H]+ ion and protonated APAP-SH compared with the authentic sample.
One difference for the APAP-SC conjugate vs. APAP-SG is that CSH was found to be
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electrochemically oxidizable at a glassy carbon electrode. This oxidation occurred at
a more anodic potential than that of APAP, so it did not have a direct effect on the
formation of the APAP-SC conjugate. However, as pointed out in Fig. 10, one of the
undetermined peaks (m]z 273) associated with CSH did give an indication that its ion
intensity varied with electrode potential. It should be noted that the m]z 148 mass
spectral peak also appeared in the APAP-SC authentic sample analysed by TSP MS
(not shown in Fig. 8).

The electrochemistry of GSH and CSH has been studied by Thackrey and
Riechel?", who used glassy carbon electrode and mediators to enhance the electroche
mistry. Cyclic voltammetry of GSH produced no discernible oxidative wave in 0.1 M
KCl, which confirmed our observations of GSH in 0.1 M ammonium acetate, i.e. no
oxidation detected by cyclic voltammetry. The reported voltammogram of CSH in
0.1 M KCl also indicated no oxidation20; however, in our experiments with differ
ential pulse voltammetry we observed an oxidation wave at + 1.45 V vs. Ag/AgCI in
0.1 M ammonium acetate without a mediator. The cyclic voltammogram of CSH
gave only a rising background in 0.1 M ammonium acetate. Another factor that may
explain the diminished ion intensities for APAP-SC by the SECYMS method com
pared with the authentic sample is that the rate of reaction for CSH conjugation with
APAP may not be as rapid relative to GSH conjugation, which produced ion in
tensities similar to authentic samples reported in the literature".

The large ion intensities for CSH in Fig. 9, before and after oxidation of APAP,
is due to the large excess of CSH used for the on-line electrochemical synthesis of
APAP-SC. The mole ratio of CSH:APAP was ca. 20: I. The mole ratio of GSH:APAP
to form the APAP-SG conjugate was ca. 10:1.

The study of APAP-SG and APAP-SC conjugation by SECYMS could be
further enhanced by the utilization of an HPLC column between the electrochemical
coulometric cell and thermospray mass spectrometer. This EC-HPLC-TSP MS ex
periment should be capable of separating unused reactants and multiple products,
followed by characterization by TSP MS. For the example of APAP-SC, identifica
tion of mlz 148 and m]z 273 may be possible after separation by HPLC. Future
studies will investigate the conjugates ofp-aminophenol and related compounds and
their electrochemical formation and detection by SECYMS.

CONCLUSION

The extension of SECYMS as a flow-injection reaction system has proved suc
cessful as a means to form on-line the GSH and CSH conjugates of APAP. The
ability to generate conjugates in less than 1 s may prove invaluable in evaluating
plausible conjugate formation prior to scaled-up synthesis for biochemical and ani
mal studies. Furthermore, the electrochemical information retrieved, such as the
number of electrons transferred, may enable investigators to confirm in vivo reaction
mechanisms. An advantage for the mass spectrometrist utilizing TSMS is that a
practically infinite amount of conjugates is available by this SECYMS method. This
permits the optimization of the operating conditions for TSMS. These conditions
may include varying the vaporizer and block temperatures along with flow-rates of
liquid carriers. The SECYMS method may supply information on the chemical con
ditions for conjugate formation, as exemplified by the pH study of APAP-SG.
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The SECYMS method is another technique that falls into the domain of spec
troelectrochemistry. The coupling of mass spectrometry with electrochemistry allows
the detection and characterization of reactive species, such as NAPQI, that may not
be detected or characterized by any other MS method or, for that matter, any other
spectroscopic technique. The simplicity and utility of SECYMS for observing redox
reactions have been demonstrated by this study of on-line APAP conjugate forma
tion.
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SUMMARY

The applicability of phase-system switching using thermospray tandem mass
spectrometry is demonstrated for the bioanalysis of the enantiomers ofthe beta blocker
metoprolol. Independent optimization of the chromatography, using an ()(l-acid
glycoprotein chiral stationary phase, and the mass spectrometric detection system is
realized. By utilizing peak compression, 10 ng (37 pmo\) of each enantiomer is easily
detected in standard solutions. In plasma samples, with use of tandem mass
spectrometry for additional selectivity, levels of61 ng/rnl (230 nmol/l) can be measured
by using [2H6]metoprolol as internal standard.

INTRODUCTION

Stereochemical aspects are of growing importance in the development of drugs,
since the pharmacological activity often resides in only one of the enantiomers 1. As the
awareness of the pharmacological and pharmacokinetic differences of enantiomers
increases, there is a growing need for sensitive and selective bioanalytical methods for
the determination of enantiomeric drugs in biological matrices". The technique with
the greatest potential for the separation of enantiomers is column liquid chromato
graphy (LC).

Separation can be performed either directly or indirectly. Direct separation is to
be preferred, and anumber ofchromatographic systems have been developed utilizing
either chemically bonded chiral stationary phases or a chiral phases with a chiral
mobile phase. Most of the systems, however, have only been applied to relatively

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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uncomplicated samples at high concentrations. Application to bioanalytical work at
low concentrations will not be straightforward and a number of problems can be
foreseen.

In a recent paper", the use ofcoupled column chromatography (Ccq and liquid
chromatography-mass spectrometry (LC-MS) has been discussed as a way to
overcome some of these problems. With CCC, selective on-line sample work-up can be
performed, and if combined with a heart-cutting technique, excellent selectivity can be
obtained. Further work to explore the use ofCCC in separation and determination of
enantiomers has focussed on applications of immobilized protein phases", in order to
extend their usage to bioanalytical work. It was shown that CCC can be used to
increase the overall selectivity and the often low efficiency obtained on this type of
phase. Examples were given of the separation and determination of some selected
drugs in plasma, among them the beta-blocker metoprolol".

As was discussed earlier", it is often necessary to use an internal standard in
bioanalytical work, but finding a suitable standard can be very difficult. When a mass
spectrometer is used as a detector, this problem is lesscomplicated because isotopically
labelled internal standards can be used.

Chromatography with lXI-acid glycoprotein chiral stationary phases is usually
performed with a mobile phase of aqueous phosphate buffer, which is not compatible
with on-line LC-MS. Therefore, a special application of coupled column chromato
graphy, called phase-system switching (PSS)5, is used to perform the analysis. PSS has
been developed to solve problems of mobile phase incompatibilities in LC-MS target
compound analysis'':". By using valve-switching techniques, enantiomers can be
successively heart-cut from the chromatogram developed OR the chiral column and
trapped on two short trapping columns, which are washed with water to remove
residual buffer constituents. In the next step the enantiomers are eluted from the
trapping columns with a solvent suitable for the applied LC-MS interface, and mass
analyzed.

In this paper metoprolol (Fig. 1) has been used as a model substance to
demonstrate the potential of the PSS approach, in combination with chiral separation
by thermospray LC-MS or LC-MS-MS. The analysis of metoprolol enantiomers in
plasma was carried out using deuterium-labelled metoprolol as internal standard.

EXPERIMENTAL

Equipment
A schematic diagram of the chromatographic system is given in Fig. 2. The

system consists of two type 2150 LC pumps (LKB, Bromma, Sweden), a Model

MetoprololoCH,-O-CH,

~. ,.....CH3

O-CH-CH-CH-NH-CH
2 I 2 ,

OH CH3

Fig. I. Structural formula of metoprolol.
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Fig. 2. Schematic diagram of the experimental setup.
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SP-8700 LC pump (Spectra Physics, San Jose, CA, U.S.A.), a Model 7125 injection
valve (Rheodyne, Berkeley, CA, U.S.A.), an MUST valve-switching unit (Spark
Holland, Emmen, The Netherlands) and a Model 7010 switching valve (Rheodyne).
UV detection at 254 nm was performed using a type 440 UV detector (Waters Assoc.,
Milford, MA, U.S.A.) coupled directly to the chiral column. Combined LC-MS was
performed with a Finnigan MAT TSQ-70 triple quadrupole mass spectrometer
equipped with a thermospray interface (Finnigan MAT, San Jose, CA, U.S.A.).
Vaporizer temperature and repeller voltage were optimized under current conditions,
resulting in values of l30°C and 50 V, respectively. The source block temperature was
kept at 200°C. In the MS-MS experiments air was used as collision gas at a pressure of
0.05 Pa. The optimized collision energy was 30 V.

Materials
Racemic metoprolol {1-isopropylamino-3-[4-(2-methoxyethyl)phenoxy]-2-pro

panol}, 2H6-labelled metoprolol and S-(- )-metoprolol were kindly supplied by
Hassle AB (subsidiary of Astra, Gothenburg, Sweden). Sodium dihydrogenphosphate
monohydrate, disodium hydrogenphosphate dihydrate and 2-propanol were of
analytical reagent grade and obtained from E. Merck (Darmstadt, F.R.G.). HPLC
grade methanol and acetonitrile were obtained from Rathburn Chemical (Walker
burn, U.K.). Water was purified with a Milli-Q system (Millipore, Bedford, MA,
U.S.A.). Bond Elut C1 8 was obtained from Analytichem International (Harbor City,
CA, U.S.A.).

The (Xl-acid glycoprotein column (100 mm x 4 mm I.D.) was obtained from
ChromTech (Stockholm, Sweden). The trapping columns were Guard-Pak Bondapak
C18 cartridges (4 mm x 5 mm I.D.) (Waters Assoc.).

Mobile phase 1, used in the chiral separation, was 0.25% 2-propanol in 20 mM
phosphate buffer of pH 7 and the flow-rate was 0.8 ml/min. Mobile phase 2, used for
desorption and thermospray LC-MS analysis, was 20% methanol in 50 mM
ammonium acetate; the flow-rate was 1.5 ml/min, Washing of the trapping columns
was performed with 1 ml/min of water.

Sample pre-treatment
Plasma samples were pre-treated using Bond Elut C18 columns (capacity 1 ml)
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according to ref. 8. Each column was conditioned with 2 x I ml of acetonitrile and
2 x 1 ml of water. To 1 ml of plasma was added 100 III of 1.8 Ilg/ml (6.4 1lM) internal
standard solution. The sample was drawn through the column by suction. After
washing the column with two 0.5 ml volumes of 10% acetonitrile in water the
metoprolol-containing fraction was eluted with 500 III of 50% acetonitrile in 0.1
M HCl into a test tube. After evaporating the eluate under a stream of nitrogen the
residue was dissolved in 280 III of mobile phase 1. The injection volume was 130 Ill.

RESULTS AND DISCUSSION

System description
A schematic diagram of the PSS system is shown in Fig. 2. The procedure is as

follows: the pre-treated samples are injected on to the (Xl-acid glycoprotein column
(column 1). The first-eluting enantiomer, (+ )-metoprolol, is collected on the first
trapping column (column 2) and the other enantiomer is collected on column 3. (The
retention time windows, setting the volumes that must be switched to the two trapping
columns, are determined daily in a separate experiment using a UV detector coupled
directly to the outlet of the chiral column). The two trapping columns are then washed
with water to remove residual buffer salts, and the metoprolol enantiomers are
subsequently eluted and introduced into the mass spectrometer. A three-port valve is
placed between the valve-switching unit and the thermospray interface in order to
discard water containing the phosphate buffer from the washing step. If this latter step
is omitted, the thermospray interface capillary is frequently clogged by buffer salts.

In the development of phase-system switching several aspects have to be dealt
with. Baseline separation of the two enantiomers on the chiral column is essential in
order to enable quantitative heart-cutting from the developing chromatogram.
Trapping columns must be selected that have sufficient sample capacity and
sufficiently high capacity ratios for the metoprolol enantiomers both in the mobile
phase of the chiral column and in water, which is used for removal of the residual
phosphate buffer in the washing step. Furthermore, the enantiomers should have low
capacity ratios in the desorbing eluent. Ideally, the compound of interest is adsorbed
on top of the trapping column and rapidly desorbed in the backflush mode in a sharp
band. Tn the present case it appears that metoprolol is distributed over the trapping
column during adsorption and washing. Thus the washing should be kept to
a minimum. Without washing of the trapping columns, frequent clogging of the
thermospray interface capillary occurs. When the trapping columns are washed with
water for 30 s at a flow-rate of 1 ml/rnin, clogging of the thermospray interface
capillary is no longer observed and stable ionization conditions can be achieved. The
dimensions of the trapping columns are also important in optimizing the peak
compression. Optimization of the system in this respect has not been studied here.

Liquid chromatography-mass spectrometry
Under the present conditions an intense peak at m]z= 268 for the protonated

metoprolol molecule is observed in thermospray buffer ionization mode (Fig. 3).
Hardly any fragmentation occurs. Full-scan mass spectra with good signal-to-noise
ratios can be obtained with amounts as low as 4 ng of metoprolol, injected in the
column-bypass mode.
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Fig. 3. Thermospray mass spectrum of metoprolol. For conditions see text. Right-hand side: absolute
intensity in arbitrary units.

The successful performance of the valve-switching system is demonstrated in
Fig. 4. The system shows good performance with respect to the separation of the two
enantiomers, the quantitative collection of both enantiomers, and the mass analysis of
them after phase-system switching from the LC-MS-incompatible mobile phase,
containing phosphate buffer, to an ammonium acetate buffer system, as frequently
used in thermospray LC-MS. Equal peak areas were obtained for the two enantiomers
using the racemate standard solution containing 29 ng (110 pmol) ofmetoprolol [14.5
ng (55 pmol) of each enantiomer].

Considerable peak compression is evident upon comparison of the peak width
obtained with UV detection directly after chiral separation on one hand and the peak
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,/

50 100 150 200 250 300 350
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Fig. 4. Mass chromatogram after PSS for the racemic mixture; each peak corresponds to 18 ng. For
conditions see text. Right-hand side: absolute intensity in arbitrary units.
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width after PSS and LC-MS analysis at the other. The peak width is decreased by
a factor of ca. 5 by applying the PSS approach.

A drawback of the PSS approach in combination with the thermospray interface
in this case appears to be the increase in the background ion current which results from
valve switching. Before switching the valves in the desorption mode no liquid is
entering the thermospray interface. Upon switching, when introduction of liquid into
the interface is resumed the thermospray conditions need some time to stabilize,
resulting in baseline disturbances at all mjz ratios. As a result the mass chromatograms
of blank samples show a signal. This is a problem for compounds eluting directly from
the trapping column, which is in fact the most favourable situation with respect to peak
compression. There are several ways to overcome this problem. By using either a more
hydrophobic trapping column or a weaker eluting solvent (or both) some retention of
the compound of interest will be obtained on the trapping column, resulting in some
delay between the solvent front causing the baseline disturbance and the compound of
interest. Another approach is the use ofa second column between the trapping column
and the LC-MS interface to achieve a similar effect. However, both approaches will
influence the peak shape and result in less peak compression. These two approaches
have therefore not been investigated extensively.

Liquid chromatography-tandem mass spectrometry
Another solution to the problem of baseline disturbance due to valve switching is

the use of MS-MS. The signal in MS-MS will be less subject to disturbances due to
changes in mobile phase composition and flow-rate occurring in the ion source,
because a selective reaction in the collision chamber is monitored. Because the use of
MS-MS circumvents the most significant disadvantages of the other solutions
mentioned above, and even adds selectivity in the bioanalytical determination, its
applicability has been investigated.

The daughter spectra of protonated metoprolol (m/z=268) show structurally
informative fragmentation, e.g., peaks at mjz = 72, 98 and 116, corresponding to
neutral losses of 196, 170 and 152 amu, respectively. Similar neutral losses are also
observed in the daughter spectrum of protonated eH6]metoprolol. Since the
enantiomers and internal standards (the deuterium labels remain incorporated in the
fragment ions) show an equal neutral loss, the neutral loss scan mode can be used to
detect these compounds with enhanced selectivity. The neutral loss of 152 a.m.u.
corresponding to the loss of 4-(2-methoxyethyl)phenol, is selected as a probe in the
analysis of the metoprolol enantiomers in plasma. Fig. 5 shows the MS-MS mass
chromatograms of both metoprolol and the deuterated internal standard as obtained
after injection of a plasma sample spiked with 0.37 ,ug/ml (1.4 ,umol/l) of racemic
metoprolol and 0.18 ,ug/ml of internal standard, which corresponds to an injected
amount of 86 ng (320 pmol) of each enantiomer (and 46 ng of each deuterated
enantiomer). The ratio between the peak areas from the internal standard and
metoprolol itself is the same for both enantiomers, even when their areas are not the
same (probably due to either a less favourable setting of the retention time window in
this particular experiment or differences in desorption characteristics). Thus, it is
shown that the internal standard method compensates for variations in thermospray
MS-MS conditions. Mass chromatograms of blank plasma samples are free of
erroneous signals. The lowest detectable plasma level was 70 ng/ml of racemic
metoprolol using an internal standard concentration of 100 ng/rnl.
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Fig. 5. MS-MS (neutral loss mode) mass chromatograms of (a) metoprolol enantiomers (following the
reaction m/z=268 -+ m]z»: 116) and (b) 2H6-label1ed internal standard (m/z=274 -+ mjz » 122) in plasma.
Right-hand side: absolute intensity in arbitrary units.

CONCLUSION

The PSS approach coupled to MS, developed for target compound analysis,
increases the possibility of determination of enantiomeric compounds, as shown by
using metoprolol as an example. The benefit of using MS is that isotopically labelled
internal standards can be used, selectivity can be tuned and, if necessary, identification
can be performed. Enhanced selectivity in bioanalytical applications can be achieved
by utilizing MS-MS.
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SUMMARY

A high-performance liquid chromatographic method with on-line mass spectro
metric detection is described for the structural analysis of a number of synthetic
impurities, present at trace levels in almitrine. To obtain mass spectra with various
ionization methods and high-resolution mass measurements, a moving-belt liquid
chromatograph-mass spectrometer interface is used. A two-column switching system
allows the injection of large amounts of almitrine, from which the trace compounds
are trapped on a second column, while discarding the major component. This permits
the introduction of the impurities into the mass spectrometer by elution of the second
column, without the risk of introducing too large an amount of the major compound
into the mass spectrometer. The mass spectra thus obtained are of sufficient quality to
permit a correct structural assignement of the impurities.

INTRODUCTION

The physico-chemical characterization of an active compound in a drug in
cludes the structural identification of synthetic impurities. As the major part of the
chromatographic separations is performed with liquid chromatography, combined
liquid chromatography-mass spectrometry (LC-MS) is often the method of choice
for a first structural determination of these impurities.

The amount of synthetic impurities in a compound used as a drug is often very
low, usually of the order of 0.01-0.5%. As it is undesirable to introduce large
amounts of the major component into the LC-MS system, column-switching tech
niques can be used effectively to separate and accumulate sufficient amounts of minor
constituents on a second column':". The moving-belt interface offers the advantage
that the mass spectrometric conditions are much less influenced by changes in flow
and/or solvent composition than, for instance, the thermospray interface'<!".

Generally, in handling problems of structural identification of unknown com
pounds ionization by electron impact (EI) is often the first technique to be used,
because in this mode the fragmentation pattern provides the major part of the struc
tural information. At some stage chemical ionization and/or fast atom bombardment
can be used to acquire information on molecular weight. The moving-belt LC-MS

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.Y.
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interface in combination with a double-focusing mass spectrometer offers the ad
vantage of a variety of ionization methods which can be used 11-15, with the possibil
ity of performing high-resolution measurements for accurate mass determinations 16.

During an analysis of almitrine (Vectarion)! 7-19, reversed-phase LC was used
to separate a number of minor impurities ( < 0.1%) from the main component. To
permit structural analysis of these compounds by mass spectrometry, a two-dimen
sional LC system was used, allowing the injection of large amounts of the compound
without disturbing the performance of the moving-belt LC-MS system.

The first column was used to discard the major part of the main compound (S
2620) while the second column in the LC system was used to collect, by repeated
injections, sufficient amounts of the impurities. On elution of the second column, EI
and chemical ionization (CI) were used for structural analysis. The chromatographic
separation on the two columns was monitored by two UV detectors in series with the
LC system.

EXPERIMENTAL

Chromatography
LC was performed with two Waters 590 solvent delivery systems and a Rheo

dyne 7125 injection valve. The two columns were of stainless steel with Nucleosil
5C I 8 (150 x 4.7 mm 1.0., first column) and Nucleosil BCj, stationary phases (70 x
4.7 mm 1.0., second column). The mobile phase for both columns was methanol
water-trifluoroacetic acid (60:40:0.1, v/v/v), at a flow-rate of 1.0 ml/min in the first
stage of the analysis (elution of the first column) and 0.5 ml/min for the subsequent
elution of the second column, on-line with the mass spectrometer. The switching
between the various elution modes was made by three- and six-way valves (Chroma
tern SSI, Rheodyne 7000). The elution of the columns was monitored by (1) a Waters
M 440 and (2) a Shimadzu SPD-6A variable-wavelength UV detector set at 254 nm.

Moving-belt LC-MS system
A VG Analytical LC moving-belt interface equipped with a spray deposition

probe and a Kapton belt was coupled to a VG Analytical 70-250 S double-focusing
mass spectrometer. The interface conditions were a spray probe temperature of
280°C, auxiliary gas (nitrogen) at 70 kPa and a belt speed of 0.8 cra]«.

The EI mass spectra were taken at 70 eV ionization energy and 0.1 rnA ion
ization current. The CI mass spectra were obtained with an ionization energy of 125
eV and an emision current of 1.0 rnA. The source temperatures were 180 and 140°C in
the EI and CI mode, respectively. The mass range was 600-60 amu at a scan speed of
1.0 s/decade, The CI reagent gas was ammonia at approximately 0.5 Torr ion source
pressure. High-resolution mass measurements were performed at a resolving power of
7500.

RESULTS AND DISCUSSION

Fig. 1 shows the LC-UV analysis of almitrine obtained after an injection of 100
jJ.g on to a one-column system. In addition to the main compound (S 2620), there are
six impurities, present at levels varying from 0.1 to 0.01%. Based on LC analyses of
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Fig. I. Liquid chromatogram (UV, 254 nm) showing S 2620 and six minor impurities.
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Scheme I. Structure and fragmentations (EI) of almitrine (S 2620) and two known impurities. m]z values
for S 2620.
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some reference compounds, the structures of two of the impurities were known
(Scheme 1). On-line LC-MS analysis showed that, in order to obtain mass spectra of
sufficient quality to permit structural identification (i.e., EI, CI and high-resolution
spectra), an injection of at least 500 f1g of almitrine was necessary. As it is impossible
to introduce 500 f1g of a compound into the mass spectrometer, a column-switching
procedure was set up to discard the major part of the principal component eluting
from the first column, while trapping the minor compounds on the second column for
later LC-MS analysis.

Switching technique
Before performing the actual injection, the first column is conditioned with the

elution solvent system, while the second column is flushed with water (Scheme 2, I).
After the injection the minor components (as indicated by the first UV detector) are
concentrated on to the head of the second column, while diluting the elution solvent
with water, to diminish its eluting capacity (2).

2: WASTE 3

• ~~

IX ,,'m,:: ':~bLVENT

WASTE

WASTE

INJECTION

COLUMN I r-l-~ ~l;~J~~~

Scheme 2. Overall schematic view of the two-dimensional LC system. (I) Initial conditioning and disposal
of major compound; (2) concentration of impurities on the second column; (3) elution of the second
column.

When the major compound (S 2620) starts to elute from the first column, the
system is-switched to its first configuration (1), i.e., the compound is led to waste while
the second column is flushed with water. After elution of the main component, the
system is switched back to the second configuration to trap the impurities eluting
after S 2620.

The third configuration is used to elute the compounds which are trapped and
concentrated on the second column, and to feed them through the LC-MS interface
into the mass spectrometer. The first column remains under eluting conditions (3).
The elution process can be monitored by the second UV detector. In the event that it
is undesirable to lead the eluted compounds into the MS, a valve can be used to divert
the eluate to waste.
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Compound A
The mass spectrum of compound A, obtained after four injections of 500 /lg, is

similar to that of S 2620 (Table II), but with two differences: the molecular ion has
shifted to mjz 489 and the mjz 203 ion, [(F - C6H4h - CH]+ (Scheme 1, fragment
III), can now be found at mjz 215. The molecular ion was confirmed to be at mjz 489
from the CIjNH3 mass spectrum (MH+, mjz 490). High-resolution mass measure
ment showed the mass of the molecular ion to be 489.2676 (C27H 3 2N7FO requires
489.2652), while the accurate mass for the fragment at m]z 215 was 215.0873
(C 14H 12FO requires 215.0872). The conclusion is therefore that in compound A one
of the two fluorine atoms on the diphenylmethyl moiety has been replaced by OCH3 .

Compound B
Whereas the LC-MS analysis of compound A was relatively easy, as it eluted

before the main compound, the trapping of compound B, eluting just after S 2620,
was more difficult because of the large amount of S 2620 eluting just before com
pound B. The UV trace shows the result of the elution of the second column after a
single injection of 0.5 mg of almitrine (Fig. 2). The presence of S 2620 shows that this
compound undergoes tailing to some extent when injected in these amounts. How
ever, the impurity BjS 2620 ratio has increased sufficiently to obtain an interpretable
mass spectrum (Fig. 3).

52620

\ B
/

uv

10 20

Fig. 2. Liquid chromatogram (UV, 254 nm) obtained after trapping of compound B and elution of the
second column.

The fragments corresponding to the bisallylaminotriazine part of the molecule
(mjz 477,274,219) (Scheme 1)are all shifted two mass units upwards, which led us to
suspect that one of the allylamino groups is replaced by a propylamine. CIjNH3 mass
spectral analysis produced a protonated molecule at mjz 480, thus confirming a mo
lecular weight of 479. The presence of one allylamino and one propylamino group
was shown by high-resolution mass measurements of the molecular ion and the major
fragments (Table I).

The chromatographic separation is satisfactory, as indicated by the ion chro
matogram traces (Fig. 4). Synthesis of a reference compound confirmed that the
identification of compound B was correct.
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Fig. 3. Mass spectrum (El, 70 eV) of compound B.

Compound C
Impurity C represents only 0.01% in the initial compound. Consequently, only

one injection of 0.5 mg is insufficient to produce a reliable mass spectrum. Therefore,
four repeated injections were made, while trapping the impurity C and S 10495 (which
has a known structure) on the second column. Once again there is an important
amount of S 2620 present owing to tailing of the major compound (Fig. 5).

The mass spectra of S 2620, impurity C and S 10495 are virtually identical
(Table IT), so that impurity C can be identificed as another isomer of S 2620. By
synthesis the compound was confirmed to be the meta-para isomer of S 2620. No loss
of chromatographic integrity was observed, as indicated by comparison of the UV
and reconstructed ion chromatogram traces (Fig. 6).

Finally, peak D, isolated via a slightly modified procedure because of the longer
retention time, produced a mass spectrum which again showed only minor differences

TABLE I

HIGH RESOLUTION MASS MEASUREMENT OF COMPOUND B

Found Theoretical Deviation (ppm)

479.2600 C26H31N7F2 = 479.2609 -1.9
276.1931 C 13H22N7 = 276.1937 -2.2
221.1521 C , OH 17N6 = 221.1514 3.2
203.0663 C , 3HgF2 = 203.0672 -4.4
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Fig. 4. Reconstructed ion chromatogram of m]z 477 (top) and m]z 479 (bottom) of compounds Band S
2620.

in the relative abundances of the molecular ion and the important fragments found in
the mass spectrum of S 2620 (Table II). Synthesis of some reference compounds
identified compound 0 as another isomer of S 2620, having the two fluorine atoms at
the ortho and meta positions.

uv

10

52620

\.

20

c
\ ;;0495

30 min

Fig. 5. Liquid chromatogram (UV, 254 nm) obtained after trapping of compounds C and S [0495 and
elution of the second column.



272 W. LUIJTEN, G. DAMIEN, J. CAPART

TABLE II

MASS SPECTRA (EI, 70 eV) OF S 2620 AND IMPURITIES

Compound [Mr- Fragments (Scheme 1)

1 II III

S 2620 477 (10) 274 (95) 219 (100) 203 (45)
S 3024 437 (10) 234 (60) 179 (100) 203 (50)
A 489 (15) 274 (70) 219 (100) 215 (90)
B 479 (15) 276 (100) 221 (95) 203 (55)
C 477 (15) 274 (100) 219 (100) 203 (40)
S 10495 477 (20) 274 (90) 219 (100) 203 (40)
D 477 (25) 274 (100) 219 (100) 203 (65)

363

191

CONCLUSION

The method has proved itself useful in the structural analysis of unknown
compounds present at trace levels in a major component. The advantage of the mov
ing-belt LC-MS interface in this particular instance has been the possibility of using
different ionization techniques(EI and CI) to assist in the structural determination of
unknown compounds during on-line LC-MS.

Another useful application that has been tested is to use the two-column LC
system to change the elution solvent to make it more compatible with the LC-MS
system, such as removal of (phosphate) buffers and avoiding excess amounts of
water 2 0 ,2 1 .
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SUMMARY

The mass spectrometer is a mass-flow-sensitive detector. Improvement of the
detection limit in target compound analysis can be obtained by increasing the analyte
mass-flow into the spectrometer. This can be achieved by applying peak compression
methods. Belt-speed programming is a peak compression method that can be applied
with the moving-belt interface for liquid chromatography-mass spectrometry. Peak
compression is obtained by increasing the belt speed after the deposition of
a chromatographic peak on to the belt. This paper describes preliminary results of
belt-speed programming in both liquid chromatography-mass spectrometry and
supercritical-fluid chromatography-mass spectrometry, with the latter case being the
most effective. At present, the gain in mass flow is limited by the belt speed range
available with the interface and by the inefficiency of the thermal desorption process.

INTRODUCTION

Although combined liquid chromatography-mass spectrometry (LC-MS) is
nowadays used on a routine basis, it still lacks the sensitivity normally achived in
combined gas chromatography-mass spectrometry (GC-MS). In general, the detec
tion limits in LC-MS are in the picogram to nanogram range, depending on the type of
analyte, the instrumentation and the operating conditions1. Optimization of experi
mental parameters does not often result in sufficiently low detection limits. Therefore,

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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other ways of improving the detection limits in target compound analysis are
investigated.

Because the mass spectrometer is a mass-flow-sensitive detector, an improve
ment in detection limits can be obtained by means of an increase in the mass flow. One
of the methods applicable in this respect is the phase-system switching (PSS) approach,
which was introduced for the post-chromatographic elimination of non-volatile
additives in mobile phasesi:". In applying the PSS method it is possible to obtain an
increased mass-flow as a result of peak compression effects".

In this paper another method for increasing the mass-flow to the mass
spectrometer is presented, the so-called belt-speed programming (BSP). In contrast to
PSS this method can only be used with a moving-belt interface. In BSP the
chromatographic peak of interest is deposited or collected on the belt at a very low belt
speed, while the actual mass analysis is performed at high belt speed. After collection of
the peak on the belt the belt speed is increased, resulting in an increased mass-flow. The
BSP method can be applied in LC-MS, and also in combined supercritical-fluid
chromatography-mass spectrometry (SFC-MS). Results from both LC-MS and
packed-column SFC-MS are reported here.

THEORETICAL

In the discussion on the theoretical aspects of BSP a Gaussian peak shape has
been assumed, despite the fact that the usual peak asymmetry of real LC peaks will also
influence the peak heights and thereby the detection limits. A chromatographic peak
can be characterized by the peak S.D. o; the concentration of the analyte at the peak
maximum Cm. " and the retention volume Vr• Furthermore, it has been assumed that
the moving-belt interface does not cause any additional band-broadeningf:".

In a mass-flow-sensitive detector the signal is directly proportional to the
mass-flow, which can be expressed as:

dm/dt = CCt)F

in which CCt) is the concentration at the end of the column and Fis the flow-rate. At the
peak maximum, CCt) is equal to the maximum concentration Cm• x. The moving-belt
interface is based on solvent removal. Therefore, Cm• x is ill-defined and difficult to ,use
in this case. The use of the peak standard deviation instead of Cm• x is very attractive
and valid because of the inverse relation with Cm • x '

The initial a; (in units of volume) is transformed by the flow-rate Fto (it (in units
of time) at the outlet of the chromatographic system:

Deposition of the peak on the belt moving at a certain speed Vi and the subsequent
evaporation of the solvent gives a (iz (in units of length):
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If the analyte on the belt is introduced into the spectrometer without changing the belt
speed Vb the at is:

If, however, the belt speed is increased to V2 prior to introduction of the analyte into the
MS, the at becomes:

It can be seen that the effect of the belt-speed programming is a reduction of the peak
standard deviation. As a result of the inverse relationship between Cmax and a this leads
to an increase of the mass flow.

EXPERIMENTAL

Liquid chromatography
The HPLC system consisted of a Model 2150 HPLC pump (LKB, Bromma,

Sweden) and a Model 7125 injector (Rheodyne, Berkeley, CA, U.S.A.), and was used
in flow injection mode, i.e. direct injection in a liquid stream without a chroma
tographic column. The mobile phase was analytical grade methanol (Merck,
Darmstadt, F.R.G.) with a flow-rate of 0.2 ml/min unless stated otherwise. Choles
terol (30 ng) was used as a test compound by injecting 20)11 of a solution containing 1.5
ng/)11 ofcholesterol. The solvent was deposited on the belt with the standard deposition
needle.

Two series of experiments were performed, i.e. reference measurements at
a constant belt speed for depositing and mass analysis, and the actual BSP
measurements.

Supercritical-fluid chromatography
The laboratory-built SFC system consisted of slightly modified commercially

available modules. A detailed description of the SFC instrument is given elsewhere 7
•

SFC was performed with a Rosil C I 8 packed column (150 mm x 4.6 mm J.D., 8-)1m
packing) and a mobile phase consisting ofcarbon dioxide modified with 2% analytical
grade methanol (Merck) at a flow-rate of 2 ml/min unless stated otherwise. Diuron
(62.5 ng) was used as a test compound by injecting 5 )11 of a solution containing 12.5
ng/)11 ofdiuron. A crimped stainless-steel capillary was used as a restrictor for the SFC
system and as a spray device for mobile phase deposition. Freezing of the restrictor
owing to expansion of the supercritical fluid is prevented by installing a small heating
element at the tip",

Two series of experiments were performed, i.e. reference measurements at
a constant belt speed for depositing and mass analysis, and the actual BSP
measurements.
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Mass spectrometry
The system used was a H-SQ 30 Hybrid (BEQQ) mass spectrometer (Finnigan

MAT, Bremen, F.R.G.) linked to a SS-300 data system and equipped with
a moving-belt interface (Finnigan MAT). The source temperature was 200°C.

The control electronics of the moving-belt interface used in this study only
supports belt speeds between 2.0 and 4.5 csn]«. Theoretically this will give a maximal
gain in mass flow of a factor of 2.2, which for validation of the BSP method is rather
low. Therefore, it was desirable to increase the belt-speed range available on the
moving-belt interface. By installing a variable resistor in the belt-speed control
electronics, the belt speed could be regulated continuously between 1.0 and 4.5 cra]«.

For the HPLC experiments with cholesterol the spectrometer was operated in
electron impact mode (EI, 70 eV). The operating conditions of the moving-belt
interface were: solvent evaporator temperature, 150°C; sample evaporator setting, 5.

For the SFC experiments with diuron the spectrometer was operated in EI mode
70 eV). The operating conditions of the moving belt interface were: solvent evaporator
temperature, 60°C; sample evaporator setting, 5.

Detection was performed in both cases in MID mode (resolution 1000), on
masses mjz 368 and mlz 386 for cholesterol or m]z 232 for diuron.

Data evaluation
For the interpretation of the results, O't,MS values are approximated by means of

the area method:

where A and h are the peak area and the peak height, respectively". The accuracy of this
approximation depends on peak asymmetry", but is nevertheless satisfactory for this
study.

For the evaluation of the BSP results, the ratios of the peak areas, the peak
heights and the peak S.D. as obtained with and without BSP are compared with the
ratio of the belt speeds used in BSP. Theoretically a ratio of peak areas of 1.0 is
expected, while the ratio of peak heights with and without BSP is equal to the ratio of
the belt speeds V2 and VI in BSP, and the ratio of peak S.D. with and without BSP is
equal to the ratio of the belt speeds VI and V2.

RESULTS AND DISCUSSION

Moving-belt interface characteristics
By calibration of the belt speed it was found that the actual belt speed can be

regulated between 0.6 to 3.9 cm/s instead of the indicated 1.0-4.5 cra]« Since belt
speeds in the range 0.6-1 cm/s frequently lead to irregular belt speeds and even
stopping of the belt, because the drive mechanism was not designed for such low belt
speeds, those belt speeds cannot be used reliably. Actual belt speeds will be indicated in
the text from now on.

The deposition of a typical reversed-phase mobile phase, e.g. 50% methanol in
water, with a flow-rate of 0.6-1.0 ml/min on a moving-belt running at a low belt speed.
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Fig. 1. Influence of the flow-rate on the peak S.D. (0",) at belt speeds of 0.6 and 1.7 cra!«, with (.) the
experimental and (.) the theoretical values, as calculated from the peak S.D. at a flow-rate of 0.1 ml/min.

will give problems with respect to the evaporation of the mobile phase and will often
lead to a deteriorated peak shape. For BSP the belt speed for deposition willpreferably
be in the range 0.6-1.5 cm/s. In order to study the influence of the flow-rate on the peak
S.D. at low belt speeds the flow-rate was varied in the range 0.1-0.4 ml/min at belt
speeds of 0.6 and 1.7 cm/s, with a solvent evaporator temperature of 100°C. Fig. 1.
shows the experimental and theoretical curves for these experiments. The results
indicate that a high flow-rate, relative to the belt speed, causes significant additional
band-broadening, which is probably due to a reduced storage capacity of the belt,
resulting in severe back-mixing at the deposition needle. It has been observed that this
back-mixing effect is negligible when a spray deposition device is used instead of the
needle deposition device!".

Another important factor determining the interface performance is the desorp
tion of the analyte as a function of the belt speed at a given flow-rate and sample
evaporator setting. As a measure of the desorption efficiency, the peak heights and
areas as calculated by the data system were used. The result of these experiments,
shown in Fig. 2, agrees with theory. There is an almost linear relationship, with
a negative slope, between belt speed and the mass flow entering the ion source. These
results seem to be unfavourable for a successful application of the BSP method.

1.0

0.5

------··~~ot~
'''0

~"---.
"----"'-. Height

..... Area

o 1.0 2.0 3.0 4.0

Belt-speed (cm/s)

Fig. 2. Normalized (.) peak area and (e) peak height for cholesterol im]: 386) as a function of the belt
speed (methanol, flow-rate 0.6 ml/min, sample evaporator setting 5, and solvent evaporator temperature
100°C).
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Belt-speed programming
In order to accomplish a successful BSP experiment three important parameters

have to be known: (I) the retention time of the compound; (2) the width (in units of
time) of the chromatographic peak; (3) the transport time of the chromatographic
peak to the mass spectrometer at the deposition belt speed. Proper collection of peaks
is possible only when the total peak width is smaller then the tranport time of the
chromatographic peak. Otherwise, the front of the peak will enter the spectrometer
before belt-speed programming is applied.

Demonstrating BSP in combination with HPLC and SFC, Figs. 3 and 4 show the
mass chromatograms that have been obtained with either a constant belt speed or BSP
for HPLC and SFC, respectively. The improvements in peak heights and peak S.D.
obtained with BSP in LC and in SFC are summarized in Table I and II.

By comparing the ratio of belt speeds (VZ/Vl) with that of peak S.D. (aJ!az), the
conclusion can be drawn that, with respect to peak S.D., experimental values in BSP
agree with the theory described above. With respect to peak heights, the agreement
between theoretical and experimental values is less accurate. The deviations observed
can be attributed to a decrease of the desorption efficiency at higher belt speeds (see
below). This can be concluded from the fact that the observed ratios of peak areas
(A z/A 1) lie between 0.6 and 0.7, whereas theoretically, a value of 1.0 is predicted:
a signal loss of ca. 30% is occurring. Correcting the observed peak heights for this loss
[see column (hz/h1) corr in Tables I and, II], assuming a linear relation between peak
height and area, yields ratios of peak heights that are almost identical with the ratios of
peak S.D.

Signal losses of ca. 80% are observed at high belt speeds (i.e. 4.0 cm/s), when the
influence of the belt speed on the signal at a constant flow-rate and a constant sample

a)

·:::I](l!J 0'"
I

200'Ji)~
I

l0000

0:30 i : 00 t: :":0

b)

0: 3(1
I iIi I i=;-T

t: 00

Fig. 3. Mass chromatograms from LC/MS of cholesterol (m]: 386). (a) Normal operation with belt speed 1.2
cm/s; (b) belt-speed programming with deposition rate 1.2 cm/s and desorption rate 4.0 cm/s,
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Fig. 4. Mass chromatograms from SFC-MS of diuron (m]z 232). (a) Normal operation with belt speed 3.6
csn]«; (b) belt-speed programming with deposition rate 1.2 ctn]« and desorption rate 3.6 cta!«,

evaporator temperature is studied. This signal loss at higher belt speed can be
attributed to a decreased desorption efficiency. The chromatographic peak is spread
over a rather large belt area containing, relatively, more active sites on the belt
material. In order to minimize these losses it is necessary to apply higher sample
evaporator temperatures. However, higher sample evaporator temperatures cannot be
used at low belt speeds, because they lead to destruction of the belt. As a result the BSP
experiments are performed at values of the sample evaporator temperature that are
lower than the optimum values at the belt speed of desorption. Owing to a long
response time of the sample evaporation heater, there was no improvement when the

TABLE I

SUMMARY OF THE RESULTS OF BSP IN COMBINATION WITH HPLC

v (cmjs) Area (/]05) Height (/10 4
) ots)

1.2 1.6 1.2 5.6
1.2->4.0 I.3 3.2 1.4
1.7 2.1 1.7 4.9
1.7->4.0 I.3 3.0 1.7

1.2->4.0
1.7->4.0

3.3
2.4

0.7
0.6

2.8
1.8

4.0
2.9

4.0
3.0
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TABLE II

SUMMARY OF THE RESULTS OF BSP IN COMBINATION WITH SFC

E. R. VERHEIJ et al.

v (cm]s) Area (/104
)

3.6 2.\
1.2- > 3.6 1.5

Height (/10 3
) ais)

l.l 8.\
2.0 2.9

1.2-> 3.6 3.0 0.7 1.9 2.8 2.7

sample evaporator setting was changed to higher values at the same time as the change
in belt speed. The losses due to insufficient desorption are less in BSP than in an
experiment with constant belt speed. The main difference between BSP and the
constant speed experiment (as described above) is that in the latter the chromato
graphic peak is spread over a rather large belt area, while in BSPit is deposited on only
a small area of the belt, containing fewer active sites.

Another unsolved limitation is the belt-speed range supported by the moving
belt interface. The maximum gain in mass flow that can be obtained is about a factor of
4 when the desorption is complete. Increasing this gain requires a wider range of belt
speed, i.e. 0.5-10.0 cm/s. A belt speed of 10.0 cai!« can be used successfully only when
the desorption process is significantly improved. Also the belt speed at the lower end is
of great importance because it not only effects the gain in mass-flow but also the
maximum time for peak collection, which at present is ca. 60 s. At this point it is
interesting to compare results from HPLC and SFC. As a result of the differences in the
volatilities of the mobile phases, the flow-rate and the peak deposition belt speed are
strongly related in HPLC, whereas this is not the case in SFC. Very low deposition belt
speeds are only interesting in the case of SFC. It should even be possible, at low
modifier contents of the supercritical mobile phase, to collect the chromatographic
peak in SFC with zero belt speed. Assuming that it is possible to collect a chromato
graphic peak with a total width of 20 s on I em of the belt, desorption and introduction
into the spectrometer at a belt speed of 5.0 cm/s will result in a peak width of20 ms in
the spectrometer. In terms of mass flow this example represents a gain of 100. As
indicated above, other means of desorption than presently available on the interface
are necessary to perform an experiment with zero belt speed.

Afactor of great importance for quantitative analysis is the reproducibility and
linearity of the BSP' method, The variance in peak height and area between repeated
experiments are comparable with those obtained under normal operation of the
moving-belt interface. The linearity of the method has not yet been investigated, but it
is expected to be similar to that of normal operation of the moving-belt interface'>.

CONCLUSION

It is demonstrated that belt-speed programming is capable of improving the
sensitivity in LC-MS and SFC-MS, although the gain is not as great as expected
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theoretically. The major reasons are the incomplete desorption of the compound at
low sample evaporator temperatures and the slow response of the sample evaporator
to a change in the settings. For useful application of BSP, a desorption method with an
instantaneous response to a change in the desired desorption power is required. Laser
desorption and fast atom bombardment are two techniques that meet this require
ment.

Another conclusion is that with the available moving-belt interface the gain in
mass flow is limited because of the limited belt-speed range. This is true even if the
moving-belt interface is adapted to support very low (ca. 0.5 cm/s or less) and high
(greater than 5.0 em-s) belt speeds. This is especially the case for BSP in combination
with HPLC because the flow-rates in conventional HPLC are incompatible with very
low belt speeds. For SFC, such a limitation is not present and consequently a large gain
in mass flow can be obtained with BSP.
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DEVELOPMENTS OF MICRO LIQUID CHROMATOGRAPHY-MASS SPEC
TROMETRY WITH GRADIENT ELUTION

IMPROVEMENTS TO OBTAIN LESS THERMAL DECOMPOSITION OF
LABILE COMPOUNDS

GUNNAR STENHAGEN* and HANS ALBORN

Department of Chemical Ecology, University of Goteborg, Kiirragatan 6, S-431 53 Molndal (Sweden)

SUMMARY

Fused-silica columns (J.D. 0.22 mm) packed with ordinary small particle liquid
chromatographic material were used in direct connection to an electron impact ion
source. The electrostatic field between the column end and an extraction-focusing
plate, located close to the ion source inlet, was used for nebulization of the solvent.
The ion source was modified to obtain higher efficiency and to reduce the thermal
decomposition of labile compounds. A system for micro flow gradients (less than 2
Ill/min) has been developed. The flow of a pumping medium (glycerol) is divided into
two parallel streams and the flow distribution is controlled using the temperature
dependence of the viscosity. The glycerol flow is changed by two "media converters"
to the chromatographic solvents. Applications of micro liquid chromatography-mass
spectrometry are shown for a plant allelochemical, dhurrin, obtained from Sorghum
leaf extract. Mass spectra of glucose, sucrose, neral, geranial, chlorsulphuron, myoi
nositol, 3,5-dinitrobenzoic acid, amitriptyline, 10-hydroxyamitriptyline and omepra
zole after liquid chromatography are shown.

INTRODUCTION

The main difficulties involved in coupling liquid chromatography (LC) with
mass spectrometry (MS) are much the same as the difficulties of combining packed
gas chromatography (GC) with MS: the two techniques operate at pressures which
differ by several orders of magnitude. In LC-MS, the problem is even more compli
cated, since the chromatograph works in the liquid state and the mass spectrometer in
the vapour state.

An important consideration in an LC-MS interface is the maintenance of high
chromatographic performance. From a chromatographic point of view, freedom to
select mobile phases and additives, possibility of gradient elution, no loss of resolu
tion caused by the interface, high linear dynamic range, low detection limits, and
high-molecular-weight detection capabilities are important factors for an effective
LC-MS system. The LC-MS system is a particularly useful tool for the identification

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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of thermolabile allelochemicals, especially when informative mass spectra of the sep
arated components can also be obtained. The implications of narrow-bore packed
columns (e.g., micro-packed fused-silica columns) for LC-MS become apparent
when one considers the low flow-rate relative to normal-bore columns. This is be
cause, for the same velocity, the flow-rate is proportional to the square of the column
diameter. A 0.2 mm J.D. column operates at liquid flow-rates approaching 1 ,ul/min,
corresponding to gas flows of ca. 1 ml/min, This gas flow-rate is equivalent to that
found in capillary GC-MS and, as a result, the fused-silica micro-packed columns
can be attached directly into the mass spectrometer ion source for electron impact
(EI) ionization.

The LC-MS system discussed here was first presented at the Montreux meeting
in 19841

, and the first version of the gradient system was presented at the following
Montreux meeting in 19862

•

EXPERIMENTAL

The micro-packed fused-silica LC column
The column which is used in the LC-MS system is prepared by packing fused

silica tubing of 200-500 mm length and 0.2 mm J.D. with 3- or 5-,um liquid chromato
graphy (HPLC) packing material'. Special attention has to be paid to the design of
the column end". The best performance, so far, is obtained when a small silica tube is
placed at the end of the column. This tube is filled with coarser packing material
(l0-50 ,um) and its purpose is to support the column bed and to provide an effective
spray of the effluent into the ion source via a small and distinct nebulization point.

Coupling to the ion source
The column, which is mounted on a support for easy handling, is simply led

(through a valve) into the ion source. The tip of the column terminates just in front of
a l-mm diameter hole in an extraction-focusing plate (EF plate) which is placed 1.5
mm in front of the inlet hole in the ion source block (Fig. 1). The inlet hole is 10 mm
wide except for the entrance, where the diameter is 4 mm. Nebulization is governed
mainly by the electrostatic field between the column tip and the EF plate, causing the

I
o kV

1.5 mm

1.5-4 kV5 kV

BLOCK EXTRACTION I FOCUSING

~7E LC COLUMN

o M=;;;;;;;;;;;;;;;;;;;;i;;;;:;;;;;;;;;~===~

Fig. I. Schematic diagram of the ion source-micro column connection.
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eluate from the column to leave the tip as very small droplets. This is due to two main
effects caused by the electrostatic field: (I) the surface tension of the solvent is de
creased, and (2) the formed droplets are polarized as the distribution of charges at
their surface is changed. The polarized droplets are drawn out by the field between the
tip and the EF plate and focused by the field between the plate and the ion source
block.

The distance between the column tip and the electron beam inside the ion
ization chamber of the source has to be short, otherwise the sample molecule may
possibly hit the hot walls of the ion source block on its way into the ionization
chamber. To avoid this, the EF plate was included between the tip and the block. The
distance between the tip and the plate is critical, as shown by Fig. 2. The same sample
amount was injected and all other conditions were the same except for the distances,
which were 0.0 mm and 1.0 mm, respectively. In the latter case the signal-to-noise
ratio was increased by a factor of at least five.

Fig. 3 shows the effect of the EF plate potential on peak height. The same
amounts of sucrose were injected at different potentials between 1200 and 3100 V on a
reversed-phase system with the mobile phase consisting of methanol-water (80:20).
The best response was obtained at 1800 V.

Another important observation was that no heating is needed for the nebu
lizaiton of the solvent. With the new design of the ion source inlet, the nebulization of
the solvent and the ionization of the molecules are processes independent of each
other.

Injection of samples
The injection of sample on to the column is made with a syringe-loaded micro

sample injector (Rheodyne 7520) utilizing a pulsatile injection method for each sam-

DISTANCE TO THE EXTRACTION/FOCUSING PLATE:

0.0 mm

il

--J'L

1.0 mm

Fig. 2. Effect of the distance between the column tip and the extraction-focusing plate. Column: 25 cm x
0.22 mm 1.0., 3-,um Nucleosil C1 8 . Mobile phase: methanol-water (80:20). Injection: 2 ng toluene and 4 ng
m-xylene.
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1000 2000 3000 VOLT

EXTRACTION POTENTIAL

Fig. 3. Effect of the extraction-focusing plate potential on peak height. Peak height (mm) of sucrose (100
ng injections) at different plate potentials.

ple '. The sample chamber of the rotor is turned to the inject position for only a few
seconds. The configuration of the rotor gives sharp "cuts" of the injected volume, and
this is important for the utilization of the high separation efficiencies of the micro
packed columns. An important consideration, when a micro system is used, is to
avoid the extra band broadening effects of, e.g., "dead volumes" in the connections of
the column. Therefore the column is connected directly to the injector and the ion
source block.

Solvent delivery system
An ordinary LC solvent pump is used in the system, and has the ability to work

in a constant pressure mode. However, it would be easier to obtain the optimal
flow-rate and to predict the retention if a constant flow pump was available for these
particular flow-rates, around I Jtl/min.

Gradient system
With a gradient system utilizing the flow properties of a liquid, a practical

gradient elution with such low flow-rates (1-2 Jtl/min) is possible (Fig. 4). If the flow is
divided into two parallel tubes which are connected at the ends, the pressure drop is
the same for both tubes and the flow distribution between the tubes can be controlled
by changing the viscosity of the flowing media. The viscosity of, e.g., glycerol is highly
dependent on temperature and, therefore, by temperature programming of the tubes
it is possible to obtain a solvent gradient.

The greatest difficulty in the construction of the gradient system has been the
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FUSED SILICA TUBE
J.D. 0.05 mm

FROM PUMP

SAMPLE INJECTOR

COILED STAINLESS
STEEL TUBE
Length: 1 meter
I.D.: 0.1 mm

THERMO ELECTRIC COOLER

Fig. 4. Schematic diagram of the gradient system.

design of the device which converts the flow of glycerol to the same flow of LC
solvent. The divider which separates the LC solvents from the pumping media must
be flexible, inert and non-penetrable. After testing several designs and materials for
the "solvent converter", we finally chose a divider made of thin, checkered, soft
copper sheet. This membrane is placed between strong flanges of stainless steel. The
solvent volume of each "converter" is 17 ml, which is sufficient for more than 200
hours of operation. The solvents are led through 50 flm I.O. fused-silica tubes of 50
em length to a small mixing volume (l fll) at the LC injector inlet.
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The viscosity of glycerol is highly dependent on the temperature, especially in
the: lower temperature-range. If the temperature is changed from - 8 to + 8°C the
viscosity changes from 4500 to 18 000 cPo To be able to work with temperatures
below ambient, this being needed to obtain a wide composition range, a thermo
electric cooler is used. The tubes inside the cooler can be heated by an electric current
led directly through each tube. The electric power input for heating of the tubes
matches the heat pumping of the cooler, and that power can be directed to the tubes
as desired. Because the tubes are air-cooled their temperatures can be changed rap
idly.

Curve A in Fig. 5 shows the result of a rapid change from 14% to 95% metha
nol in water. The composition of the solvent is measured by its mass spectrum and
calculated in the following way: the sum of the peak intensity values for methanol
(m]z 28-33) is devided by the sum of the intensities for water (m]z 17-19) plus the sum
for methanol. The elution time for an unretained sample (to) is 4.0 min, and the new
solvent composition reaches the column after 1 min. The final composition (95%)
elutes from the column after less than 8 min. Measurements at a constant setting of

t~ERAL 41
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60

40
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GERAt·~ I AL

80 41

60

69

69

137

"I
150

neral
(citral B)
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"I, ",I, , "I , t,
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~--r--r-

2 ~) ~3 rn/z

Fig. 7. Mass spectra of neral (above) and geranial. Ion source temperature I IO°e.
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methanol-water (86:14)during operation for I h are shown in Fig. 5, curve B, provid
ing a standard deviation of 1%. The same tendency is shown for the 50% setting,
curve C. Fig. 6 shows the solvent composition as a function of tube temperature
difference. The differential temperature measurements were made with a digital ther
mometer (Fluke 52) using thermocouples attached to the tubes. The solvent composi
tion was calculated by its mass spectrum, as above. The mean value of three spectra
for each temperature difference are plotted. The curves can be used to calculate the
solvent composition when the temperatures of the tubes are known. However, a more
accurate determination of the solvent composition can be made by using its actual
mass spectrum.

Measurements of the capacity ratio (k') at constant solvent composition for the
injections of a solution ofaromatics during a period of 3 h gave the following results:
for benzene, mean k' 0.54 with standard deviation (S.D.) of 0.002; for toluene, mean
k' 0.572, S.D. 0.004; and for m-xylene, mean k' 0.612 with S.D. 0.006.

A

B

( a)

A+B

I

I
I

0; I
...... '2 I
'" '"........

~

( b)

0;
.-l '2
'" '".... ....
Q) Q)
CbD

o 5
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10 15 o 10 20

min

30 40

Fig. 8. Liquid chromatograms of a methanol-water (50:50)solution of citra!. (a) Isocratic, methanol-water
(85:15). (b) Gradient of methanol-water from 60:40 to 90:10 in 40 min. Column: 25 em x 0.22 mm 1.0.,
3-llm Nucleosil CIS' Detection: total ion current (ions of m]z <40 suppressed).
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LC-MS analysis of citral
Citral is a mixture of two components, neral (3,7-dimethyl-2-trans, 6-octa

dien-I-al) and geranial (3,7-dimethyl-2-cis, 6-octadien-I-al), which were once difficult
to separate. Citral has been found to be a widespread trigger of behaviour in insects.
Fig. 7 shows mass spectra of neral and geranial after LC. Like other mass spectra
obtained from volatile and less volatile compounds, they are similar to ordinary EI
spectra and therefore, may be interpreted by comparison with normal reference spec
tra.

Repeated injections of citral dissolved in methanol-water (50:50) showed that
the amounts of neral and geranial decrease gradually and new peaks appear in the
chromatograms. As shown by Fig. 8, the components were difficult to separate with
an isocratic reversed-phase system (C t 8) and, therefore, were used as test substances
for the gradient system. With a methanol-water gradient composition from 60:40 to
90:10, the two compounds are separated, not completely, but sufficiently to give mass
spectra of the individual compounds, as shown in Fig. 9. The peak at mjz 198 is the
molecular ion peak; the strong m]z 69 peak indicates an acyclic monoterpenoid and
arises by loss of the terminal isopentenyl group. The identification has not yet been

69
CITRAL PROD.

41 200'
80 HC....... 3

'OCH
3

60

}5 Mw 198
40

83 98
\ +

M
167

/ 198
, , "r---r-

2 0 ~3 250

69 123 : 75

~
i ........OCH3

80 ____ _ '" I CH'iOCH3

69 167 i
60 75

41 /
40 Mw 198

98
20

0 513 lee 150 2 '313 250

Fig. 9. Mass spectra of nerylacetal (above) and geranyl-acetal. Ion source temperature 110°C.
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Fig. 10. Micro LC-MS, electron impact (70 eV), field ionization (PI), field desorption (FD) and ammonia
chemical ionization (CI NH 4 ) spectra of n-glucose.
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confirmed, but the mass spectra give strong evidence of acetal formation of the two
components, e.g., as shown by the peak at m]z 75.

Saccharides
A comparison can be made in Fig. 10 between the mass spectra of glucose

obtained by using five different MS techniques: micro LC-MS, EI, field ionization
(FI), field desorption (FD) and chemical ionization (CI)3. Although the spectrum
from micro LC-MS shows no molecular ions, it gives structural information from the
fragmentation pattern.

The sucrose spectrum obtained after modification of the LC column coupling
to the ion source is shown in Fig. 11 (8). It is similar to the spectrum of Fig. I(A)
except for the peak at mlz 311 [(M + 1) - 32], which is about three times as intense
owing to the decreased thermal degradation.

LC mass spectrum of dhurrin
One major peak in the chromatogram of a leaf extract (from sorghum cultivars

susceptible to insect pests) was elucidated by the LC-MS system. The fraction was
collected from an analytical LC system and injected on to the micro-LC column,
giving a sharp peak. By its mass spectrum, which is shown in Fig. 12, the fraction was
identified as dhurrin, a cyanogenic glucoside previously found in sorghum. The peak
at m]z 311 is the molecular ion. The mass spectrum also shows typical glucose peaks
at m]z 60, 61, 73, 91,127,145 and 163. There are two alternative ways of breaking the
glucosidic bond, which give the peaks at mjz 149 and 132. In the spectrum, the mjz
132 peak dominates that at mlz 149, probably because of the nitrile group attached to
the same carbon atom as the sugar.

CHzOH

SUCROSE
73 ~"CHzOH A

85 H H x 10BB

mw342
60

117 145
40 163

20

1,1 1,11.1 11 J
IM.l )-31

1,1 I, ",I II 3ll

~0 100 I~B 208 2~8 3e8

73 B88

60 85 x 10

40 145

(M+l)-32

20
311

58 lee 150 2ee 250 3e0 350

Fig. I\. Mass spectra of sucrose before (A) and after (B) the modification. Ion source temperature: 180T.
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264

I 311

58 188 158 2ee 258 3e8 358

Fig. 12. Mass spectrum of dhurrin obtained from Sorghum leaf extract. Ion source temperature: 140°C.

Mass spectra of some other thermolabile compounds after LC
Chlorsulphuron, a sulphonylurea herbicide, gave at 110°C ion source temper

ature the mass spectrum shown in Fig. 13. The molecular ion at m]z 357 is present. A
peak at m]z 321, due to loss of hydrogen chloride, and a number of other structurally
useful fragments of the molecule are observed. At ion source temperatures above
200°C all information in the high mass region is lost. A chemical ionization mass
spectrum of chlorsulphuron is given in ref. 6.

The mass spectrum of myoinositol can be seen in Fig. 14. No molecular ion
peak is present, but a small M + 1 peak exists at m]z 181. The peak at mjz 163 is
formed by the loss of water from the protonated molecular ion.

The mass spectrum of 3,~-dinitrobenzoic acid is shown in Fig. 15. The molec
ular ion peak (m/z 212) is the most abundant in the spectrum. The peak at m]z 182 (M
- 30) corresponds to the loss of nitric oxide, and other large peaks are due to
elimination of the nitro groups, viz. mlz 155 and 120.

I I I I
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Cl : : :: OCH,

3;;"00""., :: ~ i ~! ~ \ ION=J
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Fig. 14. Mass spectrum of myoinositol. Ion source temperature: 165'C.

The mass spectra in Fig. 16 of amitriptyline (an antidepressive drug) and 10
hydroxyamitriptyline (a metabolite) are both dominated by a very intense immonium
ion peak at m]z 58. The spectra show molecular ion peaks at mlz 277 and 293.
Hydroxyamitriptyline gives a peak at m]z 276 probably due to loss of water from the
protonated molecular ion (M + 1 - H 20). The fragmentation patterns in the middle
region, which are almost the same for the two compounds, are not yet fully in
terpreted. However, the LC-MS method could give structurally important informa
tion in addition to the acetylation or chemical ionization MS techniques used?

Fig. 17 shows a mass spectrum of omeprazole in comparison with a direct
(in-beam) EI spectrum. The molecular ion peak is present at mlz 347 in both spectra.
The m]: 329 peak in the mass spectrum is due to the loss of oxygen. The fragment at
mlz 150corresponds to the protonated fragment at m]z 151,which is the base peak in
the mass spectrum.
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Fig. 15. Mass spectrum of 3,5-dinitrobenzoic acid. Ion source temperature: 210'C.
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CONCLUSION
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The key point in the connection of the micro LC column to the electron impact
ion source of the mass spectrometer is the behaviour of the spray into the source.
With careful design of the column tip, the correct geometric distances between the ion
source inlet parts and the column tip, and good control of the electrical potential
between the focusing plate and ion source, it is possible to obtain stable nebulization
of the effluent, even at low ion source temperature. Thus advantage can be taken of
both the high performance'':? of the packed capillary LC column and the possibility
of obtaining informative mass spectra. The gradient gives the micro LC technique the
same ability for separation of complex samples as ordinary LC methods. The combi
nation of micro LC with the mass spectrometer also gives a powerful tool for the
identification of the separated substances.

The LC-MS system has already proved its usefulness in our work with biolog
ically active compounds, e.g., with allelochemicals. As the specific plant allelochem
icals and their actions are identified, it will be easier to incorporate the ability to
produce the desired chemicals into the plant of interest. Furthermore, suspected new
components emerging from the consumed parts of the plant during the plant breeding
programme will be more quickly recognized and identified.
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SUMMARY

Direct liquid introduction (DLI) and open-tubular liquid chromatography
mass spectrometry (OTLC-MS) have been evaluated for the analysis of metribuzin
and its metabolites in water and soybean samples. To improve sensitivity and column
performance, a column-switching procedure was developed for on-line analyte
preconcentration and sample cleanup in DLI LC-MS. To reduce the amount of
sample needed for OTLC-MS injection, a "dip" technique analogous to on-column
injection in high-resolution gas chromatography (HRGC)-MS was used. Although
OTLC was more sensitive than DLI for mixtures of pure standards, severe matrix
effects were encountered when plant and water samples were analyzed by this
technique. DLI LC-MS was more successful than OTLC-MS for environmental
samples due to both the inherent loading capacity of the larger column and the use of
the preconcentration/cleanup injection technique.

INTRODUCTION

Metribuzin (MZN) is a 1,2,4-triazine herbicide which has been widely used on
foodcrops, including soybeans, tomatoes, and sugarcane. Differences in crop tole
rance to this herbicide has led to studies of its metabolism. Three major metabolites are

a Present address: Groupement de Recherches de Lacq, D.A.A., 64170 Artix, France.
b Present address: Landis Associates, Placerville, CA 95667, U.S.A.
c Present address: Tennessee Eastman Co., Kingsport, TN 37662, U.S.A ..

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Fig. 1. Reported structures for metribuzin, OK, DA, and DADK.

presently known: deaminated metribuzin (DA); diketometribuzin (DK) and de
aminateddiketometribuzin (DADK)I-4 (see Fig. I). Metabolism of these compounds
via glucoside and glutathione conjugation has also been studied'':". Concern over this
herbicide entering the food chain through the ingestion of residues on crops has led to
its study in crops, food, milk and tobacco7-10. Another area ofconcern is the effect on
subsequent crops through soil residues 11-13 and on the environment through runoff
and groundwater contaminationv'?". MZN has been placed on the U.S. Environmen
tal Protection Agency (E.P.A.) list of cancer-suspect agents/".

In this paper, we compare two liquid chromatography-mass spectrometry
(LC-MS) techniques (direct liquid introduction, DLI LC-MS, and open-tubular
liquid chromatography, OTLC-MS) for the analysis of metribuzin (MZN) and its
major metabolites in plant tissues and water samples. These two LC-MS techniques
are evaluated as confirmatory techniques when the presence of these metabolites is
indicated by other, less-selective, detectors.

MATERIALS AND METHODS

Equipment

OTLC
The chromatographic system used in this work has previously been des

cribed 2 5 ,26 . A 10-flm J.D. fused-silica column, approximately 1.5 m in length, coated
with OV-17-V was used2 7 ,2 8 . The mobile phase used was methanol-water (10:90) at
a flow-rate of 50 nl/min, The OTLC-MS interface used in these experiments has been
described previously'". The interface tip temperature was 270°e.

"Minibore" HPLC
The HPLC system used for the "minibore" separations consisted of two Gilson

Model 302 pumps (Gilson Medical Electronics, Middleton, WI, U.S.A.), a Gilson
Model 802B manometric module, a Gilson gradient controller, and a Waters 440 UV
detector (Waters Assoc., Milford, MA, U.S.A.). One Rheodyne Model 7125 injector
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(Rheodyne, Cotati, CA, U.S.A.), equipped with a l-mlloop, was placed between the
column and the mass spectrometer, and was used for the introduction of a tuning
solution. Two Rheodyne Model 7010 injectors were used in the sample preconcen
tration system, which will be described below. A DuPont Zorbax CiS column (Dupont
Instruments, Analytical Division, Wilmington, DE, U.S.A.), 2 mm J.D., packed by
Alltech Assoc. (Deerfield, IL, U.S.A.), was used for the separations. The flow-rate
used was 0.2 ml/min. The solvent was methanol-water (50:50). The DLI interface was
purchased from Hewlett-Packard (Palo Alto, CA, U.S.A.).

Radiochemical analysis
For the experiments involving radiochemical detection, a Flo-one radiodetector

(Radiomatic Instr. and Chemical, Tampa, FL, U.S.A.), operated in the i4C mode, was
used. The effluent from the Waters 440 UV detector was sent into the Flo-one detector,
where Hydrofluor scintillation fluid (National Diagnostics, Manville, NJ, U.S.A.) was
added.

Mass spectrometry
The mass spectrometer used was a Finnigan 3300 chemical ionization mass

spectrometer (Finnigan-MAT, San Jose, CA, U.S.A.), previously modified for
negative ion detection", and DLI30,3i and OTLC26 probe introduction.

Samples and solvents

The metribuzin standard was obtained from the E.P.A. repository (Environmental
Protection Agency, Research Triangle Park, NC, U.S.A.). Standards of the three
metribuzin metabolites were obtained as a gift from Mobay (St. Louis, MO, U.S.A.).

The solvents used (HPLC-grade methanol and acetonitrile) were from Fisher
Scientific (Fairlawn, NJ, U.S.A.). The water used was Millipore "Milli-QrMilli-Rho"
water (Millipore, Bedford, MA, U.S.A.).

Water samples
Water samples were collected from a lake on the N.J.E.H.S. site. Known

amounts ofa mixture ofMZN, DA, DK and DADK were added to the lakewater to
produce the spiked sample. Both the spiked and control water samples were then
filtered through a Millipore HA filter (0.45 flm). For OTLC-MS analysis, 2.5-ml
samples of spiked and of unspiked lakewater were freeze-dried and taken up in 10 fll
methanol-water (10:90).

Plant samples
Plant culture. Three tetraploid (MZN-tolerant) soybean" or diploid (MZN-sen

sitive) soybean seeds (var. Coker 156)were planted 2 em deep in sand in 7 em diameter
styrofoam cups. The cups were watered to field capacity and kept moist with
half-strength Hoagland's solution V at pH 6.5. The cups were placed on a growth table
for germination at ambient temperature with a fluorescent light intensity of 1500
footcandles at plant height with l4-h days. After 4 days, the seedlings had emerged.
The sand was removed by washing. Seedlings selected for uniformity were placed two
per flask in 250-ml Erlenmeyer flasks containing 240 ml half-strength Hoagland's
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solution at pH 6.5. The flasks were wrapped in aluminum foil, and replaced on the
growth table in a completely-randomized block design. At least once per day during
the growth period, the volume of Hoagland's solution was measured and replaced to
200 ml.

Chemical treatment. Diploid and tetraploid seeds were treated identically. The
treatments consisted of: (1) [14C]carbonyl-labeled metribuzin with 4.44 mCi/mole
specific activity and a purity of98% was applied at a rate of 0.2 J1Ci per flask in 0.5 ml
methanol to give a final concentration of 0.04 ppm in the nutrient solution; (2)
unlabeled metribuzin in 0.5 ml methanol was added to the flasks to give a final solution
concentration of 0.04 ppm; and (3) 0.5 ml methanol was added to the control flasks.

Chemical extraction. The two seedlings per flask were treated as a composite
sample. The plants were divided into shoots and roots immediately below the
cotyledonary node. Fresh weights were recorded. The shoots were homogenized in 30
ml of methanol, and the homogenates were filtered through a Buchner funnel under
vacuum and washed with several volumes ofmethanol. The filtrates were collected and
evaporated to dryness in a rotary evaporator. The extracts were resuspended in 2 ml
chloroform, followed by 3 ml of methanol and refrigerated until analysis.

Sample preparation. Before LC/MS analysis, the final extracts were dried in
vacuo and resuspended in I ml methanol. For DLI analysis, 100 J11 of an extract was
dissolved in 2.4 ml water and eluted onto the mini bore column using the preconcen
tration/cleanup system described below. A Millipore Millex-HV (25 mm) filter was
used while injecting.

For OTLC analysis, 720 J11 of the I-ml plant extract was passed through a Waters
CiS Sep-pak, and eluted with an additional 2.5 ml methanol. The eluent was
evaporated to 500 J11 under nitrogen and centrifuged at 16000 g for 10 min. The pellet
was discarded, the supernatant was evaporated to 100 J11 and centrifuged again. This
was repeated for 50-J11 and 20-J11 volumes. The supernant was evaporated under
nitrogen, resuspended in 30 J11 water-methanol (90: 10), and recentrifuged. The
supernatant was evaporated, taken up in 10 J11 water-methanol (90:10), and
recentrifuged. The sample was then ready for analysis using the "dip" injection
technique described below.

For radiochemical detection, the extracts from the plants which had been treated
with the i4C-labeled metribuzin were evaporated under nitrogen, and taken up in 1 ml
methanol. A 300-J11 aliquot of each sample was evaporated to 100 J11 and then water
(2.4 ml) was added. The extract was loaded onto the minibore column using
a Millex-HV filter and the precolumn cartridge system as described below.

RESULTS AND DISCUSSION

Comparison of spectra and sensitivities (standards)
As can be seen in Figs. 2 and 3, the elution order of the compounds is different on

the CiS mini bore column and the OV-17-V OTLC column. All four of the metabolites
could be separated on the DuPont Zorbax CiS column; three could be separated by
OTLC on the OV-17-V column. The fourth compound (DADK) exhibits very low
sensitivity, however, which would limit its detectability in either LC-MS mode (Table
I). The detection limits of MZN, DA and OK under negative ion conditions were
10-30 pg in OTLC and 2-5 ng by DLI (Table I). Triplicate injections of MZN by
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Fig. 2. Total ion chromatogram (TIC) trace for a mixture of standards by DLI LC-MS [multiple ion
detection (MID), NCI]. Amounts injected were 250, 250, 250 and 500 ng of DA, DADK, DK and MZN,
respectively. Time in min:s.

OTLC down to the 20 pg level are shown in Fig. 4. Since negative ion sensitivities were
better than positive ion sensitivities, negative ion detection was used for the lakewater
and soybean samples.

The positive and negative ion spectra obtained by OTLC-MS which uses
a heated interface were essentially identical to those obtained by DU, where the
interface is cooled (Table II). No additional fragmentation was observed in
OTLC-MS, thus there is no evidence of thermal degradation of these compounds.
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Fig. 3. Total ion chromatogram (TIC) trace for a mixture of standards by OTLC-MS (MID, NCr).
Amounts injected were 200 pg each of DA, DADK, DK, and MZN.
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TABLE I

DETECTION LIMITS BY MID, NEGATIVE ION MODE

Solvent, methanol-water (50:50). The compounds exhibit ca. 2 orders of magnitude less sensitivity in the
positive ion mode, with the exception of DADK, for which the sensitivities are approximately equal.

For on-line injection of standards, the OTLC system has a sensitivity advantage
of ca. 200:1. This can be partly explained by the absence of a solvent stream split in
OTLC, and partly by the greatly reduced peak width in OTLC, leading to a higher
mass flow per scan. Also, in DLI some of the sample may be lost with the solvent as the
source pressure is adjusted by moving the probe inside the desolvation chamber.
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Fig. 4. OTLC-MSdetection limit for MZN by MID-NC!. Triplicate injections of (a) :2 ng, (b) 400 pg, (c) 200
pg, (d) 40 pg, and (e) 20 pg MZN.
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TABLE II

POSITIVE AND NEGATIVE DLI MASS SPECTRA OF METRIBUZIN AND METABOLITES

PCI = Positive ion chemical ionization; NCI
abundance.

negative ion chemical ionization; RA = relative

Compound Mol. wI. DLl-PCI-MS DLl-NCI-MS

mlz % RA Proposed IDa m]z %RA Proposed IDa

Metribuzin 214 215 100.0 [M+H]+ 198 100.0 [M-NH2r

200 18.5 [M-NH2+2H]+ 184 7.0
169 11.4 [M+H-SCH 2]+ 152 4.6
154 14.2 [M - NH 2 + 2H - SCH2]

DA 199 200 100.0 [M+H]+ 184 100.0 [M-CH3r

154 45.1 [M+H-SCH2]+

OK 184 185 100.0 [M+HJ+ 168 100.0 [M-NH2] -

170 42.0 [M-NH2+2H]+

DADK 169 170 100.0 [M+H]+ 168 100.0 [M-Hr

a The proposed identifications are based only on nominal mass values.

Environmental applications
The levels of MZN and its metabolites expected to be found in treated soybean

plants and in runoff studies are sufficiently low that, even with the low detection limits
achieved by LC-MS, sample extracts have to be concentrated prior to analysis. This
preconcentration can be done in two ways, either on-column or by solvent removal
prior to injection.

Concentration/injection technique-DLI. Direct injection of the soybean plant
extract onto the minibore HPLC column led to rapid degradation of column
performance. Changes in the elution order of DA and MZN in soybean extracts and
lakewater samples were sometimes observed. Similar effects were observed in earlier
HPLC studies on these metabolites'P-".

To avoid these matrix effects, and to improve the on-column detection limits for
these compounds, a column switching technique was developed. This system is shown
in Fig. 5 where two pumps delivered different mobile phases at different flow-rates to
different column combinations (pump A: 100% water at 0.8 ml/min; pump B:
methanol-water (50:50) at 0.2 ml/min), A Waters Guard-Pak Resolve C 18 cartridge
was used for sample preconcentration and cleanup, and a DuPont Zorbax minibore
column was used for the separation. In addition to the requirements for standard
HPLC work, the use of a preconcentration/cleanup system in DLI LC-MS required
that constant flow be maintained to the mass spectrometer to avoid loss of the Dl.Ijet,
The procedure used is as follows (refer to Fig. 5):

(1) Loading configuration: a 2.5-ml loop was filled with the solution to be
analyzed. Pump A (weak solvent) and pump B (stronger solvent) flow into the
cartridge and the analytical columns, respectively. In this reversed-phase system, the
weak solvent used was water (more polar), and the stronger solvent used was
methanol-water (50:50) (less polar).

(2) Concentrating configuration and front-flushing: the injection valve was
turned so that pump A (weak solvent) flowed through the cartridge, concentrating the
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Fig. 5. On-line preconcentration/cleanup system for DLI LC-MS.

compounds of interest on the cartridge, and flushing away the more polar constituants
of the matrix. The flow-rate of pump A was not restricted by the limitations of the
analytical (mini bore) column, so higher flow-rates could be used. Thus analysis time
was reduced by reducing sample preconcentration time.

(3) Injecting configuration: after 5 min, the switching valve was turned so that
the cartridge was now on-line with the analytical column. At this point the
preconcentrated analytes were eluted onto the analytical column by the stronger
mobile phase from pump B.
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(4) Backflushing: After an additional 2 min, the two valves were turned back to
the loading configuration. At this point, the position of a low-pressure three-way valve
on the solvent inlet line of pump A was changed to introduce 100% methanol into the
pump instead of the weak solvent, water. At this time, any less-polar compounds which
may have been adsorbed onto the cartridge could be removed while the separation was
accomplished on the analytical column. Approximately 10 min before the end of the
run (the run duration here was approximately 30 min), the three-way valve was turned
back to the weaker solvent, here 100% water.

This sequence of operations permitted the "injection" of 2.5 ml of lakewater (or
100,u1 of plant extract dissolved in 2.4 ml of deionized water) onto the minibore column
without loss of the analytes during the preconcentration step, without loss of
resolution, and without degradation of column performance over a series of analyses.

This preconcentration/clean-up technique was equally applicable to UV or
radiochromatographic detection, and should prove useful for the analysis of pesticides
and other analytes for which precolumn cartridges sufficiently selective for the
compounds ofinterest can be found. Similar column switching schemes have been used
for problems as diverse as the analysis of impurities in gasoline t ' or drugs in biological
fluids". Recently, an off-line preconcentration/cleanup scheme was reported for
a variety of pesticides prior to thermospray LC-MS analysis3

? ,38. The on-line scheme
described here should also be applicable to these and other pesticides and to this type of
LC-MS analysis. This injection technique can be used for sample cleanup even if
preconcentration is unnecesary, and could be automated if desired.

Injection technique-OTLC. The original injection system 2 5
, 2 6 required ca. 200

,ul of sample solution in order to make an injection of ca. 1 nl. For situations where the
sample volume is limited, a "dip" technique, analogous to on-column injection in
capillary GC-MS, was developed in which the vacuum in the mass spectrometer was
used to pull a known volume (ca. 1 nl) into the OTLC column. In this new technique,
only 2-10,u1 were needed to per injection. A brief description follows (refer to Fig. 6):
the Valco four-port injection valve was turned to the "load" position to stop the
mobile phase flow. The column was then disconnected from the "tee" and the end was
dipped into the sample solution. At this time the analyte solution was drawn into the
column by the pressure differential. After an appropriate injection time, typically 8-10
min, the column was reconnected to the "tee", the waste valve was opened, and the
Valco valve is turned so that the pressurized mobile phase rinses the outer part of the
column tip. After about 5-10 s, the waste valve is closed again, and the chromato
graphic process begins.

The amount of sample entering the column during this "dip" procedure was
a function of the sample viscosity, the mobile phase viscosity, and the column taper.
The amount of sample injected can be determined experimentally by measuring the
response from different timed injections of a solution of known detector response and
making a calibration curve. The amount can also be determined by measuring (with an
optical microscope) the movement of the sample meniscus as a function of time and
calculating the volume from the inner diameter of the column. Fig. 7 shows a loading
curve determined for methanol-water (10:90). This figure shows no apparent
movement for about 300 s, and the rate gradually increases until ca. 500 s. After this
initial lag phase, the linear velocity throughout the column was constant.

Comparison of DLI and OTLC-MS results. A chromatogram of a diploid
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Fig. 6. Loading and injection system for OTLC-MS.
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soybean shoot extract run using DLI LC~MS and the preconcentration technique is
shown in Fig. 8. A DLI LC-MS chromatogram of a 2.5-mllakewater sample spiked
with 25 ng DA, DK and DADK, and 50 ng MZN [10, 10, 10 and 20 ppb (j.lg/I),
respectively] is shown in Fig. 9.

There was very little chemical noise in the DLI chromatograms of the lakewater
extracts, so the detection limits (for the amount of material reaching the source) were
the same as those determined by injection of pure compounds. For the soybean
extracts, the estimated source detection limits for DA and MZN were effectively the
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same as those calculated for the standard solutions. The detection limits for DK and
DADK, however, were somewhat poorer in the soybean extracts due to chemical noise
from other components in the matrix.

The chromatogram obtained on a diploid soybean shoot extract by OTLC-MS
is shown in Fig. 10 (the DLI LC-MS results from this same extract were shown in Fig.
8). The sensitivities of both OTLC and DLI LC-MS were sufficient to allow detection
in extracts of soybean plants which had been treated with 0.04 ppm MZN in the culture
medium. Due to the limited injection volume ofOTLC, however, the plant extract had
to be concentrated by a factor of almost 100 compared to DLI before the metabolites
could be detected. The plant matrix had a deleterious effect on the performance of the
OTLC-MS system even with only ca. 0.1 nl ofthe concentrate injected. The matrix also
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Fig. 8. Selected ion traces for a soybean shoot extract by DLl LC-MS (MID, NCI). 100 III of I ml total .
extract injected.
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caused a shift in the retention time of DA so that it coeluted with DK in the plant
sample.

Problems of column plugging occurred in the OTLC-MS analysis of the
lakewater extracts (possibly due to high concentrations of inorganic salts) so no
chromatograms could be obtained. Similar problems of plugging due to inorganic salts
have been observed in thermospray, which also uses a heated vaporizer.

One would have expected that the sample preconcentration and the relative
sensitivity advantage of OTLC over DLI would have partially compensated for the
small injection volume of OTLC and would have resulted in a better response for
OTLC than was observed (Table III). DLI, however, gave a much better response than
did OTLC. It is possible that some of the analyte may have been lost during the
extensive sample concentration process used for the OTLC samples. Matrix effects
appeared to be more severe than in conventional HPLC and precluded a larger OTLC
injection. Matrix effects are reduced in DLI LC-MS both by the inherent sample
loading characteristics of the larger column, and by the injection system developed for
on-line sample concentration and cleanup which could be used for DLI and not for
OTLC.

Comparison of UV, radiochemical, and MS results. In the UV chromatogram
shown in Fig. 11, the peak corresponding to the retention time of DA resulted from
a com ponent of the matrix. This and other matrix components precluded the use ofUV
detection for such low levels of metabolites.

The major metabolite detected by both LC-MS techniques in both diploid and
tetraploid soybeans was DA. A trace of OK was also detected. The pattern of known
metabolites found by LC-MS was confirmed by radiochemical detection on extracts of
soybean plants treated with labeled MZN.

No consistent differences in the ratio of DA and MZN between diploid
(MZN-sensitive) and tetraploid (MZN-tolerant) soybeans could be detected by DLI
LC-MS, mainly due to the lack of suitable internal standards for quantitation. The
major differences appared to be in the late-eluting metabolites, detected by radio
chemical detection. These metabolites did not show masses characteristic of the
previously-identified metabolites. The structures of these metabolites have not been
determined and are the subject of continuing investigation.

TABLE JJJ

SAMPLE LOADING COMPARISON

DLJ OTLC

Volume injected
Split ratio (%) (% to mass spectrometer)
Actual volume to mass spectrometer
Relative volume to mass spectrometer
Relative amount of analyte to mass spectrometer
Relative sensitivity
Relative response expected

100 Ill"
<20%
20 ilIa

200000:1
3000:1

1:200
15:1

0.[ nl
100

0.1 nl

a With on-line preconcentration/c1ean-up system.
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CONCLUSIONS

Several properties of OTLC-MS make it appear attractive for the analysis of
environmental samples. One of these advantages is the very small amount of sample
required per analysis through the use of the "dip" injection technique as demonstrated
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in this paper. Compared to DLI, the OTLC interface requires no sample split, so alI of
the injected sample goes to the MS source. This should give better on-column detection
limits. Another advantage of OTLC is better chromatographic resolution, resulting in
shorter analysis times for a given separation and narrower peaks. The narrow peak
width gives a higher mass flow to the MS source than do wider peaks. This should also
increase the sensitivity of OTLC over DLI. Another advantage over DLI is that less
mobile phase enters the MS source, so electron impact ionization is possible, and, in
reversed-phase systems, less water enters the source, resulting in longer filament
lifetimes.

One disadvantage of OTLC is lack of a commercial source of columns or
interface probes. More important, for environmental samples (or other samples with
difficult matrices), OTLC columns may be more sensitive to matrix effects, especialIy if
extensive preconcentration of the sample is required. These matrix effects can
dramatically reduce the column efficiency and chromatographic resolution. Plugging
of the OTLC column and/or interface may result from matrix components or analyte
solubilities; in addition, some "shedding" from the in-line filter used to protect the
column may occur?". In the taper-type interface like that used here, when the column is
plugged, the taper has to be reformed. The OTLC column can easily be overloaded and
the OTLC-MS system has a low dynamic range. Successful OTLC-MS analysis
requires that the amount injected onto the OTLC column be detectable by the MS.
While small injection volumes (ca. I nl) mean that many analyses can be performed on
a few microliter of sample, these smalI injection volumes also limit the amount of
analyte entering the MS source. Solubility of the analyte in the mobile phase also can
be a limiting factor.

Some of the problems in OTLC-MS of environmental samples could possibly
have been overcome by extensive off-line sample concentration and cleanup (e.g.,
desalting, in the case of the lakewater samples). The purpose of the present study,
however, was to evaluate OTLC-MS and DLI LC-MS for the analysis of crude
extracts so these additional cleanup procedures were not included. Some of the
difficulties encountered in the analysis ofcrude extracts may be mitigated by the use of
packed capillary LC columns, which are presently under development.

The preconcentration/cleanup technique, which cannot be used with the sma II
volumes and flow-rates of OTLC, and the inherent sample loading capacities of
minibore and larger columns, can combine to give DLI LC-MS an advantage over
OTLC-MS for the analysis of environmental samples. MZN and its metabolites could
be detected in treated soybean tissue and in lakewater at the ppb level by DLI LC-MS.
Quantitation by either LC-MS technique would require coinjection of a suitable
internal standard to compensate for sensitivity changes in the MS source. Without
internal standards, LC-MS can be used for confirmation of the identity of suspected
metabolites detected by other less-selective techniques, and the identification of new
metabolites, but is less welI-suited to quantification.
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LIQUID CHROMATOGRAPHIC-MASS SPECTROMETRIC STUDIES ON
RIFAMYCIN ANTIBIOTICS

K. VEKEY*. D. M. F. EDWARDS and L. F. ZERILLI

Lepetit Research Center ofthe Merrell-Dow Research Institute, Via R. Lepetit 34,21040 Gerenzano (Italy)

SUMMARY

The use of a direct liquid introduction type liquid chromatographic-mass
spectrometric interface to study highly thermally labile rifamycin antibiotics is
described. Using negative ionization, abundant molecular ions were observed, and the
spectra also contained structurally significant fragments. Variation of the high
performance liquid chromatographic parameters did not change the spectra, thus
making it easy to change chromatographic conditions. In quantitative studies,
a surprising correlation was found, indicating that the mass spectrometric signal was
proportional to the square of the sample concentration.

INTRODUCTION

Rifamycins are a well known family of antibiotics obtained by fermentation and
successive chemical modification. The most widely used member of this group is
rifampicin; there are also some important new derivatives, such as rifapentine (Fig. 1).
Their activity against both Gram-positive and Gram-negative bacteria, and in
particular Mycobacterium tuberculosis, makes some of these antibiotics widely
employed in therapy. Recently, interesting activity has been observed against
Mycobacterium avium complex, the causative agent of an infection common in patients
with autoimmune deficiency syndrome (AIDS).

a b e R

'c:j(II r\
Ca)N GN-CHa
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CHa
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Fig. I. Structure and main fragmentations of (a) rifampicin, (b) rifapentine and (c) rifamycin SV. a, b, c,
p and Ch indicate main fragmentation processes (see also Figs. 2, 3 and 5).
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Mass spectrometric studies of these antibiotics are hindered by their thermal
lability. Electron impact (EI) using direct inlet':" gave useful results but also indicated
serious limitations. Whereas certain rifamycins give interpretable EI spectra on some
mass spectrometers, there are many cases where extensive thermal decomposition
occurs, resulting in spectra which may not only lack the molecular ion, but which also
depend strongly on the instrument used. Structurally significant ions may be absent,
and in some cases the spectra show peaks at every mass unit, with rapidly decreasing
abundance towards higher masses. Our preliminary studies indicate that the same is
true for chemical ionization using direct inlet. Rifamycins were also studied by other
ionization methods. Field desorption--? gives the molecular weight but little structural
information. Laser desorption 7 and fast atom bombardment'' have recently been used,
giving promising results.

In our laboratory, a direct liquid introduction (DLI) type liquid chromato
graphy-mass spectrometric (LC-MS) connection is used, and has proved very useful
for studying thermally labile compounds, even if chromatographic separation is not
required'v'". Contrary to some comments in the Iiterature' this method is suitable for
the study of non-volatile compounds, as also illustrated by this report. In DLI (for
reviews see refs. 9, 12 and 13), liquid flows at 10-50 fll/min through a ca. 5 flm diameter
orifice diaphragm, forming a liquid jet. The jet very soon breaks up into small droplets,
from which the solvent evaporates. This process requires heating: not to warm up the
liquid, but to stop it from freezing due to fast evaporation. The only part of the
instrument where thermal decomposition is likely is the ion source. Even here the
sample molecules normally should not make contact with the walls of the source, only
with the reagent gas (in low vacuum). This provides a less efficient heat transfer, and
only for a few milliseconds. However, some of the sample molecules may (temporarily)
be adsorbed on the walls, especially if the jet is bent, and this may lead to thermal
decomposition-". It is also worth mentioning that solutes oflow volatility are probably
not evaporated in this process, but evaporation of volatile solvents from the droplets
may leave them in the gas phase.

In the present work, MS characteristics and optimization of experimental
conditions to study rifamycins are discussed. The main purpose is partly to use DLI as
a sample introduction method for these thermally labile compounds and partly
to establish LC-MS conditions to analyse various derivatives, metabolites and
impurities. The study focuses principally on the behaviour of rifapentine. Our
experience with rifampicin, rifamycin SV (Fig. 1) and various other derivatives
indicates that these results can be generalized for most rifamycins.

EXPERIMENTAL

Samples
Rifapentine, rifampicin and rifamycin SV Lepetit analytical reference sub

stances were used. Unless otherwise indicated, 50 flg of sample dissolved in 10 fll of
methanol was injected on to the HPLC column. As rifamycins slowly decompose in
solution, fresh stock solutions were prepared each day.

Liquid chromatographic-mass spectrometric system
An HP-I090 HPLC system was connected to an HP-5985B quadrupole mass
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spectrometer system of 1000 dalton mass range using a direct liquid introduction
interface (5 pm orifice water-cooled stainless-steel diaphragm). Unless otherwise
stated, methanol was used as the mobile phase at I ml min -1 flow-rate with
a Hewlett-Packard Hypersil CIS column (l00 x 4.6 mm) with the addition of
a precolumn. The eluate from the column passed through a Perkin Elmer LC-15 UV
detector (254 nm) and a 5-pm filter frit before entering the mass spectrometer. The
mass spectrometer was used in chemical ionization mode; the ion source pressure was
ca. I Torr (measured in the otherwise unused gas chromatographic transfer line of the
HP-5985B system) and the ion source temperature was 250°C. The LC eluent was used
as reagent gas.

RESULTS AND DISCUSSION

Mass spectral characteristics
Positive chemical ionization ofrifamycins using DLI gives protonated molecular

ions and some structurally characteristic fragments (Fig. 2). The main fragment ions
are analogous to those described previously'v' but, as the molecular ion is clearly
identifiable, this method is a significant improvement over direct inlet methods.
However, sensitivity is poor, and due to a high background, fragment ions are difficult
to identify below m]z 300.

Negative ionization with DLI (Fig. 3) also gives abundant molecular ions
together with some fragments. The sensitivity is 100~ I000 times better than in positive
ionization, background ions are smaller, so lower mass fragments can also be studied.
For these reasons, negative ionization proved more suitable than positive ionization
for the analysis of rifamycins, and only the former has been studied in detail.

In negative ionization, M' is formed with high abundance, indicating an
electron attachment process and a correspondingly high electron affinity for
rifamycins. This also suggests that the eluent acts as a moderator gas. It is interesting to
note that [M - H] - type ions, which are more usually encountered in negative chemical



B-P
CH 451

39S 423

.I.
491

i
,

I
, il i

.1 , I

i ,1 I
I I . \ j•

II
248 2S8 328 368 408 448 4S8 528,

M-S22

CH a
452

351 ';j 491

I I I I 'f I
. I i 'j I I

248 2S8 328 368 488 448 4S8 528

I M-S76

B

682

CH

273 299

1 ,I.,," 'I'

b

c

SS0

SS0

SS8

I
528

S48

S48

S40

A

4S1

i
4S8

S88

S00

S80

792

7S4 SI6 S44

760

760

760

I ,
480 448

B

C 425

"3~: \' ,JI.

M-P

723

720

720

720

M-P

723

K. VEKEY, D. M. F. EDWARDS, L. F. ZERILLI

693

693

6S0

6S0

6S8

343

,if orb..", t,
328 368

6~7 M

667

648

648

648

633

633

2S8~

607

688

600

688

598

,
240

320

188

S8

68

48

28

8
288

188

S8

68

48 C

28 574

568

188

S8

68

48

28

8 I

18828 8

S8

68

48
B

28 558

8
568

188

S8

68

48

28

8 I

188 288

S8

68

48

28

568
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ionization, are absent in the spectra of rifamycins. Recently, use ofchlorine-containing
additives in the mobile phase was suggested to increase sensitivity in negative
ionization DU1 S

. In the case of rifamycins it has an opposite effect: even traces of
chlorine-containing solvents reduce the abundance ofrifamycin-related ions by several
orders of magnitude, probably by quenching the supply of low velocity electrons
necessary for electron attachment. This finding suggests that halogen
containing additives should generally be avoided if negative ionization occurs by
electron attachment.

Tn the spectra of rifamycins (Fig. 3) there are a number of significant fragment
ions. One of the most abundant is the so-called "chromophoric" ion 1.2 (denoted Ch in
Fig. 1, mlz 452 for rifapentine, mlz 398 for rifampicin, mlz 273 for rifamycin SV). There
are small but significant fragments characteristic of a, band c type cleavages first
noticed in electron impact studies-'? (Fig. 1); these give information about the "ansa"
part of the molecule (the saturated part of the macrocycle). There is fragmentation at
the piperazino ring in rifampicin and rifapentine (p in Fig. 1), which has not been
reported previously, and there are losses of small molecules such as CH20, CH30H

and CH3COOH from various ions listed above. Fragmentations such as these can be
helpful in determination of the structure of synthetic modifications of known
rifamycins. There is also an abundant ion at m]z 150,not previously observed, present
in the spectra of all derivatives studied. This might originate from the ansa chain,
though we could not locate which part. As the abundance of m]z 150is very variable,
partly due to thermal decomposition, it was decided to show spectra above mlz 200 in
Figs. 2, 3 and 5.

Thermal decomposition and reproducibility
There are several features in the behaviour of rifamycins suggesting that thermal

decomposition occurs to some degree under DU conditions. In the case of rifapentine,
for example, the chromatographic response obtained at the UV detector comprised

M/Z 452

TOTRL ION
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Fig. 4. Ion chromatograms of rifapentine in negative ion DLI LC-MS.
MIN
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a symmetrical peak ca. 14s wide at half height. The ion chromatogram of the negative
molecular ion was likewise fairly symmetrical (Fig. 4) with a similar half-width. The
total ion chromatogram and ion chromatograms of several fragment ions (e.g., m]z
452), on the other hand, were about twice as wide (Fig. 4), showing significant tailing.
As the residence time of gases in the source is in the order of 0.01-0.1 s, this can be
explained easily only by an adsorption/desorption process. Such a process could occur
either on the hot walls of the source or, perhaps, on the diaphragm, desorption
occurring with thermal decomposition. Using the different time behaviour of the
various peaks, it is possible to deconvolute them to obtain spectra for two main
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Fig. 5. Deconvoluted negative ion DLl spectra of rifapentine pure electron attachment spectrum of (a)
rifapentine; (b) spectrum of the main thermal decomposition product.
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components, as shown in Fig. 5. It is worth noting that the ion at mjz 452, probably the
structurally most useful ion indicating the "chromophore" of rifamycins'P, seems to
arise from thermal decomposition. This ion is absent in the deconvoluted "pure
electron capture" spectrum of rifapentine (Fig. Sa), while there is a small but
significant ion at m]z 451. This might be interpreted as thermal decomposition to
produce a molecule which in turn gives an odd electron ion, while fragmentation
following electron capture might produce an even electron ion of similar structure.

Temperature dependence of the spectra has been studied between ISO and
300°C. As might be expected, the abundance of most fragments relative to the
molecular ion is higher at higher source temperatures. While this increase is moderate
for most fragments, the abundance of m]z 452 increases about 100-1000 fold. This is in
accordance with its formation by thermal decomposition. As the diaphragm is water
cooled (and therefore its temperature is constant), this large variation suggests that
thermal decomposition occurs on the walls of the ion source. This is further supported
by the observation that, if the jet through the diaphragm is bent, so that the liquid may
hit the walls of the source before complete evaporation, the intensity of the molecular
ion decreases dramatically, while that of mlz 452 does not change significantly.

Optimum ion source temperature depends on various factors, such as contami
nation in the ion source and type of information sought. In general, lower source
temperatures are preferred if detection of the molecular ion is desired, whereas at
higher temperatures fragment ions have higher abundance. However, below about
200°C, buildup of contaminants in the ion source and incomplete evaporation of the
droplets produced by the liquid jet result in low sensitivity and unstable operation of
the instrument.

Because many parameters affect thermal decomposition processes, care should
be taken not to change instrumental conditions during a set of experiments. When
spectra taken at the top of a chromatographic peak are compared, the short term
reproducibility (within a few hours or a day) is good, about 10-20% (relative). It is not
significantly worse than long term or interlaboratory reproducibility of mass spectra in
general, when no special care is taken. Long term reproducibility (within a few months,
during which period the ion source is cleaned) is much worse. Ions which are supposed
to be formed following ionization (e.g., those at mjz 723 and 693), and which are seen
in the "deconvoluted" spectrum of rifapentine in Fig. Sa, could be reproduced well
(20%). The relative abundance of the ion at m]z 452, which is thought to be formed by
a thermal decomposition process, varies widely (by a factor of 100)even if the source is
kept at constant temperature. The abundance of other peaks, which could be formed
partly by thermal decomposition and partly following ionization (most other peaks
including b and c) vary usually within a factor of two or three. When the spectra were
studied throughout the elution time, they could be deconvoluted as shown in Fig. 5. In
contrast to spectra taken at the top of the chromatographic peak, the long term
reproducibility of these "deconvoluted" spectra is good, ca. 20-30%.

Apart from the source temperature, the most important parameters affecting
thermal decomposition seem to be the condition (probably the catalytic effect) of the
ion source and the quality of the liquid jet. A clean ion source with a straight liquid jet
gives practically no thermal decomposition, and the spectrum obtained at the top of
the chromatographic peak is practically the same as the "deconvoluted" spectrum
shown in Fig. Sa. On the other hand, spectra obtained with a very dirty ion source may
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be dominated by decomposition products, even with a straight jet. The relative
abundance of the molecular ion may drop below 1% if a dirty source is used with a bent
jet.

Quantitative studies
To extend LC-MS analysis to quantitative or semi-quantitative determination

of rifamycin derivatives, the relationship between the sample amount injected and the
MS signal was studied. Surprisingly, instead of a linear response, a quadratic
relationship was observed. This is shown in Fig. 6 using a double logarithmic scale. The
range of sample amount extended from about 2 to 100 nmol of rifapentine injected,
and the signals at the maximum of the ion chromatograms were recorded. The low end
of this range corresponded to the appearance of rifapentine-related signals (using full
scans), while at high levels the HPLC peak (as observed on the UV trace) started to
broaden significantly. As we are not aware of previous observation of a quadratic
response in LC-MS, the instrument performance was checked thoroughly, as follows.

(I) The response of the LC-MS system was checked using two standards: the
[M - H]" ion of hydroquinone and the M - ion of nitrobenzene (these ions represent
over 70% of the total ion current in the respective spectra), in the same molar
concentration range. The response of the mass spectrometer was found to be linear
within a factor of 1.5; the data for nitrobenzene are shown in Fig. 6. The response for
some other classes of antibiotics were also checked, and approximately linear
relationships were found.

(2) For rifapentine, both the molecular ion and the chromophoric ion at mlz 452
showed a quadratic response (Fig. 6). This was reproduced on several occasions, even
when the ratio between the molecular ion and m]z 452 differed by a factor of 10-100
(due to varying conditions of the ion source and the liquid jet, as described above).

(3) While the MS signal showed a quadratic relationship with the amount of
rifapentine, the UV trace showed the expected linear response. (At high levels slight
deviations from linearity and quadraticity were observed, owing to peak broadening.)

(4) Beside rifapentine, some other rifamycins were also checked, and similar
quadratic relationships were found.

The observed quadratic relationship between amount of rifamycin and mass
spectrometer response suggests that interaction between two rifamycin molecules is
necessary for the ionization process. However, in the range studied there are ca. 105 to
106 solvent molecules for each rifamycin molecule present, even at the top of the
chromatographic peak! This makes intermolecular interactions in the gas phase
unlikely. In the DLI process, however, small droplets are formed, from which the
solvent evaporates. In the process the liquid phase becomes more concentrated. This
might explain the interaction of two sample molecules. Solute clustering in solution or
enhanced surface concentrationsmight also be involved. It is not possible at present to
offer a detailed explanation of this unexpected relationship.

Effect of HPLC conditions on mass spectra
As discussed above, the molecular ion is probably formed by electron

attachment, where the solvent used in HPLC acts as a moderator gas by thermalizing
electrons. In accordance with this mechanism, changes of solvent do not significantly
alter either the relative ion abundances or the sensitivity for rifamycins. Various
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combinations of water, methanol, acetonitrile and toluene were used as eluents, and
only differences in the low mass solvent clusters were observed, usually below mlz 100.
The addition of volatile acids (e.g., CH 3COOH) or ammonium formate buffers with
pH from 4.3 to 8.0 also did not change the spectra significantly. However, as a general
restriction when using a DLI interface, non-volatile buffers cannot be used. For
reasons discussed above, halogen-containing additives should be avoided.

The flow-rate in HPLC may be varied between ca. 0.5 and 2 ml/min without
significant effect on the spectra. However, when the flow-rate is altered the pressure in
the ion source may also change. If it becomes too high (ca. 2 Torr in our instrument)
sensitivity may drop significantly, probably due to scattering in the analyser region. In
such a case it is necessary to lower the amount of liquid getting into the ion source by
shortening the liquid jet.

CONCLUSION

A DLI type LC-MS interface using negative ionization gave very good results
for rifamycin antibiotics. This demonstrates that DLI is very useful for studying
non-volatile and thermally labile compounds. Beside an abundant molecular ion the
spectra show various fragments suitable for structural characterization of rifamycins.

Changes in the spectra during a chromatographic peak, temperature dependence
and long term reproducibility of the spectra suggest that a structurally important
fragment, the so-called chromophoric ion, is formed by thermal decomposition. This
specific process, however, may not always occur, e.g., when the ion source is properly
cleaned. As the chromophoric ion gives valuable structural information, the ironic
consequence is that sometimes a dirty source is a desirable feature!

Short term reproducibility is reasonable (ca. 20%), but over a longer period the
relative abundance of the chromophoric ion may change over two orders of
magnitude. To obtain comparable mass spectra ofrifamycins, it is suggested that at the
beginning of each day a standard (e.g., rifampicin) should be used to determine the
extent of thermal decompositions, and the unknown rifamycin spectra should be
compared with the spectrum of this standard.

Chromatographic conditions do not seem to affect the mass spectra significant
ly, making it easy to change solvents or pH or to use gradient methods. The only real
restriction is that non-volatile buffers cannot be used. However, the unexpected
quadratic relationship found between the MS signal and the sample amount injected
makes quantitative analysis and trace determination of riramycins difficult.
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TOBACCO ROOTS BY LIQUID CHROMATOGRAPHY-MASS SPEC
TROMETRY
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R. J. Reynolds Tobacco Company, Bowman Gray Technical Center, Winston-Salem, NC 27102 (U.S.A.)

SUMMARY

The occurrence of two nicotine biosynthetic intermediates, putrescine (1,4
diaminobutane) and N-methylputrescine (N-methyl-l ,4-diaminobutane), within
tobacco roots has been confirmed by combined liquid chromatography-mass
spectrometry. Perchloric acid extracts of tobacco roots were derivatized with benzoyl
chloride. High-performance liquid chromatography was used to separate polyamines.
Compounds resolved by isocratic elution on a reversed-phase C l S column were
detected by UV absorbance at 254 nm. Column effluents were transferred to the mass
spectrometer by a direct liquid introduction interface. Putrescine and N-methyl
putrescine were identified by selected ion monitoring of ions at m]z 297 and 311,
respectively in the positive ion chemical ionization mode. Identification of N
methylputrescine within tobacco roots strengthens the proposed biosynthetic pathway
for nicotine.

INTRODUCTION

The biosynthesis of nicotine within Nicotiana species has been studied exten
sively and precursors for both the pyridine and pyrrolidine rings of nicotine have been
determined from research with labeled precursors 1,2. There is considerable evidence
that the biosynthesis of the N-methylpyrrolidine ring involves the conversion of
putrescine to N-methylputrescine and subsequent oxidation ofN-methylputrescine to
4-methylaminobutanal (Fig. 1).

Mizusaki et al.: reported that a putrescine N-methyltransferase enzyme from
tobacco roots catalyzed the conversion of putrescine to N-methylputrescine. They also
showed that N-methylputrescine oxidase from tobacco roots converted N-methyl
putrescine into 4-methylaminobutanal3

. Saunders and Bush 4 have studied the
activities of both enzymes in extracts of burley tobaccos differing in nicotine content.
Feth et al? utilized high-performance liquid chromatography (HPLC) to assay
putrescine N-methyltransferase in roots of Nicotiana tabacum. Feth et at.6 have also
utilized HPLC to assay N-methylputrescine oxidase in tobacco roots and tissue
cultures. These reports, coupled with tracer studies, strengthen the view that

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Fig. I. Biosynthetic pathway of N-methylpyrrolidine ring of nicotine.

N-methylputrescine is involved in nicotine biosynthesis; however, this compound has
not yet been reported to occur in tobacco roots. One reason for this may be that the
compound is readily utilized for nicotine and does not accumulate within tobacco
roots under normal growing conditions.

During investigation of nicotine biosynthesis in stressed tobacco, HPLC profiles
of polyamines revealed a compound which co-eluted with authentic N-methyl
putrescine. A liquid chromatography-mass spectrometry (LC-MS) technique7 was
used to confirm the occurrence of N-methylputrescine in tobacco roots. This report
presents our findings on the occurrence of N-methylputrescine in tobacco roots.

EXPERIMENTAL

Chemicals and plant materials
The hydrochloride salt of putrescine and benzoyl chloride were obtained from

Sigma (St. Louis, MO, U.S.A.). N-Methylputrescine dihydrochloride was generously
provided by Dr. E. Leete of the University of Minnesota. All other chemicals and
solvents were of reagent grade or higher.

Seeds of Nicotiana rustica var. pumila were sown in vermiculite and maintained
in an environmentally-controlled chamber at 26°C under a 16-h photoperiod. Three to
four weeks after seeding, plants were transferred to nutrient jars containing 3/4
strength Hoagland's solution. Plants with seven or eight leaves were decapitated at the
fourth leaf and roots collected at various time intervals after decapitation.

Benzoylation
The procedure for extraction and benzoylation of tobacco roots followed Flores

and Galston" with slight modifications. Plant root (I g) was homogenized in 7%
perchloric acid and centrifuged. An aliquot of the supernatant (250 fll) was added to
I ml of2 N sodium hydroxide. A volume of 10fll ofbenzoyl chloride was added and the
tubes vortexed for at least 30 s to ensure a homogeneous suspension of benzoyl
chloride. The benzoylation reaction was carried out for 20 min in a hood at room
temperature. A volume of I ml of saturated sodium chloride was added, followed by
2 ml of diethyl ether. After centrifugation at 5000 g for 2 min, 1 ml of the ether phase
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was collected and evaporated to dryness under a stream ofdry air. Benzoylamines were
dissolved in 0.25 ml of acetonitrile prior to LC-MS identification.

LC-MS analysis
LC was performed with a Waters Assoc. system equipped with two Model

6000A pumps, Model 720 system controller, Model 710B automatic injection system.
The column was a Micromeritics C1 S column, particle size 7.5 J1m, 30 em x 5 mm I.D.
(Micromeritics, Norcross, GA, U.S.A.). The solvent was 50% acetonitrile in water
maintained at a flow-rate of 1.0 ml/min for 15min. After elution of the polyamines, the
solvent was increased to 100% acetonitrile to remove other derivatized components
present in the crude extracts. Typically, 50-J11 aliquots ofeach sample were injected into
the HPLC. Standards of authentic polyamines were used for confirmation. The HPLC
effluent from the UV detector was passed through a Hewlett-Packard direct liquid
introduction (DLI) LC-MS interface (Hewlett-Packard, Palo Alto, CA, U.S.A.). The
splitting ratio was 1:99resulting in a transfer of 0.5 J1l of the HPLC effluent to the mass
spectrometer. The mass spectrometer was a Hewlett-Packard 5985B GC-MS system.
The instrument was scanned at 1 s per scan from 100 to 450 a.m.u. in the positive ion
chemical ionization (PICI) mode. The mass spectrometer was operated at a source
pressure of 0.5 Torr, a source temperature of 200°C, an electron energy of230 eV, an
emission current of 300 J1A, and an electron multiplier of 1800 V.

RESULTS AND DISCUSSION

HPLC profiles of polyamine from roots of tobacco showed the presence of
putrescine. In addition, a compound which co-eluted with authentic N-methyl
putrescine was detected. Since putrescine has already been identified as a component
of tobacco roots", and our HPLC profiles indicated that it was present in our samples,
we chose first to test the LC-MS capability by analyzing benzoylated root extracts for
putrescine.

Since no peaks could be detected at the elution time for putrescine or
N-methylputrescine in the total ion monitoring of a tobacco root extract, the sample
was scanned by selected ion monitoring. Fig. 2 indicates a peak with a protonated
molecular ion at mjz 297 which matched the elution time for benzoylated putrescine. It
appears that putrescine is derivatized with two benzoyl groups. There was no
indication of substitution by only one benzoyl group. Fig. 3 shows the PIC I mass
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Fig. 2. Selected ion chromatogram of benzoylated putrescine from a tobacco root extract.
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Fig. 3. PICI mass spectrum of benzoylated putrescine.

spectrum of the derivatized putrescine and its chemical formula. LC-MS analysis of
authentic putrescine confirmed the ion monitoring patterns shown in the tobacco
extracts.

Tobacco root extracts were subsequently scanned for the presence ofN-methyl
putrescine by selected ion monitoring. Fig. 4 shows that monitoring with an ion at mlz
311 revealed a peak matching the elution time for authentic derivatized N-methyl
putrescine. A PICI mass spectrum of the sample compound is shown in Fig. 5. The
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Fig. 4. Selected ion chromatogram of benzoylated N-methylputrescine from a tobacco root extract.

350

311
[M + 1]+

200

CsHsCONHICH2)4N COC6Hs
I
CH3

0. -'-__-'--_..............--'........__

150

100

250 300
M/Z

Fig. 5. PICI mass spectrum of benzoylated N-methylputrescine.

>
lv;
Z
w
~ 50
w
>
§
W
Q:



LC-MS OF NICOTINE INTERMEDIATES 333

compound showed a protonated molecular ion at mjz 311, indicating the presence of
two benzoyl groups. There was no indication of the presence of N,N-dimethyl
putrescine in extracts of tobacco roots.

Although the mass spectrometer is less sensitive than the UV detector due to the
1:99 splitting ratio, it remains the most selective among the LC detectors. We were
unable to analyze underivatized samples because the acetonitrile solvent interfered
with spectral analyses for N-methylputrescine. Apparently, acetonitrile and water
solvate to form an adduct having an isotopic mass the same as the underivatized N
methylputrescine.

The sensitivity of the LC-MS system was adequate to confirm the presence of
putrescine and N-methylputrescine in tobacco roots. This evidence strengthens the
proposed root locale for nicotine biosynthesis.

CONCLUSIONS

Confirmation of the presence of putrescine and N-methylputrescine in tobacco
roots in this report strengthen the proposed pathway for the synthesis of the
pyrrolidine ring of nicotine. It is anticipated that LC-MS techniques can be further
utilized to confirm and localize other nicotine biosynthetic intermediates.
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SUMMARY

The design and construction of a dedicated liquid chromatography-mass spec
trometry instrument for detecting and assaying trace-level target compounds are de
scribed, It employs a microbore high-performance liquid chromatograph interfaced
directly to a point-to-point high voltage corona discharge ionization source with a
quadrupole mass analyser. Applications are described using reversed-phase chroma
tography for the detection of route-specific impurities in formulated medicinal prep
arations at the 5 ppb level for patent protection, and for the detection of biogenic
amines in blood plasma without derivatization.

INTRODUCTION

Mass spectrometry (MS) is an analytical technique of the highest specificity and
sensitivity, but it is generally unsatisfactory for the analysis of mixtures or for the
detection of target compounds in mixtures, owing to the complexity of the spectral
data for each component. This problem was tackled effectively in the 1960s for vola
tile compounds by the coupling of gas chromatography (GC) with MS, allowing MS
analysis of each component in a mixture. The newly developed soft ionization tech
niques have simplified the spectra and concentrated the signal for each component
into a pseudomolecular ion, thereby increasing sensitivity. Liquid chromatography
has long been an important separative method, but it was through the development of
high-performance liquid chromatography (HPLC) that it came to rival GC in terms
of speed and resolution. HPLC also has a substantial advantage over GC in being
able to handle polar, involatile and thermally unstable materials without derivatiza
tion.

Unfortunately there is a basic incompatibility between HPLC and MS in that

a Present address: Pfizer Ltd .. Central Research, Sandwich, Kent, CTI3 9NJ, U.K.
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one operates in the condensed liquid phase and the other at high vacuum. For HPLC
the ideal interface should not restrict the solvent systems, the use of buffers, or the
solvent flow-rate, and it should not impair chromatographic integrity. It should be
capable of the efficient transfer of the entire chromatographic eluent for compounds
that vary widely in polarity, volatility and stability. From the MS point of view the
interface should not restrict the method of ionization, and electron impact (EI),
chemical ionization (CI), fast atom bombardment (F AB), etc. should be operable in
both positive and negative ion modes. The solvent must not impair the high vacuum
requirement in critical regions or cause maintenance problems or loss of sensitivity.
The mode of scanning the mass spectrometer should not be restricted, i.e. full scans,
single ion monitoring, linked scans and other tandem modes should all be avail
able.':",

Following pioneering work by Tal'roze", many approaches have been adopted
to the solution of these problems but none meets all of the requirements specified
above. The early use ofdirect liquid introduction (DLI) into the ion source resulted in
high pressures, even with the low flow-rates achieved by 1:1000 splitting of the eluent,
and only CI was possible, with the solvent acting as the reagent gas". This compro
mised both the HPLC and the MS operations as only a limited range of solvents was
acceptable. The transport interface (moving belt) also relied on a volatile solvent
system but it allowed a range of ionization techniques to be employed", Early ver
sions were ineffective for reversed-phase chromatography and involatile compounds,
but more recently FAB has been added to the range of ionization techniques applica
ble'".

Thermospray is currently the most widely used technique l l. This development
from DU, in which most of the solvent is pumped away leaving ionized solute, enjoys
the advantages of not requiring solvent splitting for conventional flow-rates of I
cm 3/min and being able to handle reversed-phase chromatography with high aqueous
phase solvents, buffers and polar solutes. However, for the analysis of non-polar
compounds a secondary ionization method, such as corona discharge, is required.
Continuous-flow FAB offers exceptional promise for the analysis of involatiles-v'",
but the very low flow-rates of < 10 ,ul/min make direct interfacing to standard analyt
ical columns difficult, and although packed fused-silica microbore columns can be
directly coupled to mass spectrometersI4, the technical problems associated with
handling these miniature LC systems makes them undesirable for routine use. Ion
ization has also been achieved at atmospheric pressure using radioactive decay' 5,

corona discharge '", thermospray!", and ion sprayI8.l9. This eliminates the problem
of pumping away the solvent, but still requires the efficient transfer of the ions into
the mass spectrometer. The monodispersed aerosol generation interface combining
HPLC and MS (MAGIC)20, which allows both EI and CI data to be obtained, gives
spectra that can be subjected to library search and is therefore suited to the identifica
tion of unknown compounds.

In the present study it was desired to construct an instrument that would pro
vide high sensitivity detection and assaying of known target compounds at trace
levels in pharmaceutical formulations and in biological fluids, often for screening
with a minimum of sample work-up and without derivatization. The target com
pounds could vary widely in terms of polarity and volatility and would not necessarily
be amenable to thermospray. It was decided that microbore HPLC at 50-100 ,ul/min
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flow-rates using a DLl interface with corona discharge would best meet these require
ments, giving soft ionization with little or no fragmentation and therefore being ideal
for single or multiple ion monitoring.

DESIGN AND CONSTRUCTION

The corona discharge LC-MS system was designed to be flexible. Variable
dimensions in the ion source were the electrode gap, the position of the nebulizer with
respect to this, the ion exit aperture and the distance between it and the entrance to
the quadrupole analyser. The dimensions given in this section were found to give
optimum performance with the initial design, and these were used for the two studies
below. Subsequent changes to the pumping improved the performance as detailed
later.

The instrument has two vacuum housings connected only by a 0.3-mm diameter
aperture. The ion source housing is pumped by a 2000 I/s diffusion pump giving a
pressure of 1-5.10- 4 Torr at a solvent flow-rate of 100 pI/min. There is no direct
measurement of the pressure within the ion chamber but it is calculated to be ca. 10
Torr. The analyser region is pumped by an Edwards E04 diffusion pump (70 I/s) and
cold trap, which maintains a pressure of 1.10- 5 Torr. The gas-tight ion chamber in
Fig. 1 is a high-grade non-magnetic stainless-steel block with a cylindrical cavity, 38
mm diameter x 24 mm deep with a 2 mm diameter ion exit aperture. The corona
electrodes are pointed stainless-steel rods with a diameter of 1 mm, mounted on either
side of the chamber, one being electrically insulated. The electrode gap was optimized
at 14 mm. The LC eluent is introduced into a nebulizer consisting of a fused-silica
tube carrying the liquid, surrounded by a larger bore silica tube through which heated
nitrogen gas is blown. The outer tube extends slightly beyond the inner tube, prevent
ing drops formation and ensuring spray formulation. The nebulizer is mounted
through the wall of the ion chamber and extends in by ca. 10 mm, from where the
spray is directed into the electrode gap. As reported by others-", experiments without
the nebulizer suffered from pulsing due to drop formation. The ion chamber can be
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Fig. I. Schematic diagram of the ion source.
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moved to vary the distance between the ion exit aperture and the analyser entrance
aperture, which was optimized at 14 mm. The chamber support assembly provides
electrical isolation and ensures precise alignment of these two apertures with the focus
plates and the quadrupole analyser.

In the experiments described here the chamber was held at ground potential,
although later experiments with a small positive potential showed enhanced sensitiv
ity due to the improvement in ion abstraction efficiency, 70 V giving a two-fold
increase in signal strength. The corona is struck by applying 5 kV to the insulated
electrode, giving a corona current of 300 IlA under normal operating conditions. As
reported before'", the relationship between current and voltage is non-linear, and
higher voltages give significantly higher currents, but 5kV was adopted as it gives
reliable operation without electrical breakdown. The position and influence of the
negative glow region of the corona is crucial in maximizing the positive ion current
detected. Ions passing through the small aperture into the analyser region are focused
into the quadrupole by a three-element lens, the grounded aperture being the first
element. The centre element is held at - 70 V and the third element is at -10 V, the
same as the bias on the quadrupole. The quadrupole in the experiments described
here was a VG QXK400, mass range 0-400 a.m.u.

CHROMATOGRAPHY

Most HPLC analyses in the pharmaceutical industry are carried out under
reversed-phase conditions with solvent systems such as methanol-water or aceto
nitrile-water, often with buffers. Here two different methanol-water systems were
used, in one case with buffers. The equipment comprised a DuPont 8800 pump with a
Chrompak 25 ern x 1.35 mm J.D. CP-Spher-C 18 8-llm column. Samples were in
troduced through a Rheodyne 7520 microinjection valve using either a I-Ill or a 5-111
loop. The flow-rate was 100 Ill/min, and the column eluent flowed through a micro
UV cell (8 Ill) before introduction into the mass spectrometer. A series of compounds
was examined to evaluate the chromatographic integrity of the LC-MS system, and
no measurable broadening of mass spectral peaks was observed when compared with
the UV signal. Separations were carried out at 22°C, and UV absorption was mea
sured at 280 nm using a DuPont 852 UV detector.

PATENT PROTECTION-IMPURITIES IN TRIMETHOPRIM

The financial investment required to successfully produce a new medicinal
agent is very high, and companies protect this investment through the medium of
patents. It may be possible to prove that a competitor's product infringes patents that
protect manufacturing methods by detecting route-specific trace impurities, i.e. start
ing materials, intermediates or side-products". Preparation of trimethoprim (TMP)
(1)24, an important antibacterial agent, by the so-called anilino route gives rise to the
impurity TAA, p-anilino-a-(3,4,5-trimethoxybenzyl)acrylonitrile (2), whereas an al
ternative route can give the benzal impurity, p-methoxy-a-(3,4,5-trimethoxybenzyli
dene)propionitrile (3).

The calibration curves illustrated in Fig. 2 were constructed for TAA and ben
zal. For both compounds these show linear responses for protonated molecular ion
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current versus amount on column over the range 50-750 pg (absolute measurements,
with no internal standards), and 50 pg (150-200 fmol) represents the lower limit of
detection as the signal-to-noise ratio was reduced to 2:1. This represents a substantial
increase in sensitivity compared with UV detection, for which the lower limit was 1 ng
injected on column. TMP is usually formulated with sulphamethoxazole as Co-tri
moxazole. For the analysis ofCo-trimoxazole tablets an initial solvent extraction was
carried out to remove the bulk of the TMP and the sulphamethoxazole, and 6.5 g of
crushed Co-trimoxazole tablets containing 1 g of TMP were shaken with 20 cm' of

Benzal

Rel
Peak
Area

TAA

o 200 400 600 800

Amount on column in pg

Fig. 2. Calibration plots for TAA and benzal.



340 F. S. PULLEN, D. S. ASHTON, M. A. BALDWIN

dichloroethane for 10 min. The supernatant liquid was filtered off and reduced almost
to dryness in a stream of dry nitrogen. Methanol (100 /11) was added and 1 ,ul was
injected into the chromatograph. The signals were monitored at m]z 264 (benzal), 291
(TMP) and 235 (TAA). The traces are shown in Fig. 3.

Despite the extraction the strongest signal was observed for TMP at a retention
time of 9 min, and this was also seen by the UV detector at 280 nm. The retention

. times for TAA and benzal are 12 and 14 min. A peak was observed for TAA but not
for benzal, confirming that the preparation employed the anilino route. It is note
worthy that the UV trace does not show a peak for TAA, and indeed a weak peak
would be obscured by the tailing of the TMP peak. Multiple ion monitoring by MS
eliminates such interferences. This experiment was designed to confirm the presence
or absence of target compounds and was not an accurate assay as no internal stan
dards were employed. However, reference to the calibration curve indicated that ca.
220 pg of TAA were injected, being I% of the total sample, therefore ca. 22 ng of
TAA had been extracted from the 6.5 g of tablets. Separate experiments,have shown
the extraction to be ca. 70% efficient for TAA, so this shows the detection of TAA in
formulated TMP preparations at a level down to ca.5 ppb. This gives a rapid and
sensitive method of screening pharmaceutical products for known route-specific im
purities.

'----I uv 2 a 0 m rn

'"----I rn/z 291

325

m/z 264

15 10 5 0
Time/min.

Fig. 3. Multiple ion monitoring traces dor Co-trimoxazole extracts.



CORONA DISCHARGE IONIZATION LC-MS INTERFACE

BIOGENIC AMINES IN BLOOD PLASMA

341

The function of adrenaline and noradrenaline as chemical mediators of most of
the postganglionic fibres of the sympathetic division of the autonomic nervous system
is well known i". O-Methylation is an important metabolic pathway for catechola
mine hormones26, O-methyl transferase being the primary enzyme that inactivates
circulating and possible locally released catecholamines. Detection and quantitation
of adrenaline and metanephrine in tissue, blood plasma and urine are important for
recognizing pheochromocytoma and also as a reflection of adrenergic and adrenome
dullary stimulatiorr'". GC-MS is effective for such assays but derivatization is neces
sary to aid volatility and thermal stabili(y27-29. HPLC with electrochemical detection
gives high sensitivity but it lacks the specificity of MS3 0

-
32

. Consequently an LC-MS
method is being developed.

The amines were extracted from 5 cm' samples of rat plasma by a published
method 3 3

, using an alumina column (Bondulate). They were absorbed onto the col
umn from alkaline buffered plasma (pH 8.6) and after the column had been washed
they were desorbed with 0.5 M acetic acid. The volume was reduced under vacuum to
10 ,Ill and 5 ,ul were injected on column. The solvent system was methanol-Or! M
sodium orthophosphate-0.05 M citric acid (40:20:40). The sample HPLC column was
used as in the previous experiment. Multiple ion monitoring was carried out at mjz
184 and 198 for the protonated molecular ions of adrenaline and metanephrine re
spectively. The traces are shown in Fig. 4 for the analysis of the plasma of two rates.

Calibration curves showed that adrenaline and metanephrine gave linear re
sponses for ion current versus amount injected, and they could be detected down to a
level of 100 pg (SIN = 2:1), whereas UV detection gave a lower limit of 10 ng from
blood plasma. The extract from a healthy rat (A) gave a signal for adrenaline corre
sponding to 250 pg on column, which, assuming 100% efficiency of extraction, is 100

Sample A Sample B

Adrenaline
m/z 184

Metanephr::i.ne
m/z 198

15 10 5
Time/min

o 15 10 5 o

Fig. 4. Multiple ion monitoring traces for extracts from rat serum.
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pg/cm ' in plasma; there was no detectable signal for metanephrine. The extract from
a hypertensive rat (B) showed an increase in adrenaline to 250 pg/cm ' and metane
phrine was detected at 80 pg/cm'. These results may be subject to the well-known
errors associated with assays carried out without internal standards, and a suitable
standard is now being developed. However, these preliminary data agree well with
observations by GC-MS and HPLC with electrochemical detection and they demon
strate the sensitivity attainable with a relatively simple extraction procedure and
without derivatization.

IMPROVEMENTS AND MODIFICATIONS

A programme of modifications and improvements was carried out to further
enhance the performance, the most important being to optimize ion transfer from the
ion chamber to the analyser. The pumping of the analyser region was up-rated with
the replacement of the original 70 lis diffusion pump by a 700 lis Edwards Diffstak.
This reduced the analyser pressure from 1.10- 5 to 1.10- 6 Torr and increased the
detected ion current for 100 pg of TAA by a factor of 1.7 as losses due to ion
molecule collisions were reduced.

The improved pumping also allowed better ion transmission to be achieved by
increasing the size of the analyser entrance aperture from 0.3 to 0.9 mm, giving a
nine-fold increase area, the signal for 100pg of TAA increasing by a factor of 7. It is
believed that further improvements to the pumping in the region of these apertures
will provide a further sensitivity gain. The original quadrupole analyser had a very
limited mass range, restricting the applications of the instrument. It is now being
replaced by a VG 12/12 with a mass range of 2000 a.m.u. Finally, a computer-based
control and data acquisition system is being installed.

CONCLUSIONS

The LC-MS system described has been demonstrated to provide high sensitiv
ity specific detection and assay of target compounds in complex mixtures with the
minimum of sample work-up. Unlike earlier corona sources with point-to-plane dis
charges, this source uses a precisely controlled point-to-point discharge that allows
the region of maximum ion generation to be focussed coaxially with the ion slit and
the quadrupole analyser. The use of corona discharge provides a soft ionization
method that gives strong protonated molecular ions for both polar and non-polar
compounds with little fragmentation, ideal for single or multiple ion monitoring. It
can cope with normal or reversed-phase chromatography, with or without added
buffers, and although not reported here it is amenable to gradient operation. As well
as the studies reported above, the instrument has been used equally effectively for
aromatic hydrocarbons and peptides, showing the wide range ofcompound polarities
amenable to analysis.
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