
























































J.L. Wolfender and K. Hostettmann / J. Chromatogr. 647 (1993) 191-202

TABLE II

ON-LINE STRUCTURAL INFORMATION FOR COMPOUNDS 1-18

199

Abbreviations: AI = AICl 3 in neutralized mobile phase; KO = KOH; Na = NaOAc; Bo = H 3B03-NaOAc; AIH = AICI3 in acidic
mobile phase; I-IV = UV absorption maxima bands with the wavelength in nm and in parentheses the relative intensity in %,
according to ref. 17; ckrm = C. krebsii root methanolic extract; cbrm = C. baccifera root methanolic extract; ckad = C. krebsii
aerial part dichloromethane extract; the TSP-MS values are the mass (in a.m.u.) of the ions [M + Hr and [A + Hr; nd = not
detected.

Compound Mixture TSP-MS Shifted UV spectra UV spectra Extract

M+H A+H AI KO Na Bo AIH II II' III IV

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

1 + 14
2+ 12
3+?

12+2

14+ 1

sh

421
567
553
553

569

657

273
259
259
263
259
259
275
303
261
275
335
349
349
363
363
259
245
289

+ +
+ +
+ +

+
+ +
+ +
+ +
+ +
+ +
+ +
+ +
nd nd
+ +

+ +
+ +
+ +

+ +

+

+ + +
+

+

nd nd nd

nd nd ­
+ +
+ +

251(100)
251(100)
239(100)
247(100)
247(100)
241(100)
238(75)
239(80)
237(79)
239(100)
254(100)
251(100)
235(63)
251(100)
250(100)
247(100)
235(81)
246(100)

265(87)
269(32)
275(28)
260(90)sh
265(100)
259(100)
263(100)
267(100)

261(100)

258(100)
277(23)

277(25)

315(52) 359(13)
315(49) 359(11)
315(63) 379(12)
303(43) 339(14)sh
303(41) 341(12)sh
311(51) 349(16)
323(44) 387(10)
314(40) 373(10)
325(51) 385(11)
313(68) 379(13)
329(61)
315(49) 359(11)
331(71) 373(13)sh
315(52) 359(13)
308(15) 347(15)sh
319(50)
312(47) 372(17)
319(50)

ckrm
ckrm
ckrm
ckrm
ckrm
ckrm
ckrm
ckrm
ckrm
ckrm
ckrm
ckrm
ckad
ckrm
ckrm
ckrm
ckrm
ckrm

(Fig. 5). The shifted UV spectra recorded on-line
for 9 confirmed this compound to be a 1,3,7,8­
tetrahydroxyxanthone. Indeed, the shift ob­
served with the NaOAc spectrum indicated an
acidic phenol in position 3. The presence of a
free hydroxyl in positions 1 and 8 was character­
ized by the substantial shift recorded with AICl 3

and finally the presence of an ortho-dihydroxyl
group was confirmed by the shift due to the
complexation of boric acid (Fig. 5). Xanthone 7
exhibited the same shifts as those recorded for 9,
except that the NaOAc spectra remained un­
changed in this instance, indicating the presence
of a methoxyl instead of a hydroxyl group in
position 3. The structure of 7 was thus attribut­
able to a 1,7,8-trihydroxy-3-methoxyxanthone.
The KOH spectra of 8 show a large decrease in
the band intensity and only a very small shift,
indicating no free hydroxyl group, with the
exception of a chelated one. This was confirmed

by the shift measured with AICI 3 . The NaOAc
and H 3B03 spectra remained unchanged, con­
firming the structure of 8 as a 1-hydroxy-3,7,8­
trimethoxyxanthone (Fig. 5).

The second example shows the differentiation
and structural determination of two isomeric
xanthone glycosides. Compounds 5 and 6 (Fig.
2) exhibited nearly the same UV spectra, indicat­
ing the same oxygenation pattern (probably
1,3,5-) [17]. The TSP mass spectra of both 5 and
6 were comparable: they both exhibited an [M +
Hr ion at m/z 553 and presented a consecutive
loss of 132 and 162 u, leading to their respective
aglycone ions [A + Hr at m/z 259 (Fig. 6). The
mass of the aglycone ions was characteristic of a
xanthone with one methoxyl and two hydroxyl
groups and the presence of a pentose and hexose
moiety was due to a primeverosyl residue. No
shift was observed for either compound with the
weak base (Table II), indicating no free hydroxyl
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TABLE III

ON-LINE STRUCTURAL INFORMATION OF COMPOUNDS A-I

Abbreviations as in Table II; cparm = C. palustris root methanolic extract; cpurm = C. pupurascens root methanolic extract.

Compound TSP-MS Shifted UV spectra UV spectra Extract

M+H A+H Al KO Na Bo AlH II II' III IV

A 643 349 + + 248(100) 283(27)sh 311(52) cpurm
B 597 303 243(100) 251(49)sh 305(51) 355(18)sh cpurm
C 275 + + + + + 251(100) 281(25) 326(49) ckrm
D 511 349 + + 247(100) 283(29)sh 311(51) cpurm
E 627 333 246(100) 277(31) 313(58) cpurm
F 629 335 + + + + 247(100) 261(77)sh 325(73) cparm
G 643 349 + + 249(100) 263(86)sh 321(73) 365(15)sh cparm
H nd 275 239(87) 253(100) 309(41) 353(21)sh cparm
I 597 303 247(100) 319(71) cbrm

in position 3. The ohly difference between these
two isomers is shown by the spectra recorded
using the AICl 3 reagent. In the case of 6, an
important shift was observed which is charac­
teristic of a chelated hydroxyl group in position
1, whereas for 5 no shift was recorded (Fig. 6).
The primeverosyl moiety is thus attached in
position 1 in 5 and in position 5 in 6 and the
structures can be established as 5-hydroxy-3-me­
thoxy-1-0-primeverosylxanthone (5) and 1-hy­
droxy-3-methoxy-5-0-primeverosylxanthone (6).

The structures of all the compounds were
deduced following the same procedure (Tables II
and III). Xanthones 1-18 have all been isolated
from C. krebsii for further testing on mono­
aminooxidases A and B [7] and their structures,
established by classical spectroscopic methods,
were in good agreement with the on-line spectro­
scopic information obtained by both LC-MS and
LC-UV methods (Table II). The structure of
compounds A-E was established only on the
basis of data obtained on-line (Table III). The
structure assignment was not only based on UV
and MS data but also on chemotaxonomic con­
siderations.

CONCLUSIONS

LC-MS and LC-UV comparisons of the root
methanolic extracts of four Chironia species
permitted a precise assignment of the peaks

encountered in all species (Fig. 7). From a
chemotaxonomic viewpoint, this analysis shows
that the 1,3,5-, 1,3,7,8- and 1,3,5,6,7,8-substi­
tuted xanthones occur in all species and that
several compounds with each substitution pat­
tern are present. The 1,3,7- and 1,3,5,6-substi­
tuted xanthones appear to be rare and are not
detected in all species (Table IV). Whereas the
type of aglycone is almost the same in all four
species, the type of glycosidation of the xan­
thones differs widely from one species to
another.

According to this example, the combination of
LC-TSP-MS, LC-UV and LC-UV with post­
column addition of shift reagents is a powerful
tool for the analysis of polyphenols in crude
plant extracts. These coupled techniques give a
very precise idea of the plant constituents. They
allow a rapid screening of the extract and reli­
able identification with a minute amount of
material. MS and UV data provide useful struc­
tural information. The detection of minor com­
ponents is possible using single ion monitoring.
MS and UV information for each peak permits a
reliable comparison of chromatograms of differ­
ent plant species. Full structural assignment of
unknowns is not possible in all instances, but the
information obtained gives a good idea of the
type of compounds screeened and permits a
targetted isolation of the metabolites of interest.
Other plant extracts containing different types of
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Determination of mesocarb metabolites by high­
performance liquid chromatography with UV detection
and with mass spectrometry using a particle-beam
interface
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ABSTRACT

A method of screening for mesocarb ingestion in doping control is described. After alkaline extraction with ethyl acetate,
samples are analysed by reversed-phase high-performance liquid chromatography (HPLC) with UV detection. A peak with a
shorter retention time than and a UV spectrum identical with those of unchanged mesocarb was obtained when positive urine
extracts were analysed. The metabolite was identified as the sulphate conjugate of p-hydroxymesocarb after HPLC-mass
spectrometry with a particle-beam interface and hydrolysis studies. The compound was detected in urine until 48-72 h after
administration of single doses of 10 mg. Unchanged mesocarb and free p-hydroxymesocarb were not detected in the samples
studied.

INTRODUCTION

Mesocarb is a substance with stimulant activity
recently added to the list of banned compounds
in sport by the Medical Commission of the
International Olympic Committee [1]. Hence
methods to detect the presence of this compound
or its metabolites in human urine are required.
Information concerning human and animal me­
tabolism and urinary excretion of mesocarb is
limited. Free and conjugated hydroxylated
metabolites are the main products described in
rat urine [2,3].

In this paper, a method of screening for the
presence of mesocarb metabolites in human
urine based on high-performance liquid chro­
matographic (HPLC) separation and UV detec­
tion is described. Confirmation analysis is done

• Corresponding author.

by HPLC-mass spectrometry (MS) using a par­
ticle-beam interface. The application of the
procedure to antidoping control in the 1992
Barcelona Olympic Games allowed the detection
and confirmation of a real doping case.

EXPERIMENTAL

Chemical and reagents
7-Propyltheophylline, metandienone and di­

phenylamine were used as internal standards
(ISTD). 7-Propyltheophylline was synthesized
from theophylline and propyl iodide in alkaline
medium. Metandienone and diphenylamine were
purchased from Sigma (St. Louis, MO, USA).

Solutions of l3-glucuronidase from Escherichia
coli (Boehringer-Mannheim, Mannheim, Ger­
many) and l3-glucuronidase-arylsulphatase from
Helix pomatia (Sigma) were used for enzymatic
hydrolysis.

Water used in the HPLC eluent was of Milli-Q

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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purity (Millipore Iberica, Barcelona, Spain).
Methanol, acetonitrile and ethyl acetate were of
HPLC grade. Diethyl ether was of analytical­
reagent grade and distilled before use. Other
reagents were of analytical-reagent grade qual­
ity.

High-performance liquid chromatography with
ultraviolet detection

HPLC-UV analyses were performed in a
Series II 1090 liquid chromatograph equipped
with a diode-array detector (Hewlett-Packard,
Palo Alto, CA, USA) under the conditions
described previously [4]. The column was Ultra­
sphere ODS (7.5 x 0.46 cm J.D.) with particle
size 3 j..tm (Beckman, Fullerton, CA, USA).

The mobile phase was a mixture of 0.1 M
ammonium acetate solution (adjusted to pH 3
with phosphoric acid) and acetonitrile with gra­
dient elution. The acetonitrile content (initially
10%) was increased to 15% in 2 min, to 45% in
3 min, to 60% in 3 min, maintained for 1 min,
decreased to the initial conditions in 1 min and
stabilized for 2 min before the next injection.
The flow-rate was 1 ml/min.

The detector was set to monitor the signals at
240, 270, 290, 300, 318 and 350 nm. In addition,
the full spectrum between 200 and 400 nm for
each detected peak was stored in the data system
and plotted at the end of each run.

High-performance liquid chromatography-mass
spectrometry

HPLC-MS analyses were performed in a
Model 5989 mass spectrometer coupled to a
Model 59980B particle-beam interface and a
Series II 1090L liquid chromatograph, all from
Hewlett-Packard. The operating parameters of
the interface were desolvation chamber tempera­
ture 70°C, helium pressure 50 p.s.i. (1 p.s.i. =
6894.76 Pa) and nebulizer position -l.

The liquid chromatographic column was Ultra­
sphere ODS (25 x 0.2 cm J.D.) with particle size
5 j..tm (Beckman). The mobile phase was a
mixture of 0.1 M ammonium acetate solution
(containing 0;5% of formic acid) and acetoni­
trile, with gradient elution. The acetonitrile
content (initially 38% for 3.5 min) was increased
to 60% in 3 min, maintained for 1 min, de-
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creased to the initial conditions in 1 min and
stabilized for 2.5 min before the next injection.
The flow-rate was 0.4 ml/min.

Electron impact (EI) ionization (70 eV) and
scan acquisition (m/z 65-550) were used. The
source temperature was kept at 250°C.

Gas chromatography
Gas chromatographic analyses were performed

in a Series II 5890 gas chromatograph with a
nitrogen-phosphorus-selective detection (GC­
NPD) (Hewlett-Packard). The injection port
and detector temperatures were 280°C. The
column was 5% phenyl-methyl silicone (12.5
m x 0.2 mm J.D.) with film thickness 0.33 j..tm
(Hewlett-Packard) and the temperature was pro­
grammed from 90 to 280°C at 20°C/min. Helium
was used as the carrier gas at 0.6 ml/min.

Sample extraction
The samples were extracted using the proce­

dure described previously [4] with some modi­
fications. To 2.5 ml of urine sample, 25 j..tl of the
ISTD solution (100 j..tg/ml methanolic solution
of 7-propyltheophylline for HPLC-UV screening
analysis and 100 j..tg/ml methanolic solution of
metandienone for HPLC-MS confirmation anal­
ysis) were added. The sample was made alkaline
(pH 9.5) with 100 j..tl of ammonium chloride
buffer, salted with 1 g of sodium chloride and
extracted with 8 ml of ethyl acetate. After
agitation (tilt shaker, 40 movements/min for 20
min) and centrifugation (1100 g for 5 min), the
organic layer was separated and evaporated to
dryness under a stream of nitrogen. The extract
was reconstituted with 100 j..tl of water-acetoni­
trile (85:15, v/v) and analysed by HPLC-UV
detection (20 j..tl) or HPLC-MS (10 j..tl).

For the determination of amphetamine (a
potential metabolite of mesocarb), 25 j..tl of the
ISTD solution (1 mg/ml methanolic solution of
diphenylamine) were added to urine samples (5
ml). The samples were made alkaline with 0.5 ml
of 5 M potassium hydroxide solution and 3 g of
anhydrous sodium sulphate and 2 ml of distilled
diethyl ether were added. After agitation (tilt
shaker, 40 movements/min for 20 min) and
centrifugation (800 g for 5 min), 700 j..tl of the
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Fig. 7. LC-mass spectra of (a) peak 1, (b) peak 2 and (c) peak 3 in Fig. 6b.

method demonstrates whether a separation such
as that shown in Fig. 8b for the matrix-charged
waste water extract has been successful or not.

The difficulties during the examination of
waste waters for unknown compounds, both by
FIA-MS and after LC separation on analytical
columns with subsequent MS detection and gen­
eration of daughter ions, have been considered
earlier. Much greater problems arise, however, if
for the anthropogenic compounds to be iden­
tified no standard compounds are available for
comparison purposes or if corresponding spectra
are absent from the daughter ion library. In spite

of the fact that these substances are components
of common commercially available products,
produced in large amounts and inevitably reach­
ing waste waters, so far producers and dis­
tributors have made little or no effort to over­
come this lack of information. Identification has
to be achieved instead by interpreting CID
spectra. This very time-consuming procedure
becomes especially necessary if hardly degrad­
able polar waste water compounds, in particular
surfactants, are submitted to conventional bio­
logical treatment processing. Because of their
polarity and persistence, the usual elimination























D. Volmer et al. / J. Chromatogr. 647 (1993) 235-259

TABLE I

DIRECT FLOW-INJECTION TSP POSITIVE-ION MASS SPECTRA OF THE INVESTIGATED PESTICIDES

239

Experimental parameters: Ts= 250°C; Tg = 235°C; Tv = 202°C; mobile phase, MeOH-I00 mM NH4 0Ac (20:80); flow-rate, 1.2
ml min -1; the filament and the discharge electrode were not used in all experiments.

Compound M, m/z (relative abundance, %) Tentative identification

Anilides
Alachlor 269

226 (62) [M + H 20 - CH30CH30H + Hr
238 (36) [M - CH30H + Hr
243 (70) [M + H 20 - CHpCH3 + NH4r
270 (100) [M+Hr
287 (30) [M+NH4r
305" [M + H 20 + NH4 r
319" [M + MeOH + NH4r
329" [M + NH40Ac - H 2 0 + Hr

Carbamates
Asulam 230

156 (4) [M-CH30C(O)NH2 +Hr
173 (5) [M + H 20 - CH30C(O)OH + Hr
190 (100) [M + H 20 - CH30C(O)OH + NH4r
231 (5) [M+Hr
248 (68) [M+NH4r

Carbaryl 201
145 (3) [M - CH3NCO + H] +

202 (18) [M+Hr
219 (100) [M+NH4r

Carbofuran 221
165 (5) [M - CH3NCO + Hr
182 (3) [M - CH3NCO + NH4r
222 (100) [M+Hr
239 (35) [M+NH4r

Chlorpropham 213
214 (20) [M+Hr
231 (100) [M+NH4r
249" [M+4W
263" [M + NH40Ac - 2H20 + NH 4] +

Desmedipham 300
1206 [M - C2HsOCONHC6H 40H + Hr
137 (20) [M - C2HsOCONHC6H 40H + NH 4r
182 (50) [M - C6HsNCO + Hr
199 (100) [M - C6HsNCO + NH4r
213 (7) [M - C2Hs0C(O)NH + Hr
301 «1) [M+Hr
318 (3) [M +NH4]+

Oxamyl 219
163 (33) [M - CH3NCO + H] +

180 (13) [M - CH3NCO + NH4 r
220 (3) [M+Hr
237 (100) [M+NH.r

Phenmedipham 300
1346 [M - CHPC(O)NHC6H 40H + Hr·
151 (40) [M - CH30C(O)NHC6H 40H + NH.r
168 (45) [M - C6Hs(CH 3 )NCO + Hr

(Continued on p. 240)
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mlz 150 200

100.0 195

H
<-1

1; 1
] 212

.
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!Q50.0

!
154

3]i3

(a)

[M+H)'

!

that dissociation occurs in the liquid phase dur­
ing vaporization (in principle this dissociation
could already occur during the chromatography,
but the observation of only one sharp peak in the
chromatogram rules this possibility out; another
possibility, the decomposition of the quasi­
molecular ion, is not probable in this instance
because buminafos is known to dissociate readily
in aqueous solution at low or high pH to give the
phosphoric diester). The small signal at m/z 293
can be attributed to a hydrolysis of the N-C
bond of the neutral molecule to give 9 (Fig. 6),
although this reaction is not a major channel for
the production of fragments even at higher tem­
peratures.

In contrast, the PI mass spectrum of azinphos­
ethyl exhibits a fragment ion (m/z 160) particu­
larly at higher gas-phase temperatures (see Fig. 7

~
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Fig. 5. TSP PI mass spectra of buminafos for different
gas-phase temperatures: Ts = (a) 180 and (b) 300°C. Amount
injected, 600 ng. See Fig. 6 for tentative identification.
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Fig. 7. TSP PI mass spectra of azinphos-ethyl for different
gas-phase temperatures and proposed structure of the frag­
ment ion. Ts = (a) 190 and (b) 235°C. Amount injected, 300
ng.

~

[F+H)+ mlz 293

Fig. 6. Proposed fragmentation scheme for the GDR-specific
herbicide buminafos and observed ions in the TSP PI mass
spectra.
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for 180°C versus 235°C), which can be attributed
to the decomposition of the quasi-molecular ions
(mlz 346 and 363). Roach and Andrzejewski
[28] have shown that azinphos analogues gener­
ally show a daughter ion of 160 u in the CAD
spectra of the [M + H] + parent ions. Surprising­
ly, this ion is formed from the [M +Hr and/or
the [M + NH4] + ion under regular TSP condi­
tions, whereas in the spectra of similar com­
pounds, e.g., phosmete and phorate, no such ions
are observed (Table I).

The TSP mass spectra of most of the investi­
gated organophosphorus compounds exhibit the
[M + NH4 ] + and [F + NH4] + ions as the base
peak even at higher values of Tg • This is due to
the proton affinity (PA) of these compounds,
which is lower than that of ammonia. As an
exception, the phosphorodithioates dimethoate,
disulfoton and phorate show [M + H] + ions as
the base peaks at each investigated temperature
(see Table I for mass assignment and relative
abundances). This can be attributed to the higher
gas-phase basicity and PA of these compounds in
comparison with phosphorothioates and phos­
phates, owing to the lower electronegativity of
the sulphur atom instead of the oxygen atom.

Summarizing the results, one can state that
many of the fragment ions in the TSP mass
spectra of organophosphorus compounds are due
to proton or ammonium adduct ions of thermally
induced degradation products generated in the
vaporizer probe or in the ion source. Lowering
the gas-phase temperature leads to an increase in
the quasi-molecular ion intensities for several
organophosphorus pesticides as fragmentation is
reduced. However, lowering Tg to <200°C leads
to an increase in noise. Therefore, one has to
find a temperature where the signal-to-noise
ratio reaches an optimum. This increase in noise
is probably caused by the more difficult forma­
tion of primary ions owing to a more difficult and
interfered desolvation of the droplets when the
spray was expanded in a "cold" ion source, i.e.,
for Tg < Tv (Tv =200°C). Generally, we ob­
served a decreasing noise for Tg > Tv with a
minimum value at Tg =235°C and Ts =250°C for
most of the investigated pesticide compound
classes. However, for azinphos-ethyl, butonate
and trichlorfon one has to take the above-
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mentioned fragmentations into account when
performing selected-ion monitoring (SIM) ex­
periments. Thus for these compounds we found
optimum temperatures of Tg =220°C and Ts =
235°C.

Thermally induced chemical reactions during
thermospray vaporization and ionization. TSP is
often described as a "soft" ionization method
that leads to little fragmentation. Although this
may be true as far as a fragmentation of quasi­
molecular ion is concerned, the examples shown
above demonstrate that TSP mass spectra may
contain abundant fragments where, however,
dissociation is predominantly induced by chemi­
cal reactions of the neutral species which may be
assisted by heat, solvent or buffer ions in the
liquid phase of the vaporizer probe or in the gas
phase of the ion source. In the following these
fragmentations are termed "chemical dissocia­
tions". Examples for "chemical dissociations" of
neutral molecules during TSP ionization includ­
ing hydrolysis, acetolysis and eliminations have
also been reported by other workers [29-31].
Further examples will demonstrate that fragmen­
tation must be considered in TSP mass spectra
even at low interface temperatures.

As an example, the TSP PI mass spectra of the
N-heterocyclic compound terbacil is dominated
by fragment ions at mlz 161 and 178 while the
quasi-molecular ion abundances at mlz 217
([M + Hr) and 234 ([M + NH4r) are low
«10%). This behaviour can be explained by the
fact that the C-N bond is readily hydrolysed
and/or isobutene is eliminated in the vaporizer
probe or gas phase. Decreasing the vaporizer
temperature Tv increases the quasi-molecular ion
intensities whereas raising the gas-phase tem­
perature probably promotes the loss of isobutene
in the gas phase and hence a decrease in the
quasi-molecular ion intensities is observed (see
Table I and Fig. 8 for Tg = 200°C versus 300°C).

The dominant ion in the TSP mass spectra of
the carbamate asulam (Fig. 9a) appears at mlz
190 and corresponds to an ammonium cationized
fragment molecule ([F + NH4r) with a corre­
sponding proton adduct ion (mlz 173 = [F +
H] +) over the entire temperature range investi­
gated (variation of both Tg and TJ. Asulam is
probably hydrolysed during the vaporization
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Fig. 9. CAD TSP mass spectra of asulam. (a) TSP PI spectrum and (b) daughter ion spectrum (parent ion at m/z 248). Amount
injected, 100 ng.

Fig. 11. These reactions show a strong depen­
dence on Tg as can be seen from Fig. lOa-c. Two
different reaction mechanisms are probable: on
the one hand a decomposition of the quasi­
molecular ion [M + Hr of 12, which gives the
resonance-stabilized carbenium-imminium ion 14
at m /z 238, and on the other a simple hydrolysis
reaction of the neutral tertiary amine, which
leads to the secondary amine 13 with the corre­
sponding [F + H] + and [F + NH4 ] + ions in the PI

spectra, viz., m/z 226 and 243. The latter was
confirmed by the fact that during the low-energy
CAD experiments (COFF 10 V) of the parent
ions [M + Hr, [M + NH4r and 14, no ions are
formed that can be attributed to the loss of 44 u
(Fig. 12 and Table II). These results are con­
sistent with hydrolysis of alachlor prior to ioni­
zation.

The TSP mass spectra of several N-substituted
carbamates show abundant fragments even at
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Fig. 11. Dissociation pathways for the anilide alachlor.

low vaporizer and gas-phase temperatures.
These fragment ions are mainly due to the loss of
the isocyanate group from the quasi-molecular
ion, although fragmentation can also be ex­
plained by means of a reaction of the neutral
carbamates in the liquid or gas phase. Stamp et
ai. [32] proposed a major fragmentation pathway
for carbamates from CI mass spectral data which
involves a proton-bound bimolecular complex
(Fig. 13). This mechanism yields structurally re­
lated protonated product ions 17 and 18 which
are due to the isocyanate and the alcohol formed
(Table III). The weak signals at m/z 145 and 165
in the TSP PI mass spectra of carbaryl and
carbofuran can probably be explained by means
of this mechanism. They can be attributed to the
loss of neutral methyl isocyanate from the pro­
tonated molecular ion 16. However, in the TSP
PI mass spectra of desmedipham, phen­
medipham and oxamyl, abundant ammonium ad­
duct ions of the alcohol and the isocyanate are
observed in addition to the protonated product
ions. As an example, the TSP mass spectra of
oxamyl exhibit the [M + NH4] + ion as the base
peak (m/z 237) for low values of Tg • However,
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Fig. 10. TSP PI mass spectra of alachlor for different gas­
phase temperatures: Tg =(a) 180; (b) 235; (c) 290°C (see Fig.
11). Amount injected, 600 ng.
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Fig. 12. CAD daughter ion spectrum of alachlor (parent ion at m/z 287).

TABLE III

DEGRADATION PRODUCTS OF N-SUBSTITUTED CARBAMATE PESTICIDES OBTAINED FROM THE TSP AND
CAD SPECTRA

Carbamate R1-NH-CCO)O-R2 Observed product ions (m/z)"

Carbaryl

Carbofuran

R'=~V..J

[R2-OH+Xr

145

165, 182

Desmedipham

Phenmedipham

Oxamyl

RI=-Q

R'= C2HsO-C-NH-o--l" ~o

R'= (CHjhN-CO-C~N­
I
SCH3

120, 137

182, 199

134, 151

168, 185

163, 180

a X = H + or NH:.

b Note: detection of ammonia and/or proton cationized methyl isocyanate was not possible under regular TSP recording
conditions.
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Fig. 16. In I(MH+)/ I(MHNH;) [= In r(M)] as a function of
the reciprocal of the absolute temperature of the gas phase
for several pesticides. (a) • = Carbaryl; • = fenuron; 0 =
desmedipham; 0 = methabenzthiazuron; ... = phenmedi­
pham; 6. = difenoxuron. (b) • = Azinphos-ethyl; 6. = tri­
chlorphon; 0 = oxamyl; • = naled; ... = chloropropham.
(c) 0 = Chlorotoluron; ... = buminafos; • = terbacil; () =
alachlor; 6. = butonate.

Protonation of M according to eqn. 4 is only
possible if PA(M) is ",,224 kcal mol- 1 {fi.H4 =

Dc + PA(NH 3 ) - PA(M), where PA(NH 3 ) =

204 kcal mol- 1 and Dc =20 kcal mol- 1 [33]} (1
kcal = 4.184 kJ). In this case no [M + NH4r
signal is observed as found for N-heterocyclic
pesticides, morpholines, many anilides and car­
bamates and some other pesticide classes. Com­
pounds with a PA in the range 204-224 kcal
mol- 1 will undergo reactions S and Sa. The TSP
mass spectra show both [M + H) + and [M +
NH4r ions if their PA is equal to or slightly
higher than PA(NH 3 ) as found for phenylureas
and some organophosphorus compounds (e.g.,
the dithiophosphorus esters dimethoate, disul­
foton and phorate). The equilibrium described
by reaction Sa and thus the ratio r(M) depends
sensitively on Tg , where r(M) can be described
by eqns. 2 and 3. Compounds having PA slightly
less than ammonia (PA < 204 kcal mol- 1

) can
give reactions Sa and Sb. Thus, the [M + NH4] +

ion dominates the spectra, as is found for most
phosphorus and phosphonic esters where eqns.
1-3 are still valid. However, if PA(M) is 20-30
kcal mol- 1 lower than PA(NH 3 ), no analyte ions
are formed [34].

The parameters A and C in eqns. 2 and 3 as
determined from the temperature dependence of
the investigated pesticides are summarized in
Table IV. The correlation coefficient demon­
strates that the ion intensity ratio r(M) can be
well described by eqn. 3 for almost all com­
pounds. However, at gas-phase temperatures
> 320°C deviations from eqn. 3 are observed
which can be attributed to undefined thermal
decompositions. Even a variation of the vapor­
izer temperature influences r(M) because Tg is
directly influenced by Tv' Eqn. 3 is also valid for
other solvent compositions, although the values
of the parameters A and C change slightly.

In general, at higher gas-phase temperatures
(Tg = 2S0-300°C) the TSP mass spectra of most
investigated pesticides exhibit [M + H) + ions and
[F + Hr ions as base peaks (with the exception
of several organophosphorus pesticides), where­
as at lower temperatures the [M + NH4 ] + ion
often dominates. These effects have to be taken
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ABSTRACT

An HPLC-mass spectrometric technique with an ionspray interface was developed for the determination of platelet-activating
factor (PAF) and PAF-related compounds in biological samples. HPLC separations were performed using a reversed-phase
column. The mass spectra showed intense [M + Hr ions. Collision-induced dissociation of protonated molecular ions gave
characteristic daughter ions corresponding to the phosphorylcholine group. By selective-ion monitoring, a detection limit of 0.3 ng
was obtained for all molecules; by multiple reaction monitoring, the same sensitivity was achieved for PAF whereas for lyso-PAF
the limit was 3 ng. Finally, PAF was comparatively determined by bioassay and HPLC-MS after extraction from the cell pellets
and the supernatants of human polymorphonuclear neutrophils unstimulated or stimulated with opsonized zymosan. The good
correlation observed between these techniques indicated the reliability of HPLC-MS for biochemical studies on PAF and
PAF-related molecules.

INTRODUCTION

Platelet-activating factor (PAF) is a lipid
chemical mediator of inflammation with a broad
spectrum of diverse and potent biological ac­
tivities [1-3]. In addition to its activity on
platelets [4], PAF promotes the aggregation,

* Corresponding author.

chemotaxis and granule secretion of pOlymor­
phonuclear neutrophils (PMN), eosinophils and
monocytes [5]. Moreover, PAF enhances vascu­
lar permeability and adhesion of PMN to endo­
thelial cells, leading oedema formation and
leukocyte accumulation [1-3,5]'

On the basis of its multiple biological ac­
tivities, of its synthesis by a number of cell types
involved in the development of inflammatory
reaction and of the effect of PAF receptor

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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Fig. 2. Chromatographic traces, SIM at m/z 482, 524, 527 and 552 (corresponding to lyso-PAF, C 16-PAF, d 3-C 16-PAF and
C1s-PAF, respectively), obtained by injection of (A) a pure standard containing C16-PAF, lyso-PAF, d3-C16-PAF and C1s-PAF (10
ng each) in comparison with (B) an analysis performed, with the same conditions, on a cellular PMN pellet spiked with 3 ng of
each analyte and then extracted.

observed for each molecule. The separation
obtained was sufficient to identify our analytes; if
necessary, modifications of the mobile phase, as
described by Kim and Salem [20], permitted
(data not shown) the chromatographic resolution
to be improved. By analysing samples of de­
creasing concentrations (data not shown), a
detection limit of 0.3 ng, with a signal-to-noise
ratio of 3:1, was obtained for all molecules.

Fig. 2B shows the chromatograms obtained
with a sample of cellular pellet spiked with 3 ng
each of lyso-PAF, CI6-PAF, d3-CI6-PAF or C IS­
PAF and extracted as described above. The
retention times of PAF and PAF-related com­
pounds were reproducible in both sample in Fig.
2A and B, showing that in spiked samples no
relevant effects arose from compounds present in
the biological samples. Only at m/z 552, corre­
sponding to CIs-PAF, was a peak from an
interfering compound observed, but it was eluted
early in the chromatogram. This peak was also
detected in the blank cellular pellets, indicating

that it is not derived from CIs-PAF added but
rather from a component of the cellular extract.

Fig. 3 shows the regression lines of the peak
areas, obtained with standard mixtures of differ­
ent concentrations, to evaluate the analytical
linearity for quantitative analysis by SIM (A) on
pure standards or (B) on PMN pellets spiked
with the same concentrations of C I6-PAF, d3­

CI6-PAF, CIs-PAF and lyso-PAF and then ana­
lysed after extraction and, finally, (C) by MRM
on pure standards. Good linearity was observed
with the different analytical conditions tested in
a range of concentrations far below the amounts
detectable in biological samples. A comparison
of the areas in Fig. 3A and B confirmed the high
efficiency of the extraction procedure; in fact,
considering that only part of the extracted sam­
ples was injected, a mean recovery of 85-90%
was calculated. The results obtained in MRM
showed that the detection limits were different
depending on the molecule; for CI6-PAF and the
internal standard the detection limit was the
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Fig. 3. Linear regressions, peak area versus amount of PAF
and PAF-related compounds, estimated from SIM analysis of
(A) pure standards D = C16-PAF (R 2 = 0.994); • = Iyso-PAF
(R

2 = 0.996); • = d3-C ,6-PAF (R 2 = 0.995); 0 = C,8-PAF
(R

2 = 0.998); or (B) spiked samples: D = C16-PAF (R 2 =
0.997); • = lyso-PAF (R 2 = 0.996); • = d3-C16-PAF (R 2 =
0.997); 0 = C18-PAF (R 2 = 0.998); and (C) MRM analysis of
pure standards.

unstimulated PMN pellet extracts. A peak corre­
sponding to CI6-PAF was observed only in the
sample of stimulated PMN whereas a small
amount of lyso-PAF was present in both sam­
ples; C1s-PAF (data not reported) was undetect­
able in both samples. The results obtained by the
analysis of the supernatants of the stimulated
PMN are presented in Fig. 4C in comparison
with the unstimulated sample Fig. 4D. Again, a
significant peak of CI6-PAF but not of C 1s-PAF
was observed in the stimulated PMN sample.

Table I shows the net amounts of C16-PAF and
lyso-PAF detected by SIM, as cell-associated or
as released in the supernatants, in unstimulated
and stimulated PMN samples. These amounts
are comparable to those observed by bioassay
[11] or other MS techniques [19].

Fig. 5 presents the results obtained from the
stimulated PMN samples, (A) cellular pellets and
(B) supernatants, by MRM. Using this technique
the presence of C16-PAF was confirmed in both
samples without any interfering peak from the
background. In contrast, lyso-PAF, despite its
presence as shown by SIM (Fig. 4), could not be
quantified by MRM because of the lower sen­
sitivity of this technique compared with SIM.

The linear regression analysis of the same
samples determined by bioassay or by HPLC­
MS using SIM, reported in Fig. 5C, gave a good
correlation (r = 0.979) between the techniques,
confirming the reliability of HPLC-MS for quan­
titative analysis of biological samples.

The mean recovery, evaluated by standard
addition to the biological samples (n = 15) of
d3-C16-PAF as internal standard, was 84 ± 5.1 %.
These results confirmed the recovery evaluated
by bioassay or [3H]C 16-PAF as described under
Experimental.
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same as observed with SIM whereas with C1S­

PAF and lyso-PAF the sensitivities were substan­
tially lower (1.5 and 3 ng, respectively). Modi­
fications of the CID conditions did not improve
the fragmentation of these compounds, in ac­
cordance with MS-MS data reported elsewhere
for lyso-PAF [26].

Fig. 4 shows the chromatograms obtained with
SIM at m/z corresponding to CI6-PAF and lyso­
PAF from a sample of (A) stimulated or (B)

DISCUSSION

The mass spectra in Fig. 1 show that good
ionization can be obtained for PAF-related phos­
pholipids; these findings are not unexpected
considering the high polarity of the phosphoryl­
choline group. A molecular ion is always ob­
served without relevant fragmentations in the
source.

The CID spectra show a characteristic frag-
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Fig. 4. Chromatographic traces obtained by SIM at m/z values corresponding to C'6,PAF (524) or Iyso-PAF (482) on cellular
pellets of (A) stimulated or (B) unstimulated PMN and supernatants of (C) stimulated or (D) unstimulated PMN.

mentation giving an intense daughter ion corre­
sponding to the phosphorylcholine group; the
presence of such a typical product ion can be
useful in detecting other uncommon PAF-related
phospholipids, such as unsaturated or I-acyl
derivatives, performing acquisition under MS-

MS conditions and monitoring the parent ions
undergoing fragmentation with daughter ions of
m/z 184.

In previous experiments [21,27] we used a
reversed-phase column eluted with a mobile
phase gradient (water-acetonitrile containing

TABLE I

NET AMOUNTS OF C16-PAF AND LYSO-PAF IN UNSTIMULATED (n = 5) AND STIMULATED (n = 5) PMN SAMPLES
AS DETERMINED BY HPLC-MS AND SELECTIVE-ION MONITORING

C16-PAF Lyso·PAF

Cell-associated Released in the supernatant Cell-associated Released in the supernatant
(ng)" (ng)b (ng)" (ng)b

NEe NEe 1.1 ± 0.2 NEe

6.1 ± 0.9 4.3 ± 0.7 0.6 ± 0.2 NEe

Sample

Unstimulated
PMN

Stimulated
PMN

a C 16-PAF and lyso-PAF in PMN pellets (106 cells); mean ± standard deviation.
b C16-PAF and lyso-PAF in PNM supernatants (106 cells); mean ± standard deviation.
e NE = Non-evaluable concentrations.
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column extraction solvent described earlier. The
analysis of a spiked water sample using TSP-MS
detection is shown in Fig. 4. The SIM mode was
used for the ions corresponding to m/z 235 and
249. The method permitted the determination of
500 JLgll of difenzoquat in spiked river water
samples, thus representing an absolute amount
of 10 ng of difenzoquat detected.
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Fig. 5. LC-TSp·MS under SIM conditions for a soil sample
from the Ebro delta containing 0.10 and 0.17 J-tg/g of
paraquat and diquat, respectively. Ions monitored were at
m/z values of (A) 172 and 187 (paraquat) and (B) 157 and
184 (diquat). LC column, 5-J-tm LiChrospher 100 RP-18; LC
mobile phase, methanol-water (50:50) + 0.05 M ammonium
formate; flow-rate: 1 ml/min; TSP temperatures as in Fig. 1.

scribed here and good recoveries were obtained
(Table I). Fig. 5 shows the SIM traces obtained
using LC-TSP-MS for these two soil samples
corresponding to (A) paraquat with ions at m/z
172 and 187 and (B) diquat with the ions at m/z
157 and 184. The samples analysed contained
0.10 and 0.17 JLg/g of paraquat and diquat,
respectively. This corresponded to an injection
of 400-600 ng of each compound into the ana­
lytical column.

Calibration graphs for paraquat and diquat
were constructed by using the SIM mode. They
were linear between 100 and 1200 ng. Volumes of
20 JLI of each of five standard solutions of
paraquat and diquat concentrations from 5 to 60
ng/JLI were injected (n = 3) into the system.

The chromatographic traces in Fig. 5 exhibit
tailing, similarly as reported by Yoshida et al.
[12]. In contrast, the postcolumn extraction
chromatogram in Fig. 4 for difenzoquat is much
better. Two comments can be made: first, the
tailing observed under reversed-phase conditions
is a common behaviour for these compounds
when using either with UV [6] or TSP-MS
detection [12]. This could be avoided by using
another type of column, e.g., a cyano- or amino-

uion 249.00w
>5 1001 f
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Fig. 4. TSP-MS under SIM conditions for three repetitive
injections of a river water solution spiked with 500 J-tg/I of
difenzoquat after postcolumn extraction with cyclohexane­
dichloromethane-n-butanol (45:45:10) at 1 ml/min of an
aqueous phase of acetonitrile-water (60:40) and 1.10-4 M
of Blue Acid 113. TSP temperatures as in Fig. 1.

Environmental analysis
The use of the different quaternary am­

monium pesticides within European countries
has recently been reported [24]. They are cur­
rently applied as herbicides (e.g., paraquat) and
as growth regulators (e.g., chlormequat). After
application to the soil, paraquat and diquat are
good examples of compounds with a cationic
structure that can be sorbed into clay minerals in
a process that is dependent on the cation-ex­
change capacity of the clay. They can be rapidly
sorbed between the layers of the clay platelets
and as a consequence they exhibit low mobility
[25].

Paraquat and diquat are being currently ap­
plied in fields located at the Ebro delta (Tar­
ragona, Spain). Two environmental soils from
this area containing paraquat and diquat were
analysed following the analytical protocol de-
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[13,14], whereas for electrospray, signal en­
hancement can be achieved by the addition of
sodium acetate or ammonium acetate [13,17,18].
In thermospray, sodium acetate rather than
ammonium acetate must be used in order to
avoid ammoniolysis of the oligosaccharides to
their constituent monomers [14]. The coupling of
high-performance anion-exchange chromatog­
raphy (HPAEC) via either a thermospray [15,16]
or an ionspray [18] interface appears to be a very
powerful tool in the analysis of complex oligosac­
charide mixtures.

In this paper, the characteristics of neutral and
acidic oligosaccharides in both positive- and
negative-ion electrospray ionization are de­
scribed. It concerns a qualitative rather than a
quantitative study. Initially, various model com­
pounds were studied. The information obtained
from this study was used in the qualitative
analysis of unknown oligosaccharide samples. In
that respect, the characterization of dimethyl-f3­
cyclodextrin and the analysis of some unknown
oligosaccharides isolated from water-unextract­
able solids from apple and pear fruit material are
described.

EXPERIMENTAL

Apparatus
All experiments were performed with a Fin­

nigan MAT (San Jose, CA, USA) TSQ-70 mass
spectrometer, equipped with a 20"kV conversion
dynode and a Finnigan MAT electrospray inter­
face.

Sample introduction was performed either by
constant infusion or by on-line liquid chromatog­
raphy. A Model 2400 syringe pump (Harvard
Apparatus, Edinbridge, UK) was used for sheath
liquid delivery and in all constant infusion ex­
periments. In the latter type of experiments
methanol-water (90:10, v/v) or 2-propanol­
water (90:10, v/v) was used as a sheath liquid at
a flow-rate of 1~2 ILllmin.

For solvent delivery in liquid chromatography,
a Model 2150 LC pump (LKB, Bromma,
Sweden) was used. Sample injection was done
with a Rheodyne (Cotati, CA, USA) injection
valve, equipped with a 20-ILI sample loop.
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Chromatography
For the LC separation, a laboratory-packed

150 mm x 2 mm I.D. CI8 column (5-ILm particle
size) was used. The mobile phase was 0.1 mM
aqueous sodium acetate at a flow-rate of 1 mIl
min, which was split 1:500 postcolumn to 2 ILl!
min for electrospray nebulization. In these ex­
periments, methanol-water (80:20, vIv) was
used as a sheath liquid at a flow-rate of 2 ILl!
min.

Mass spectrometry
The experiments in the pOSItive-ion mode

were performed at a nebulization potential of
-3.5 to -4 kV, whereas in the negative-ion
mode a nebulization potential of +2.8 to +3.3
kV was used. In the Finnigan MAT electrospray
interface used, the counter electrode is at high
potential relative to the spray needle, which is
grounded. Nitrogen was used as a drying gas at a
gas pressure setting of 5; no drying gas heating
was applied. The tube lens potential and the
nozzle-skimmer potential were optimized before
each experiment.

Chemicals
Throughout these experiments, demineralized

water was used. Methanol and 2-propanol were
purchased from Baker (Deventer, Netherlands).
Sodium chloride, sodium acetate, sodium hy­
droxide, ammonium chloride and ammonium
acetate were obtained from Merck (Darmstadt,
Germany).

The maltodextrin MD-25 sample was supplied
by Roquette (Lille, France), Dimethyl-f3­
cyclodextrin samples were obtained from Janssen
(Tilburg, Netherlands), Wacker (Munich, Ger­
many), Rameb (Budapest, Hungary) and Avebe
(Veendam, Netherlands). The monomeric
sugars, sucrose and the maltose oligomers were
commercially available.

Unsaturated oligomers of galacturonic acid
were isolated from an enzyme digest of poly­
galacturonic acid (Fluka, Buchs, Switzerland)
according to the procedure described by Voragen
et al. [19].

Water-unextractable solids from apple and
pear fruit material were subjected to sequential
extractions with increasing strength of alkali.
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ions are observed. At higher analyte concen­
trations the intensity of the [2M + Nat peak
increases and even other sodiated clusters such
as [3M + Nat appear in the spectrum. Similar
signal intensities are observed for sucrose and
maltotetraose.

The mass spectra of acidic oligosaccharides
show a high degree of sodium exchange, i.e., in
addition to [M + Nat also [M - H + 2Nat and
eventually [M - (n - l)H + nNat are observed
(Fig. 1). The sodium exchange is more extensive
at a lower analyte concentration, which can be
explained by a more favourable sodium-to­
analyte concentration ratio at lower analyte
concentrations. Further, the total ion intensities
for glucuronic acid and galacturonic acid are
similar for 10 and 100 JLg/ml solutions. Re­
markably, for 10 JLg/ml glucuronic acid solution
the intensity of the sodiated dimer [2GlcA +
Nat was found to be higher than for a 100
JLg/ml solution. One would expect a more abun­
dant clustering at higher analyte concentrations,
as is observed Jor sucrose.

The mass chromatograms for the analysis of a
maltodextrin MD-25 sample using a reversed­
phase CIS column and a 10-4 M aqueous ~odium

acetate mobile phase are shown in Fig. 2. Metha­
nol-water (80:20, v/v) was used as the sheath
liquid for electrospray nebulization. The relative
response (area/JLmol) in electrospray ionization
is plotted as a function of the degree of polymer­
ization (DP) in Fig. 3 and compared with earlier
data on the response in thermospray ionization
[14]. The degree of polymerization indicates the

Fig. 1. Positive-ion electrospray mass spectrum of unsatu­
rated trigalacturonic acid (M, = 528), obtained by constant
infusion of a 10 ILg/ml solution in 2-propanol-water (90:10,
vIv) at a flow-rate of 1 ILIImin.

RESULTS AND DISCUSSION

The 1 M KOH-extracted pear material and the 4
M KOH-extracted apple material were degraded
with endo-glucanase IV [20] and subsequently
fractionated on a Bio-Gel P2 column by prepara­
tive HPAEC with pulsed electrochemical detec­
tion.

Initial characterization of the electrospray
ionization of oligosaccharides was performed
with both neutral and acidic oligosaccharides as
model compounds in both positive- and negative­
ion modes. The group of neutral oligosac­
charides consisted of sucrose (Mr = 342), mal­
totetraose (Mr = 666), maltoheptaose (M r =
1152) and a maltodextrin MD-25 mixture. The
group of acidic oligosaccharides consisted of
glucuronic acid (Mr = 194), galacturonic acid
(Mr = 194), unsaturated digalacturonic acid
(Mr = 352) and unsaturated trigalacturonic acid
(M r = 528), The experiments were performed in
the constant infusion mode, unless stated other­
wise.

Positive-ion mode
A small amount of alkali metal contamination

was present in the liquid phases that were used
in these experiments. Further, samples prepared
by enzymic degradation of plant cell wall poly­
saccharides followed by preparative HPAEC are
also contaminated with sodium ions. Considering
the high sodium affinity of oligosaccharides, the
positive-ion mass spectra in most constant infu­
sion experiments are dominated by sodium ad­
duct ions. Obviously, most of the sample con­
tamination can be eliminated by performing on­
column reversed-phase LC experiments. How­
ever, because the sodium adduct ions of
oligosaccharides are so readily formed, it is
recommended to work with sodium-containing
buffers in order to avoid the generation of mixed
spectra. For on-column LC experiments, the
addition of 0.1-1 mM sodium acetate to the
mobile phase was applied to ensure a well
defined sodium concentration.

For constant infusion of a 30 JLg/ml solution of
sucrose or maltotetraose in methanol-water
(90:10, v/v), only [M + Nat and [2M + Nat
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number of sugar monomers present in the oligo­
saccharide. As higher responses are observed in
electrospray ionization than in thermospray for
the higher DP oligomers, it can be concluded
that the former is the more appropriate for the
analysis of the larger oligosaccharides.

The positive-ion mass spectrum of a maltodex-

Fig. 2. Mass chromatograms for the LC-electrospray MS
analysis of a maltodextrin MD-25 mixture. Multiple-ion
detection in the positive-ion mode. Conditions: 150 mm x 2
mm I.D. C's column, 10-4 M aqueous sodium acetate as a
mobile phase at 1 ml/min, postcolumn splitting to 2 JLI/min
into the mass spectrometer, injection volume 20 JLI, sheath
liquid methanol-water (80:20, v/v) at 2 JLl/min. After
splitting, 0.5 JLg of sample is consumed in the mass spec­
trometer.

4 8 10

DP
Fig. 3. Relative response measured as peak area per amount
injected (mol) in LC-thermospray MS and LC-electrospray
MS as a function of the degree of polymerization (DP). The
injected amount of each oligomer was calculated from the
mass percentages of each oligomer, obtained from the
separation of MD-25 on an Aminex HPX-22H stationary
phase with a refractive index detector [14].
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Fig. 4. Positive-ion electrospray mass spectrum of a 1 mg/ml
maltodextrin MD-25 sample obtained by constant infusion at
1 JLl/min in 3.10-4 M sodium acetate in methanol-water
(40:60, v/v) for 5 min. DP values are given on the peaks;
Dp2 values indicate doubly charged ions.

trin MD-25 sample (1 mg/ml) obtained via
constant infusion for 5 min at 1 jLl/min is shown
in Fig. 4. Singly charged sodiated species [M +
Nat are observed for the oligomers with DP =
1-11 and doubly charged disodiated species
[M + 2Na]2+ for the DP 6-23 oligomers. The
molecular mass of the DP 23 oligomer (3744)
further emphasizes the advantage of electrospray
over thermospray ionization in the LC-MS anal­
ysis of oligosaccharides. An additional advantage
of electrospray is the low flow-rate, which per­
mits constant infusion of sample for several
minutes with the consumption of only a small
amount of sample. This is especially important in
the characterization of unknowns in samples
obtained from enzymic degradation of polysac­
charides where the sample amounts are limited.

Negative-ion mode
Constant infusion in the negative-ion mode of

a solution of 30 jLg/ml sucrose in methanol­
water (90:10, v/v) results in [M - Hr and
[2M - H] - ions, as illustrated in Fig. 5a. Addi­
tion of 10-4 M sodium chloride results in the
formation of both deprotonated [M - H] - and
chloridated [M + CI] - molecules and clusters. By
further increasing the chloride concentration to
10- 3 M, the negative-ion spectrum almost entire­
ly consists of chloridated molecules (Fig. 5b).
The total ion intensity of sucrose with or without
sodium chloride addition does not differ sig­
nificantly. Additionally, the use of either am­
monium or'sodium chloride does not have much
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Fig. 8. Positive-ion electrospray mass spectrum of an un­
known oligosaccharide obtained after enzymatic digestion of
an apple 4 M KOH extract. For further explanation, see text.

at m/z 969 (or 947) excludes the presence of an
acidic group in the molecule. Using the compu­
ter algorithm it was found that there is only one
possible composition without acidic sugars, as is
illustrated in Table II. Sugar composition analy­
sis confirmed the absence of uronic acids. Actu­
ally, the oligomer was found to contain glucose,
xylose, galactose and fucose in a ratio of 3:1:1:1.
Therefore, from the possible compositions in
Table II, (hex)g(pent)ideoxy)z (DP = 12) can
be selected as the correct configuration. Other
workers have reported xyloglucan oligomers
[29,30], but a dodecamer has never been de­
scribed before. Considering the homology in
xyloglucan structure, this oligomer probably has
a backbone of six glucose residues and contains
two Xyl-Gal-Fuc side-chains. More experiments
are needed to determine the exact location of
these side-chains.
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CONCLUSIONS

Electrospray can be used as an ionization
technique for the mass spectrometric analysis of
oligosaccharides. The generation of sodiated
molecules in the positive-ion mode and either
deprotonated or chloridated molecules in the
negative-ion mode is to be preferred. Electro­
spray ionization provides a better response than
thermospray ionization for the larger oligosac­
charides. Molecular mass information for
oligosaccharides up to at least Mr = 4000 can be
obtained. Spectra of acidic oligosaccharides in
both the positive- and negative-ion modes are
characterized by sodium exchange, which gives
information on the number of acidic groups in
the molecule. The better response found for
small neutral and acidic oligosaccharides in the
positive- than in the negative-ion mode becomes
less pronounced for the larger oligosaccharides.
Constant infusion of dimethyl-l3-cyclodextrins
appears to be an accurate and non-laborious
method for the determination of the degree of
methylation. Further, electrospray appears to be
a powerful tool in the characterization of un­
known oligosaccharide samples. The molecular
mass determined for oligosaccharides allows the
calculation of possible sugar compositions in
terms of the number of, e.g., pentose, hexose,
deoxyhexose and uronic acids. Combination of
these data with information concerning the
origin of the polysaccharide and the extraction
procedure applied generally provides useful in­
formation in identifying unknowns, in helping

TABLE II

POSSIBLE SUGAR COMPOSITIONS FOR M, = 1870 (CF., FIG. 8)

Hexose Pentose Deoxyhexose Hexuronic acid 4-0-Methylhexuronic acid

8 2 2 0 0
7 3 1 1 0
6 4 0 2 0
6 0 0 5 0
7 4 0 o . 1
7 0 0 3 1
8 0 0 1 2
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ABSTRAC:

Pneumatically assisted electrospray was demonstrated to be a powerful ionization source for the analysis of oligosaccharides. A
mass spectwmeter was interfaced to an HPLC system, using this interface, to determine oligosaccharides from the enzymatic
digestion of heparin separated on a reversed-phase column. To set up the technique, and particularly to clarify the ionization
process, purified disaccharides, from enzymatic digestion of chondroitin sulphates, were measured. The use of a suitable counter
ion in the mobile phase, tetrapropylammonium (TPA), to optimize the HPLC separation, gave, with sulphated di- and
oligosaccharides, <!dducts [M + nTPA - (n + m)H)m-, which were unexpectedly stable to fragmentation; molecular ions [M - (n +
1)H)" -, in the presence of the counter ion, were observed only with desulphated or monosulphated disaccharides. The stability of
the adducts and the use of a deuterated ion-pair reagent permitted an exact evaluation of the molecular masses of disaccharides
andoligosaccharides of unknown structure. Spectra obtained in the absence of the counter ion contained singly or multiply
charged molecular ions and fragmentation ions mainly from loss of the sulphate groups; under these ionization conditions the
exact mass determination and interpretation of the spectra were difficult. After removal of the counter ion, tandem mass spectra
could be obtained with some interesting data for the characterization of these molecules. Complete spectral analyses were
performed wi1h amounts of samples of 50 p.g but, using microbore columns, one twentieth of this amount may give good spectra.
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INTRODUCTION

Sulphated glycosaminoglycans (GAGs), such
as chondroitin sulphates (CS), dermatan sul­
phate (DeS), heparan sulphate (HS) and heparin
(HEP), are heterogeneous polysaccharides that
play important roles in all living organisms and
sometimes have notable pharmacological activity
[1].

Individual GAGs can be characterized by a
variety of electrophoretic, chromatographic and
spectroscopic methods, applied either to the
intact polysaccharides or to their products of
chemical or enzymatic depolymerization [2].
These degradative techniques are very important
for obtaining sequence information and have
been applied successfully to characterize the
antithrombin binding site of heparin [3]. NMR
spectrometry is one of the most effective tech­
niques [4] in the analysis of the oligosaccharides
from degradation, but it requires relatively large
amounts of material and is not suitable for the
analysis of very small samples, e.g., most bio­
logical samples.

Attempts have been made to use mass spec­
trometry (MS) [5-7]' generally using fast atom
bombardment (FAB) [6,7] for ionization, to
determine the structures of these oligosaccha­
rides. The reported results were interesting, but
some problems were evident: direct connection
to high-performance liquid chromatography
(HPLC) could not be used and the fractions,
after HPLC, must be desalted before FAB
analysis. Little information on the carbohydrate
sequence could be obtained except with complex
derivatization procedures that did not seem
practical [6,7]. The extremely high polarity of
GAGs is a major problem with other conven­
tional MS techniques.

Recently we used a mass spectrometer
equipped with a pneumatically assisted electro­
spray ionization interface, particularly effective
for polar compounds [8], to determine HEP and
DeS in human samples, with interesting results
in terms of sensitivity and specificity [9]. Another
group [10] achieved good results for the analysis
of purified oligosaccharides, by enzymatic diges­
tion of GAGs, with the same MS technique.

In this paper, we present the results, obtitned
with the same MS system, for the on-line charac-
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terization of sulphated disaccharides and oligo­
saccharides from enzymatic depolymerization of
HEP, separated, as described previously [9], by
ion-pair reversed-phase chromatography (IP-RP­
HPLC) and analysed with on-line connection to
the mass spectrometer. To set up the technique
and elucidate the ionization process in the pres­
ence of an ion-pair reagent, purified disaccha­
rides from enzymatic digestion of CS were ana­
lysed, dissolved in water br in the buffer used for
the HPLC separation; a deuterated derivative of
the ion-pair reagent was also used. The possible
role of tandem MS (MS-MS) with collisionally
induced dissociation (CID) to elucidate the
structure and sequence of these molecules was
also explored. Similar assays were carried out on
real samples by enzymatic digestion.

MATERIALS AND METHODS

Chemicals
The following purified unsaturated disaccha­

rides obtained by enzymatic digestion of CS were
purchased from Seikagaku: 2-acetamido-2-de­
oxy-3-0-( f3 -D-gluco-4-enepyranosyluronic acid)­
D-galactose (aDi-OS), 2-acetamido-2-deoxy-3-0­
(f3 -D-gluco-4-enepyranosyluronic acid)-4-0-sul­
pho-D-galactose (aDi-4S), 2-acetamido-2-de­
oxy-3-0-( f3 -D-gluco-4-enepyranosyluronic acid)­
6-0-sulpho-D-galactose (aDi-6S), 2-acetami­
do-2-deoxy-3-0- (2-0-sulpho- f3 -D- gluco-4-ene­
pyranosyluronic acid)-6-0-sulpho-D-galactose
CaDi-diSd), 2-0-sulpho-f3-D-gluco-4-enepyrano­
syluronic acid)-4-0-sulpho-D-galactose (aDi­
diSe ) and 2-0-sulpho-f3-o-gluco-4-enepyranosyl­
uronic acid)-4 ,6-bis-0-sulpho-D-galactose (aDi­
triS). The deuterium-labelled ion-pair reagent
tetrapropylammonium bromide (dz8TPA) , was
purchased from MSD Isotopes. Heparinase I
(Hepase) (EC 4.2.2.7), HEP from porcine in­
testinal mucosa sodium salt and all other chemi­
cals of the purest grade available were obtained
from Fluka. Research-grade water, produced
with a Milli-Q system (Millipore), was used in all
experiments.

Enzymatic degradation of REP
HEP (1 mg), was digested for 24 h at 37°C

with 1.5 mU of Hepase in 0.5 ml of 50 mM
ammonium acetate buffer (pH 7.0) containing
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1.0 mM calcium chloride [11]. At the end of the
digestion, to remove the enzyme and the undi­
gested HEP, the reaction mixture was loaded
into Ultrafree MC tubes for ultrafiltration (mo­
lecular mass cut-off 10000) and centrifuged at
2000 g for 45 min. Finally, the ultrafiltrates were
lyophilized.

Sample introduction and HPLC separation
Purified unsaturated disaccharides were ana­

lysed by continuous infusion (Harvard Scientific
syringe pump), at 5 JLI/min, dissolved in water
with 3.3 mM formic acid or in water with 3.3
mM tetrapropylammonium hydroxide (TPA) ,
adjusted to pH 4.0 with formic acid, or with 3.3
mM dZ8TPA, adjusted to pH 4.0 with formic acid
to a concentration of 50 jLg/ml.

HPLC separations of oligosaccharides from
digestion of HEP were performed on a
Spherisorb Hexyl reversed-phase column (250 x
4.6 mm J.D., 5 jLm) from Phase Separations. A
Gilson gradient HPLC system (Model 305 +
Model 302 Pumps, both with a Model 5.SC
head, analytical dynamic mixer and Model 231­
401 autosampler with a sample loop of 20 JLI)
was used. The mobile phase was 3.3 mM TPA
adjusted to pH 4.0 with formic acid in water
(buffer A) and 3.3 mM TPA adjusted to pH 4.0
with formic acid in acetonitrile-water (90:10)
(buffer B), with gradient elution as follows: 3
min isocratic at 100% buffer A then a linear
gradient to 50% buffer B in 20 min and a final
isocratic step of 7 min at that composition; the
flow-rate was 1.00 ml/min. To decrease the
mobile phase flow-rate to a level acceptable for
the MS system (above 50 jLl/min), splitting was
performed, connecting to the splitting port of the
MS interface a piece of silica capillary of appro­
priate length. In some experiments buffers A
and B were prepared with the same characteris­
tics using dZ8TPA instead of TPA. All the
HPLC-MS experiments were repeated also with
a suppressor for cationic counter ions (Dionex
MMPC) , as described previously [12], with a
regenerant composed of 0.1 M sulphuric acid at
a flow-rate of 5.0 ml/min.

Mass spectrometric analysis
MS and MS-MS experiments were performed

with a Perkin-Elmer-Sciex API III mass spec-
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trometer equipped with a pneumatically assisted
electrospray source (articulated ionspray source).
Mass spectra were acquired in the negative-ion
mode and the mass spectrometer was generally
operated with scanning from m/z 200 to 2000.
When MS-MS experiments were performed the
mass spectrometer was operated in the daughter­
ion scanning mode and argon was used to obtain
CID. In these experiments the collisional energy
was optimized at 70 eV and the collision gas had
an effective target thickness of ca. 2.5 x 1014

atoms/cmz.

RESULTS

Figs. 1 and 2 show the mass spectra obtained
with the purified disaccharides by enzymatic
degradation of CS dissolved in water with 3.3
mM formic acid (top), in water with 3.3 mM
TPA adjusted to pH 4.0 with formic acid (mid­
dle) or in dz8TPA (bottom) in order to examine
the ionization processes under different condi­
tions.

The spectra from ~Di-OS are presented in Fig.
lA-C; under the three different MS conditions
only a relevant (M-H) - ion (m/z 377) can be
observed and no adduct with TPA or fragments
are present. Fig. ID-F show the mass spectra
obtained with aDi-4S.

The most relevant ion in all the spectra has
m/z 457, corresponding exactly to the predicted
m/z of the (M - H)- ion of this monosulphated
disaccharide. In the spectrum obtained without
TPA a second ion shifted of 22 u (m/z 479) can
be observed and corresponds to an adduct with
sodium, (M + Na - 2H)-. Another ion with m/z
299, probably derived from fragmentation, is
also present; this m/z value in fact corresponds
to the mass of O-sulpho-N-acetylgalactosamine.
In presence of TPA an ion of m/z 642 with an
intensity similar to that of the deprotonated
molecular ion is present; the difference in mass
between these two ions is 185 u, corresponding
exactly to the calculated mass increase for an
adduct with the ion-pair reagent (TPA) used,
therefore suggesting that this ion is (M + TPA ­
2H)-. This hypothesis is confirmed by the mass
spectrum obtained with the sample dissolved in a
solution of dZ8TPA. In fact, with this buffer the
(M - H)- ion (m/z 457) is still present, whereas
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pair reagents seems very important in facilitating
the determination of the molecular masses of
these oligosaccharides. The use of dZ8TPA en­
abled us to confirm the spectral interpretations.
Sodium adducts were frequently observed espe­
cially in the absence of an ion-pair reagent.
Reported CID spectra were obtained from de­
protonated molecular ions from samples ana­
lysed without an ion-pair reagent because no
fragmentation could be obtained from adduct
ions and also CID mass spectra from deproto­
nated molecular ions obtained in the presence of
an ion-pair reagent were very weak. With mole­
cules containing two or more sulphate moieties
the most relevant daughter ions were derived
from the loss of the sulphate groups; fragments
corresponding to each hexose of the parent
molecules can be observed with disaccharides
containing one or no sulphate group. Generally
the fragmentations observed under MS-MS
conditions were similar to those observed in
mass spectra acquired from samples in the ab­
sence of an ion-pair reagent. The daughter-ion
spectra of mono- and disulphated disaccharides
(dDJ-4S, dDi-6S, dDi-diS d and dDi-diS e)

showed interesting specific fragmentation pat­
terns. depending on the position of the ester
bond5., suggesting a possible role of MS-MS in
discriminating positional isomers.

The results obtained with HEP were more
complex to rationalize. Oligosaccharides from
HEP have a very strong interaction with ion-pair
reagents and therefore molecular ions cannot be
observed when analysed under these conditions;
moreover, in the absence of TPA or dzsTPA
relevant fragmentations occur, giving spectra of
complex interpretation. Only the combination of
results obtained with TPA and dzsTPA permitted
an unambiguous identification of the ions in
these spectra and therefore the molecular masses
of oligosaccharides can be determined accur­
ately.

CID mass spectra of ions from oligosacchar­
ides of HEP confirmed the preferential frag­
mentation at the ester bonds of the sulphate
groups in comparison with the glycosidic bonds;
in this study a specific evaluation of N-sulphate
bond stability was not performed. Similar results
were previously obtained on analysing sulphated
oligosaccharides with FAB ionization. The use of
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MS-MS with these samples, even if did not give
detailed information on sequence, was useful for
improving the interpretation of some ions (e.g.,
number of charges, presence of sulphate groups)
obtained with the suppression of counter ions in
the mobile phase, necessary to have effective
fragmentation. The development of devices to
remove quaternary ammonium counter ions
from the mobile phase suitable for microbore
HPLC will improve this technique; it is note­
worthy that similar ion membrane suppressors
are already available for applications to inor­
ganic cations or anions (Dionex).

The sensitivity of the technique is interesting:
50 /-Lg were injected to obtain the reported
spectra and therefore, considering a splitting
ratio of >1:20,2.5 /-Lg injected into a microbore
column are sufficient to obtain clear scan spec­
tra. In a previous study [9] we showed that, using
single-ion monitoring, amounts of each oligo­
saccharide as low as 50 ng can be detected using
a 1.0 mm J.D. column.

The use of the ionspray technique is one of the
main reasons for the interesting results achieved
in this study. Indeed, with this ionization meth­
od, no sample derivatization was required and
on-line interfacing to an effective separative
technique was easily achieved. The introduction
of a counter-ion reagent, to obtain a good HPLC
separation, was another unexpected and relevant
improvement. In fact, highly sulphated oligo­
saccharides could be determined in complex
mixtures, overcoming the previously observed
problems of fragmentation and separation [7,10].

After this work using well known molecules,
promising results have been already obtained by
applying this HPLC-MS technique, in combina­
tion with enzymatic and chemical degradation, to
characterize sulphated GAGs extracted from
biological samples. These findings suggest a
relevant role of this method in a "combined
approach" [15] to elucidate the sequence of
unknown GAGs.
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ABSTRACT

Amino acid sequencing of a subtilisin-type bacterial protease and a bio-engineered variant was carried out by investigating
various enzymatic digests using HPLC-frit fast atom bombardment MS methods. The fast atom bombardment mass sp<:ctral data
allowed rapid identification of the enzymatically generated peptides and differentiation between both proteins. The feasibility of
determining the positions and nature of mutations in the amino acid sequence depends mainly on the size of the peptides
containing the modifications.

INTRODUCTION

Elucidating the amino acid sequence of pro­
teins can be done either at the DNA level or at
the protein level. DNA sequencing can be car­
ried out relatively easily with considerable speed,
but there are many situations in which this
approach cannot be followed and sequencing
must be done directly at the protein level. A
commonly applied method for elucidating the
primary structure of large proteins often includes
proteolysis followed by chromatographic separa­
tion and structural analysis of the resulting

* Corresponding author.

fragments. For the latter purpose classical
Edman degradation is more and more being
replaced by faster mass spectrometric methods.

Fast atom bombardment (FAB) is a very
suitable ionization method for combined high­
performance liquid chromatography-mass spec­
trometry (HPLC-MS) [1-5].

A frit FAB interface makes it possible to
administer a flow of 2-10 ILl/min of column
effluent to the ion source of the mass spectrome­
ter under stable conditions. The bombarding
xenon beam is directed to a fritted disc covering
the exit of a thin fused-silica capillary that
connects the HPLC system with the ion source
[6].

In this study we used a conventional HPLC

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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RESULTS AND DISCUSSION

Fig. 1. FI-TSP mass spectrum of the mixture obtained by
glycolysis of PET.

ion detection mode (window width 1 u, scan time
1 s).

ment ions [(M n + AcO)-]. The ratio between
the two molecular ions for each oligomer de­
pends on the buffer content of the eluent. Other
minor ions can be assigned to either fragment
ions or molecular ions of additional components
of the mixture.

Fine tuning of the TSP conditions was accom­
plished by systematically varying the experimen­
tal parameters over reasonable ranges of values.
No significant effect was observed by changing
the ion source temperature between 150 and
200°C. Lower temperatures were not tested to
avoid source contamination and higher tempera­
tures had a detrimental effect on the absolute ion
intensities. The optimum discharge voltage was
found to be 700-800 V; above this value a
plateau was reached. Fig. 2a shows the influence
of the vaporizer temperature on the intensities of
different molecular ions. It can be seen that
within the range 65-80°C radical anions are
favoured at low temperatures, whereas the oppo­
site is true for acetate attachment ions. Outside
this range the intensities decreased dramatically.
The effect of the repeller voltage on the intensity
of molecular ions of various size is depicted in
Fig. 2b. The voltage required for maximum
intensity clearly depends on the size of the ion,
and increases as the ion size is increased. A
compromise was chosen by setting the repeller
voltage at -100 V.

These optimum vaporizer and ion source tem­
peratures are strikingly different from those
reported previously [10] for the cyclic PET
oligomers, which involved the use of tempera­
tures up to 350°C. Therefore, we tested our
"mild" TSP conditions with a pure sample of the
cyclic PET trimer (cyclo-M3). It turned out that
the optimum experimental conditions for the
cyclic trimer were identical with those found for
the linear oligomers. Moreover, our conditions
are consistent with the ion evaporation mecha­
nism, which does not require the volatilization of
the neutral analyte [11,12]. There seem to be no
explanation for this marked disagreement other
than differences in vaporizer and ion source
design and the temperature control systems of
the two TSP interfaces used.

The optimized TSP conditions were used in
the subsequent LC-TSP-MS analysis of the
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The search for the optimum TSP conditions
was performed by flow injection (FI) analysis
with a water-acetonitrile mobile phase contain­
ing ammonium acetate as the buffer. These
preliminary experiments showed that by far the
most intense signals were obtained by recording
the negative-ion mass spectra produced by oper­
ating the TSP interface in the discharge ioniza­
tion mode. A typical negative-ion FI-TSP mass
spectrum of the glycolysis mixture is reported in
Fig. 1. Most of the ions can be easily recognized
as corresponding to two types of molecular ions
of linear PET oligomers (from monomer M1 to
tetramer M4; see reaction 1): odd-electron radi­
cal anions (M:'), presumably formed by electron
attachment, and even-electron acetate attach-

Chemicals
HPLC-grade water, ammonium acetate, ace­

tonitrile and THF were purchased from Merck.
PET bottle scraps were obtained from Tecoplast
(Ferrara, Italy). Analytical-reagent grade ethyl­
ene glycol was obtained from Carlo Erba.
Mn(AcO)4' 4H20, TFA and HFBA were pur­
chased from Aldrich. All chemicals were used as
received.
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Fig. 2. Effects of (a) vaporizer temperature and (b) repeller voltage on the absolute ion intensities of different molecular ions.

mixture of the glycolysis products of PET. The
chromatograms obtained with UV and full-scan
MS detection are reported in Fig. 3. The MS
trace is actually a reconstructed ion chromato­
gram made up only by the ion currents corre­
sponding to the most abundant ions of the FI­
TSP mass spectrum (Fig. 1). This data manipula­
tion was necessary because the total ion current
chromatogram was too noisy and mainly due to
high-intensity background ions.

The comparison between the two traces re­
ported in Fig. 3 clearly indicates that sensitivity
in the TSP-MS mode is poorer than that in the
UV mode. Peaks Band F are completely missing
from the MS trace and peaks D and G are barely
detectable.

The mass spectra of peaks C and E (Fig. 4)
show both M- and [M + AcOr molecular ions
of the linear PET dimer (m/z 446 and 505) and
trimer (m/z 638 and 697), respectively. Frag­
ment ions originated from the loss of 192 u,
corresponding to the elimination of a repeating
unit (-COC6H 4COOCzH 40-). The mass spec­
trum taken on the left shoulder of peak C (Fig.

4) can be attributed to a linear PET dimer
containing a diethylene glycol moiety instead of
one of the three ethylene glycol groups (M- at
m/z 490 and [M + AcOr at m/z 549), with a
molecular mass 44 u higher than that of the
normal dimer [13]. Similarly, peak A was the
linear PET monomer (M- at m/z 254 and [M +
AcOr at m/z 313). Unfortunately, the mass
spectra of peaks D and G were too weak for
unambiguous interpretation.

In the attempt to obtain at least the molecular
mass of all the LC-UV peaks, we tried to use the
mass analyser in the MID mode instead of the
usual full-scan mode. The set of m/z values
chosen for the MID scan included the most
significant ions (that is, adduct ions were ex­
cluded) contained in the FI-TSP mass spectrum
of the sample (see Fig. 1). The total ion chro­
matogram produced by the LC-TSP-MID analy­
sis is reported in Fig. 5. All the peaks previously
observed in the UV trace can be easily recog­
nized in the MID trace. The ion responsible for
each peak was tentatively considered to be the
molecular ion of the corresponding component.





Fig. 5. LC-TSP-MS (MID mode) trace for the glycolysis
mixture of PET. Time scale in min.

is certainly more reliable than the MID mode for
the determination of the molecular mass of an
unknown substance. However, mass spectra of
minor components of the glycolysis mixture
could not be recorded by LC-TSP-MS analysis,
because the signal-to-noise ratio was too low.
The causes of poor sensitivity could be (i) poor
ionization efficiency, (ii) high-intensity back­
ground ions in the m /z range of interest and (iii)
low volatility of the analytes. Another problem
was the low solubility of the sample mixture.
Maximum sample concentrations (about 1.5 mg/
ml) could be obtained by using THF as the
solvent. Unfortunately, the use of THF limited
the injection volume to 5 J.d to avoid peak­
splitting problems. Therefore, no more than
about 7-8 JLg of the sample mixture could be
injected.

Derivatization is usually employed in order to
improve both the solubility and detectability of
difficult analytes [14]. As one of the ionization
mechanisms in the TSP-MS analysis of PET
oligomers was electron attachment, we tried to
enhance the ionization efficiency by derivatizing
the terminal hydoxyl groups with perfluoro­
anhydrides. The derivatization procedure with
either trifluoroacetic anhydride (TFA) or hepta­
fluorobutyric anhydride (HFBA) was simple and
gave rise to high conversion yields (>99%). The
sole modification of the TSP parameters required
by the derivatized samples was the lowering of
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the vaporizer temperature to 65°C. The detec­
tion limits for the derivatized (with HFBA) and
underivatized samples were determined under
optimized TSP-MS conditions. On flow injection
of 100 pg of the derivatized sample [which
contains ca. 120 fmole of the HFBA derivative
of the linear PET dimer (Mr 838), since this
compound is by far the most abundant com­
ponent of the sample mixture], a signal-to-noise
ratio of 20 was obtained in the single-ion detec­
tion mode (m/z 838). A similar experiment with
the underivatized sample required the injection
of 300 pg (ca. 670 fmol of the linear dimer) to
obtain a signal-to-noise ratio of 10. The resulting
detection limit (signal-to-noise ratio::::::: 3) for the
derivatized dimer (about 20 fmol) turned out to
be an order of magnitude lower than for the
underivatized dimer (about 200 fmol). The re­
sults for the trimers were even better, as de­
rivatization with HFBA resulted in a 30-fold
increase in the signal-to-noise ratio, indicating
that the derivatization reduced the discrimina­
tion against high-molecular-mass components,
presumably because of the improved volatility of
the perfluoroacyl derivatives.

Another advantage of the HFBA derivatives is
that their solubility in the organic mobile phase
(acetonitrile) is dramatically increased relative to
that of the untreated sample. The use of acetoni­
trile instead of THF as the sample solvent
allowed the injection of a much higher volume of
a more concentrated solution. Fig. 6 shows the
total ion chromatogram (unmanipulated data)
obtained from the LC-TSP-MS analysis in full­
scan mode of the sample derivatized with HFBA
(50 JLg injected). The chromatogram reproduced
fairly well the LC-UV trace of the same sample
(not shown). Most of the negative-ion mass
spectra contained the molecular radical anion
only, but some of the minor peaks had mass
spectra containing more than a single ion. The
results and the structural assignments for all the
LC-MS peaks are summarized in Table I. As
can be seen from these data, the LC-TSP-MS
analysis of the derivatized sample confirmed the
results obtained from the underivatized mixture,
but it was also able to reveal the presence of
some additional components. Heptafluorobutyric
acid (peak 1), the monoderivatized linear dimer
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Fast screening method for eight phenoxyacid herbicides
and bentazone in water

Optimization procedures for flow-injection analysis­
thermospray tandem mass spectrometry

Rene B. Geerdink* and Paul G.M. Kienhuis
RIZA, P.O. Box 17, 8200 AA Leylstad (Netherlands)

Udo A.Th. Brinkman
Department of Analytical Chemistry, Free University, De Boelelaan 1083, 1081 HV Amsterdam (Netherlands)

ABSTRACT

The development of a screening method for the rapid screening of water samples for phenoxyacid herbicides and bentazone
with flow-injection analysis-thermospray tandem mass spectrometry is described. A two-step optimization procedure was used to
determine the optimum instrumental parameters. First, introducing the analytes of interest continuously, the vaporizer
temperature, discharge voltage and repeller voltage were changed stepwise over a wide range under computer control. With
different solvent mixtures and source block temperatures, the carrier stream with which the highest molecular (parent) ion
intensities were obtained in the single scan Q3-MS scan mode was selected. This turned out to be 0.1 M aqueous ammonium
acetate-acetonitrile (90:10, v/v). For phenoxyacid herbicides and bentazone negative ionization with buffer-assisted ion
evaporation (ammonium acetate) gave the most intense parent ions. The discharge voltage had little influence on the signal
intensities and a low repeller voltage turned out to be the best for all analytes. Next, the optimum collision gas pressure and
collision offset voltage were determined. The most intense daughter ions were derived with a collision gas pressure (argon) of 3-4
mTorr (1 Torr = 133.322 Pa) and a collision offset voltage of 18 eV for phenoxyacid herbicides and 22 eV for bentazone. In order
to obtain maximum sensitivity, a multiple reaction monitoring method was used in which two parent ion-daughter ion pairs were
monitored for each phenoxyacid herbicide and one parent ion and three daughter ions for bentazone. Without sample
concentration all eight phenoxyacid herbicides and bentazone can be determined at the low J.,Lg/1 level. The method is fully
automated; with a 5-ml loop injection and the subsequent cleaning runs the analysis time is 10 min. The detection limit is ca. 1
J.,Lg/1 with linear calibration graphs up to 50 J.,Lg/1. The method was used to confirm the presence of bentazone and the absence of
the phenoxyacid herbicides in a surface water sample.

INTRODUCTION

Phenoxyacid herbicides and bentazone are
widely used in agriculture. They are toxic and
environmentally persistent for several months.

* Corresponding author.

These compounds are readily soluble in water
and their runoff from cropland into rivers and
lakes is considerable. Allowable concentration
levels in Dutch inland waters depend on the type
of compound and are between 0.1 and 11 J,Lgll
for phenoxyacid herbicides [1]. As surface water
is used for the production of drinking water
there is a need for continuous monitoring. The

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved



330

European Community (EC) has set the maxi­
mum allowable concentration for individual pes­
ticides at 0.1 J.tgll for drinking water [2]. In our
institute (RIZA), the chlorophenoxy carboxylic
acid herbicides 4-chloro-2-methylphenoxyacetic
acid (MCPA), (2,4-dichlorophenoxy)acetic acid
(2,4-D), 2-(4-chloro-2-methylphenoxy)propionic
acid (MCPP), 2-(2,4-dichlorophenoxy)propionic
acid (2,4-DP), (2,4,5-trichlorophenoxy)acetic
acid (2,4,5-T), 4-(2,4-dichlorophenoxy)butyric
acid (2,4-DB), 4-(4-chloro-2-methylphenoxy)­
butyric acid (MCPB) and (2,4,5-trichloro­
phenoxy)propionic acid (2,4,5-TP) and ben­
tazone are determined in surface and waste
waters with a previously described fully auto­
mated liquid chromatographic (LC) method with
UV detection [3,4].

With mass spectrometric (MS) detection,
phenoxyacid herbicides can be determined with
direct liquid introduction [5], particle beam [6,7]
or with a thermospray interface in the negative­
ion mode using filament-off, filament-on or dis­
charge ionization modes [8-13]. In an attempt to
provide additional structural information, chlo­
roacetonitrile is added to the eluent [8,12,14].

The use of tandem mass spectrometry (MS­
MS) permits rapid analyses for specific com­
pounds [15]. The sensitivity levels obtained are
generally ca. 100 pg [16] without the need for the
chromatographic separation [17-19]. Although
environmentally important compounds have
been studied [13,16-24], few data on the (LC)­
MS-MS of pesticides or polar hydrophilic com­
pounds in aqueous samples have been published.

To achieve the lowest possible detection limits
for a targeted compound with (LC)-MS-MS,
single reaction monitoring (SRM) should be
performed [25]. If a larger number of com­
pounds need to be determined, the MS-MS
conditions must be of "general" adjustment or
they must be continuously changed to obtain
optimum results for each compound.

In this study, it was our aim to develop a rapid
screening method, preferably at the 0.1 J.tgll
level, for phenoxyacid herbicides and bentazone
in aqueous samples. Optimization procedures
for flow-injection analysis-thermospray tandem
mass spectrometry (FIA-TSP-MS-MS) were
written for a Finnigan TSQ-70 instrument includ-
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ing a TSP-2 interface. Most of the parameters
were adjusted by the software and, except for
the collision gas and the source block tempera­
ture, parameters such as the collision offset
voltage, repeller voltage, discharge voltage and
vaporizer temperature could be instantaneously
(J.ts-s) changed by the data system.

EXPERIMENTAL

Reagents
Water was obtained from a Milli-Q system

(Millipore, Bedford, MA, USA). HPLC-grade
acetonitrile, formic acid, trifluoroacetic acid
(used as tuning solvent) and ammonium acetate
were obtained from J.T. Baker (Deventer,
Netherlands). Ammonium formate was obtained
from Sigma (St. Louis, MO, USA). All chloro­
phenoxy carboxylic acids were obtained from
Riedel-de Haen (Hannover, Germany) and ben­
tazone from Promochem (Wesel, Germany).

Apparatus
An LKB (Bromma, Sweden) Model 2150

pump was used to deliver the FIA carrier stream
at a flow-rate of 1.5 ml/min.

For Procedures I and II (see below) the
analytes were dissolved in the appropriate sol­
vent mixture at concentrations of 500 or 50 J.tgll
and continuously introduced into the MS-MS
system.

An ASPEC (Gilson, Villiers-le-Bel, France)
was used to inject samples with a 3- or 5-mlloop
into the carrier stream. After each injection, an
injection with pure water and an injection with
acetonitrile were made to ensure complete clean­
ing of the total system including the thermospray
interface. Also, the optimum repeller voltage in
the single MS scan mode (Q3-MS) with regard to
the intensity and mass assignment of the parent
ions was checked daily by injecting a 50 J.tgll
standard solution in 0.1 M aqueous ammonium
acetate-acetonitrile (90:10, v/v).

A Finnigan TSQ-70 mass spectrometer (Fin­
nigan Mat, San Jose, CA, USA) equipped with a
Finnigan thermospray interface (TSP-2) was
used. The conversion dynode was set at 15 kV,
the electron multiplier at 1.5-2.0 kV and the
electrometer amplifier gain at 10-8. Argon was
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In Procedure II the collision offset voltage is
determined at different collision gas pressures to
acquire daughter ion signals of the parent ions
selected with Procedure 1. In this procedure the
collision offset voltage is increased stepwise at 2
eV per step from 0 to 50 eV, using collision gas
(argon) pressures of 1, 2, 3, 4 and 5 mTorr (1
Torr = 133.322 Pa). From the data obtained the
collision gas pressure, collision offset voltage and
daughter ions are selected.

RESULTS AND DISCUSSION

With MS-MS, selected (single or multiple)
reaction monitoring (SRM or MRM, respective­
ly) is often used in trace analysis in which a
limited number of parent ion-daughter ion pairs
are monitored for each analyte to give maximum
sensitivity [26]. MS-MS methods can be used to
detect and confirm amounts of analytes as low as
100 pg [16,27]. In order to do so, it is desirable
that the primary ionization conditions give an
abundant high-mass ion preferably indicative of
the molecular mass in the first mass analyser.
Collisionally activated dissociation (CAD) with
neutral gas molecules then produces characteris­
tic fragments that can be identified in the second

R.B. Geerdink et ai. / J. Chromatogr. 647 (1993) 329-339

mass analyser. The yield of these so-called
daughter ions determines the analytical sensitivi­
ty and therefore the detection limit of the MS­
MS procedure. Unfortunately, optimum condi­
tions for the operating parameters are different
for every class of compound and, often, even for
every individual analyte within a certain class.

The optimization procedures presented here
were written to select optimum conditions in
terms of sample solution, source block and
vaporizer temperature, discharge and repeller
voltage, collision offset voltage and collision gas
pressure.

Sample solution, source and vaporizer
temperature

The sample solutions used in the experiments
were 90:10 (v/v) mixtures of water, 0.1 M formic
acid, 0.1 M ammonium acetate or 0.1 M am­
monium formate and acetonitrile.

In Table I the results are given that were
obtained using Procedure I (see Experimental).
The data in each column of Table I were ob­
tained from one spectrum. A source block tem­
perature of 200eC, a sample solution containing
0.1 M ammonium acetate and a vaporizer tem­
perature of 105-110eC gave the most intense

TABLE I

INTENSITIES (x106
) OF MOLECULAR IONS OF PHENOXYACID HERBICIDES AND BENTAZONE IN VARIOUS

SAMPLE SOLUTIONS AT DIFFERENT SOURCE BLOCK TEMPERATURES USING OPTIMIZATION PROCEDURE I

The sample solutions used in the experiments were 90:10 (v/v) mixtures of water, 0.1 M formic acid, 0.1 M ammonium acetate or
0.1 M ammonium formate and acetonitrile. A source block temperature of 100°C gave unstable vaporizer temperatures and are
not reported; a source block temperature of 250°C was not measured for all solvents.

Analyte m/zQ Water Formic acid Ammonium acetate Ammonium formate

150°C 200°C 250°C 150°C 200°C 150°C 200°C 250°C 150°C 200°C

MCPA 199 3.8 3.3 4.8 11.9 11.5 13.9 14.9 14.9 11.4 11.2
MCPP 213 4.5 6.3 6.1 11.9 9.4 12.8 14.0 13.3 11.6 11.2
2,4-D 219 9.2 1.3 2.7 9.2 6.4 6.9 9.5 9.0 7.1 5.8
MCPB 227 2.0 1.7 1.1 4.3 2.3 10.4 9.4 6.4 3.3 2.9
2,4-DP 233 8.2 2.8 4.7 8.2 8.6 9.6 11.5 7.4 7.0 6.1
Bentazone 239 0.82 0.65 0.58 2.0 1.6 14.6 13.4 12.3 13.1 10.7
2,4-DB 247 0.68 0.57 0.39 7.3 4.0 5.4 5.6 2.7 5.2 3.5
2,4,5-T 253 0.7 0.6 0.7 3.5 3.0 3.6 4.8 2.1 4.8 3.2
2,4,5-TP 267 1.5 1.6 1.6 8.3 5.6 8.7 9.5 5.7 9.5 7.4

Q m/z=[M-1r
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molecular ions for all compounds. Vaporizer
temperatures higher than 115°C gave, with all
solutions and at all source block temperatures,
increased fragmentation of the molecular ion to
low m/z fragments (see Fig. 2; scan 820-1100),
while vaporizer temperatures below 100°C (Fig.
2; scan 0-460) gave less intense signals of the
molecular ions. During optimization it turned
out that a source block temperature of 100°C was
too low to give stable vaporizer temperatures.
The results obtained with a source block tem­
perature of 250°C were similar to those at 200°C.
Therefore, some sets of data obtained at the
former temperatures have not been included in
Table I.

Using Procedure I, for all four sample solu­
tions and pure water, background signals of
solvent adducts were recorded at a source block
temperature of 200°C in order to detect whether
any interfering peaks would show up. No such
interferences with the parent scan masses were
observed.

Solvent adducts with the molecular ion were
absent with water as sample solvent but with the
other solutions signals at [M + eH3eOOr for
ammonium acetate (relative abundance 5%) and
[M + HeOOr for formic acid (relative abun­
dance 10-20%) and ammonium formate (rela-
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tive abundance <50%) were observed. In the
literature [8,10,12], these adducts are sometimes
reported as the base peaks.

Discharge and repeller voltage
Fig. 3 shows an expansion of part of the data

generated in Procedure I, viz., for vaporizer
temperatures of 105, 110 and partly 115°e. Low
repeller voltages give intense signals whereas
higher repeller voltages give only uniform ef­
fects. At 110°C the discharge voltage is much
more irregular than at 105°C, while at 115°C the
signals are strongly decreased, as explained
above. Note the m/z 40 which is the vaporizer
temperature and the starting point of a cycle at a
new vaporizer temperature (see also legend Fig.
3). From this scan number the repeller voltage
value and the discharge voltage value can be
easily determined in the cycle, which has nine
discharge steps and ten repeller steps.

With ammonium acetate as additive to the
sample solution and with the other additives a
discharge voltage of 1500-2000 V was found to
favour the ionization process. From these results
we conclude that a repeller voltage of - 20 V and
a discharge voltage of 1750 V with ammonium
acetate (see also the asterisk in Fig. 3) as sample
solution give the best results and should be used
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Fig. 2. The RIC and combined mass trace of 0.1 M ammonium acetate-acetonitrile (90:10, v/v) at a source block temperature of
200°C, recorded with Procedure I in the Q3-MS mode; for details, see Experimental.
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both CO2 and N20 as mobile phases. In the
chromatogram shown in Fig. 2 about 8 ng of
each compound were injected. A slightly lower
LOD and a relatively larger amount of [M + H] +

were obtained using the modified ion source
(Fig. Ie) than with the standard EI-CI ion
source. The mass spectra of these compounds
are shown in Fig. 3A and B.

Compared with the reported methane CI mass
spectra of dieldrin and aldrin [14], a relatively

larger amount of [M + H] + was found in this
work. This may be explained by better condi­
tions for ion-neutral reactions and hence an
increase in stabilized ions.

CI with isobutane as reagent gas. When iso­
butane replaced methane as the reagent gas a
less favourable LOD (6-10 ng) was obtained for
the chlorinated pesticides using CO2 as mobile
phase. The detection limit was >30 ng using
N20 as mobile phase, so no further experiments
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were carried out with this combination of mobile
phase and reagent gas.

However, the LOD for anthracene and chlori­
nated anthracene was in the lower nanogram
range using both COz and NzO as mobile phase,
and [M + H] + were the main ions. Isobutane
alone has been reported to give useful mass
spectra of chlorinated pesticides in both positive­
and negative-ion modes [15]. The major ions in
each of the reported mass spectra may be ac­
counted for by dissociative proton transfer and
hydride and chloride abstraction involving
C4H;. Our results indicate that the proton
affinity of the investigated compounds is less
than that of isobutane as protonated molecular
ions are absent.

C/ with ammonia as reagent gas. Ammonia has
been used as the reagent gas [5,16-21] for a
great variety of compounds in positive-ion CI.
When COz and ammonia were used as mobile
phase and reagent gas, respectively, the chlori­
nated pesticides could be detected as peaks
(LOD ca. 2-4 ng) in the chromatogram, but the
mass spectra did not give any structural informa­
tion. The mass spectra were dominated by the
fragment ion at m/z 130 that was present at a
constant level throughout the chromatogram, but
increased when compounds and the solvent CS z
were eluted. Similar effects have been observed
by others [22] using ammonia as reagent gas. No
[M + H] +, [M + NH4 ] + or any sample-containing
ions were observed for compounds with large
electron-capture cross-sections. The m/z 130 ion
found in our work may originate from a
[(COz)(NH3)sHr cluster. The ammonia pres­
sure used was about 4.0.10-6 Torr. From the
negative-ion MS experiments we know that the
CO~ ions are present in the ion source, and may
neutralize m/z 130 ions. Hence, if compounds
introduced into the ion source are ionized by the
CO~ ions, fewer of the CO~ ions will be
available for the m/z 130 neutralization. Hence
an increase in the m/z 130 level may be ob­
served.

Negative-ion MS
Electron-capture and ion-neutral reactions are

the two main ionization techniques that are used
in this mode [23]. The soft nature of these
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processes is an advantage when molecular ions
are wanted. For the electron-capture process,
the choice of moderating gas, among other
parameters, is considered as an important factor
for the yield of M- e

The results obtained in the negative-ion mode
using the original EI-CI ion source was very
discouraging; both high LODs and extensive
fragmentation were observed. However, success­
ful SFC-negative-ion MS has been reported by
others also on chlorinated pesticides [3,4].

The reason for the high ratio of fragmentation
in our experiments is the low pressure in the ion
source, which implies a smaller amount of ther­
malized electrons. We therefore modified the ion
source (LC version) to obtain a higher pressure
in the ion source. This modified ion source was
used throughout our experiments in negative-ion
MS.

It soon became apparent that an ion-source
temperature lower than 220-300°C (which is
normally used in SFC-positive-ion CI-MS [7])
improved the mass spectra. Temperatures above
200°C , as used by Huang et at. [4], led to
extensive fragmentation and a high LOD of
dieldrin. Thus, in most of the reported experi­
ments, a temperature of about 150°C was used.
Even better results with respect to LOD and
reduced fragmentation were obtained in our
experiments when. the temperature was lowered
to about 70°C. However, this temperature could
not be used over a long period of time, owing to
the heat supported by the filament and restrictor
heater. The possibility of cooling the ion source
thus appears to be a necessary requirement. An
ion-source temperature of about 140°C was used
by Roach et at. [24], who also pointed out the
necessity of using lower temperatures in
negative-ion MS.

A repeller potential of 0 V was used through­
out all the negative-ion mode experiments, as
this potential will increase the residence time of
molecular ions and electrons, and hence increase
the collision probability with the moderating gas
molecules (third-body collisions). Such condi~

tions are necessary to obtain collisional stabiliza­
tion of excited ions.

CO2 as moderating gas. COz is considered to
be a slightly more efficient moderating gas than
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Fig. 5. Negative-ion mass spectra of dieldrin using (A) supercritical CO2 and (B) supercritical N20 as mobile phases. Ion-source
temperatures and pressure of the added gases are given. The modified LC ion source was used. The ion-source pressure due to
mobile phase only was about 2.10-5 Torr when dieldrin was eluted using a pressure programme from 100 to 250 bar.

than electron attachment by thermalized elec­
trons.

The main conclusion to be drawn from these
experiments is that CO 2 is preferred when elec­
tron attachment is wanted and N20 when re­
agent ions [23] are required for CI. The LODs
were in the range 2-4 ng.

Methane as moderating/reagent gas. Methane
is also classified as a moderating gas in negative­
ion MS [23]. However, in combination with
N 20, the reagent ion OH- will be present. The
mass spectra of dieldrin shown in Fig. 5 indicate
that the combination of CO2 or N20 with
methane results in ionization caused by an elee-
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SFC-MS have often followed similar routes, it is
not surprising that the atmospheric pressure ion
source (API) has been considered for potential
use in a combined SFC-MS instrument, al­
though the number of reports of this union is still
low.

With one exception in which cationization with
lithium primary ions was used for solute ioniza­
tion [4], other reports on SFC-MS with an API
source have described the production of sample
ions from supercritical solutions by gas-phase
ionization in a corona discharge, following total
solution vaporization. Because of the gas-phase
nature of the ionization process, the restrictor at
the column end was generally set at tempera­
tures well above 200°C. For example, gas-phase
ionization by corona discharge was used together
with packed column SFC, eluted with either neat
CO2 or CO2 modified by the addition of a few
percent of a polar organic solvent, for the
determination of steroids in biological matrices
[5], polyaromatic hydrocarbons in coal tar and
sand oil extracts [6] and various synthetic mix­
tures including polyethylene glycol and poly­
styrene oligomers and vitamins [7].

We have assembled an instrument that is
similar to those described by others [5-7]' with
the notable exception that the corona needle
electrode was omitted. Supercritical solutions of
polar basic solutes in CO2 modified with organic
solvents were introduced at mobile phase flow­
rates compatible with the use of packed columns,
i.e., 150-1000 JLI/min. We observed that by
maintaining the restrictor at a low temperature,
and by establishing an electrical potential of a
few kilovolts between the restrictor end and the
MS sampling orifice, both solvent and sample
ions were produced. The conditions appeared to
be identical with those existing in conventional
electrospray ionization, a liquid-phase ionization
process that is known to require the presence of
charged liquid droplets. Such charged liquid
droplets can be transiently obtained during de­
compression and cooling of the expanding sub­
critical jet at the restrictor outlet, thus allowing
solvent-derived cluster ions and preformed sam­
ple ions to escape from the charged droplets into
the gas phase, and be mass analysed. The light­
scattering detector modified for SFC monitoring
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[8] is another case of an SFC detector that
similarly utilizes liquid droplets transiently
formed in the decompressed SFC fluid. In this
paper we describe the experimental set-up, re­
port preliminary results and discuss possibilities
and limitations of electrospray ionization applied
to SFC-MS coupling.

EXPERIMENTAL

Chemicals
HPLC-grade solvents were obtained from

Merck. Atrazine was obtained from Cluzeau
Info Labo (Sainte-Foy-Ia-Grande, France) and
1-chloro-2-amino pyridine (Mr = 128) and 1-chlo­
ro-2-(N-tert.-butylcarbamate)pyridine (Mr = 228)
were provided by the ~iochemistry Department
of the CEA in Saclay (France). In this text, the
mass 128 and 228 pyridine derivatives are re­
ferred to as Py-I and Py-II, respectively.

Supercritical fluid chromatography (Fig. 1)
High-purity (grade N48) liquid carbon dioxide

supplied in cylinders with a dip tube (Air Li­
quide, Le-Plessis-Robinson, France) was intro­
duced directly into a Gilson (Villiers-Ie-Bel,
France) Model 305 single-piston reciprocating
pump, fitted with a Model 10SC pump head, and
modified for SFC operation. The polar solvent
modifier was pumped by a Gilson Model 307
pump equipped with a Model 5SC pump head.

Elt1cfrosprOjl
Ion source

Iopp
Injector

M"OH-H;P

Fig. 1. Schematic diagram of the packed column SFC system
utilizing gradient elution of a polar modifier in CO2 •
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Both effluents were combined using a Gilson
Model 811C dynamic mixer. The sample injector
was either a Rheodyne Model 7520 fitted with a
5.0-JLI sample loop or a Valco Model LC206 with
a 1-JLI internal loop, depending on the analytical
SFC column diameter. Columns were either 150
mm x 2.1 mm J.D. 5-JLm Zorbax RX-C 18 or 150
mm x 1 mm J.D. 5-JLm Hypersil C8 • The column
temperature was maintained constant in the
range 40-100°C by an HPLC-type column heater
and controller (Model Croco-Cil, Cluzeau Info
Labo). Higher column temperatures, up to
200°C, were obtained by placing the column
inside the oven of a gas chromatograph. The
restrictor was attached at one end to the ana­
lytical column by a zero-dead-volume connector
(Valco, part number CEF 1.5). The other end
was positioned directly in the electrospray ion
source, as described below. Valco and Rheodyne
equipment and analytical columns were pur­
chased from Touzart et Matignon (Vitry-sur­
Seine, France).

SFC-MS interface (Fig. 2)
The end tip of the restrictor was located at ca.

5 cm and in direct line of sight with the ion
sampling aperture. Linear restrictors were gener­
ally used and were made of 25-30 cm long
fused-silica tubing (SGE, Villeneuve-St-George,
France) of 60 and 25 JLm J.D. when coupled to
2.1 and 1 mm J.D. columns, respectively. Proper
electrospray ionization requires that the nebul­
izer be electrically conducting, to avoid disturb­
ing charge build-up. Consequently, the polyim-

ide coating of the fused-silica tube was covered
with an electrically conducting layer of nickel­
doped polyurethane paint (Aero 7465 antistatic
paint; MAP, Pamiers, France) over a length of
ca. 10 cm. In general, the restrictor end was kept
at ground potential, and was only warmed by the
surrounding nitrogen bath at 80°C in the atmos­
pheric pressure ion source.

Another restrictor type was used occasionally
and consisted of a stainless-steel tube (30 cm x 1
mm J.D.) crimped at the terminal end, such that
a pressure drop of 100 bar was measured when
the mobile phase flow-rate was 1 mllmin of CO2 ,

The restrictor end in the API source was heated
at temperatures up to 300°C by a coil of resist­
ance wire (Thermocoax, Suresnes, France).

Mass spectrometry (Fig. 2)
The mass spectrometer was a Nermag Model

R1010C (Quad Service, Argenteuil, France)
single-quadrupole instrument equipped with an
Analytica (Branford, CT, USA) electrospray
source and a Spectral-30, version 3.70, data
system (P2A Systeme, Vincennes, France). With
the exception of the above sample-introduction
device, the Analytica electrospray source was
used without modification, and typical operating
voltages are listed in Fig. 2. A stream of dry
nitrogen, at a flow-rate of 9 l/min and a tem­
perature of 80°C, built a small positive pressure
into the ES source that prevented the intro­
duction of contaminants from the laboratory
atmosphere, assisted solution vaporization and
broke heavy ion clusters prior to MS analysis.

e"tranc. optic"/lroge,, stream
capIllary tUbe

-~!SOO V 0.!S7 min l.tI.

SFC ••• .J111r--T-+-----
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Fig. 2. Schematic diagram of the SFC-MS interface and electrospray ion source.
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RESULTS AND DISCUSSION

Fluid temperature conditions
Both solvent cluster ions and solute-derived

ions are observed using the described instrument
when the supercritical fluid temperature is kept
within a given range of temperature conditions,
for a given flow-rate of the mobile phase. The
temperature was varied either by changing the
column oven temperature, up to 200°C, with the
metallized fused-silica restrictor end only
warmed by the nitrogen bath at 80°C into the ES
source, or alternatively by keeping the column
oven at 80°C and by varying the pinched metal
restrictor temperature up to 300°C, using the
resistor wire. Both conditions produce the same
effects. Constant ion production is observed over
a large temperature interval (typically 40-100°C)
and is followed by a regularly decreasing ion
signal at higher temperatures. As an example
(Fig. 3), using a 25 JLm J.D. fused-silica restric­
tor, the 1 mm J.D. SFC column and a fluid
flow-rate of 250 JLl/min, the plot of the MH+ ion
abundance for atrazine (MH+ = 216) as a func­
tion of the column oven temperature declines
regularly above 120°C and vanishes above 200°C.
The regular ion current decrease for tempera-

tures above 120°C also affects the ion currents
(not shown) for solvent-derived clusters at low
masses, and no total ion current is observed
above 200°C. A similar trend was observed when
the column oven temperature was kept constant
at 80°C and the pinched metal restrictor tip was
heated, causing the disappearance of any ion
current at restrictor temperatures above 200°C.
The workable temperature range at a nearly
constant solute response is large enough to
encompass common SFC requirements. Never­
theless, reducing the fluid flow-rate narrowed the
operating temperature interval, thus showing
that heat power to the vaporizing fluid is the
relevant experimental factor.

This general SFC-ES-MS trend is similar to
the decrease in solvent and solute ions in a
thermospray experiment when heat power to the
capillary nebulizer exceeds some upper tempera­
ture limits [9]. It is now established that op­
timum ion production in thermospray MS occurs
when nearly complete vaporization of the liquid
solution is achieved, with a mist of small droplets
emerging from the capillary nebulizer. There is
much evidence that electrospray ionization can
occur in a conventional thermospray ion source,
but the process is frequently obscured by gas-
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water in the polar liquid additive was not found
to be essential, because similar curves, with a
weak signal at m/z 19 and no visible ion at m/z
51, but with intense methanol-derived ions and
protonated solute ions, were obtained regularly
in later experiments with pure methanol added
to CO 2 ,

Whereas CO 2 does not appear to play any
direct role in the ion formation, because of the
lack of any abundant CO2-derived primary ions
(with the possible exception of the m/z 61 ion),
the methanol- and solute-derived ion currents
remain a function of the total mobile phase
flow-rate. For example, the plot of the intensity
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Fig. 6. MH+ ion intensity for Py-II, at m/z 229, as a function of the mobile phase composition. Experimental conditions as in
Fig. 3, except mobile phase temperature and flow-rate, 120°C and 150 ILl/min, respectively. Added polar modifier: MeOH-H20
(95:5, v/v).
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of the MH+ ion for Py-II at m/z 229 as a
function of the mobile phase composition
showed a maximum at a different solvent compo­
sition (Fig. 6) when the 1 mm J.D. column was
eluted with 150 ILl/min of mobile phase. The
total ion current trace for solvent ions (not
presented) shows a similar curve. For both
curves, the ion formation optimum is shifted to
20% of polar modifier, compared with the 2-3%
values observed when the mobile phase flow-rate
is 1 ml/min. Despite the apparently different
experimental conditions, it should be noted that
20% of a 150 ILl/min flow and 2-3% of a 1
ml/min flow provide roughly the same 20-30
ILl/min of polar modifier to the electrospray
region. A strong effect of the CO 2 flow-rate on
this sample ion was also observed (Fig. 7) when
a 25 ILl/min constant flow-rate of polar modifier
and a variable flow-rate of CO2 in the interval
50-350 ILl/min flowed through the column,
while monitoring the Py-II MH+ ion during
sample elution. We cannot fully explain
such a strong influence for different CO2

flow-rates.
A problem will arise when planning to achieve

real SFC-ES-MS separations with a gradient of
mobile phase composition, because constant ion

formation appears not to be possible. Methods
to overcome this limitation, probably by the use
of post-column addition of a suitable solvent
additive, will be needed. The second con­
sequence is the preferable choice of the 1 mm
J.D. column over the 2.1 mm J.D. column for
SFC-MS because it allows a wider interval of
possible solvent composition. On the other hand,
the use of supercritical fluid mixtures with 1­
10% of polar modifier at very low CO2 flow-rates
(less than 100 ILl/min) was found to be ex­
perimentally difficult to achieve reproducibly.
The use of very narrow packed SFC columns, of
J.D. less than 1 mm, was precluded for this
reason.

Nevertheless, there is at least one very im­
portant positive influence of the presence of
CO2 , namely the increase in the tolerable input
of mobile phase flow-rate into the API source.
The basic Analytica ES source is limited to very
small liquid flow-rate inputs, below 5 ILl/min
[12]. Much higher flow-rates were possible in our
experiments, because the decompressing CO2

acts as a nebulizer gas. We believe that CO2 has
the same beneficial influence on the tolerable
fluid input as the added gas in an ionspray
experiment [13].
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sponding to the separation of the two pyridine
derivatives Py-I and Py-II (Fig. 10), illustrates
the major difficulty to be overcome in future
experiments. The total ion current and selected
ion current profiles for solute MH+ ions were
recorded using the 1 mm J.D. column. The poor
peak shape of the second peak is notable and
was frequently observed for heavier compounds.
Intact molecule-derived ions were obtained for
many organic compounds, including mixtures of
polyethylene oligomers with molecular masses
above 1000, but the eluting peaks were generally
useless owing to excessive tailing. We believe
that peak asymmetry is due to cold trapping at
the nebulizer tip. The peak asymmetry was
reduced when the restrictor or the mobile phase
was heated, but this also decreased the ion
currents (Fig. 3), hence the operating tempera­
ture was often a compromise between conserva­
tion of chromatographic peak integrity and good
MS sensitivity. We expect to improve the situa­
tion by the design of an optimized nebulizer,
rather than the crude system used in this work.
We have observed that most of the trapped
sample is retained on the outer surface of the
capillary nebulizer end, and a liquid sheet of
methanol, or another suitable polar solvent,
could continuously wash this surface. Post-SFC
column addition of the polar additive would also
provide ES ionization more independent of the
chromatographic requirements of the mobile
phase composition.

o 50 100 150 200 250

o OJ6 0.33 OA9 l06 l22

Fig. 9. Detection limit of atrazine MH+ ion with signal-to­
noise ratio = 2 (left) and 5 (right). Conditions as in Fig. 8.
Sample concentration, (left) 2 and (right) 10 nmol/l; sample
amount deposited on column, (left) 10.4 fmol or 2.2 pg and
(right) 52 fmol or 11 pg.

l11g
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Fig. 8. Atrazine MH+ ion intensity as a function of the
amount injected. Instrument conditions as in Fig. 4, except
for a constant solvent composition of 3% of polar additive in
CO 2 •

Application to a simple mixture and limitations
of the system

The separation of a mixture of four herbicides,
containing basic nitrogen functions, was reported
previously [1], and was an example of the good
sensitivity of the instrument to this class of
compounds. Another SFC-MS example, corre-

Limit of detection and response curve for model
compounds

The optimum operating conditions derived
from the data in Fig. 4 were selected for the
response study of the atrazine MH+ ion as a
function of the injected sample amount, except
that the column oven temperature was 80cC.
Under these conditions, atrazine is poorly re­
tained and elutes with k' close to O. The re­
sponse curve (Fig. 8) is similar to those often
produced on electrospray ionization, with a
lower detection limit in the low picogram range
(Fig. 9), and a rapid signal saturation when
nanogram amounts of sample are injected. Al­
though this could be a source of difficulty when
analysing real sample mixtures, the observed
response curve is different from that in similar
SFC-MS studies with gas-phase ionization using
a corona discharge [5]. Corona discharge ioniza­
tion generally exhibits a wider dynamic range of
response, and the observed difference is further
proof of the liquid-phase ionization mechanism
believed to exist under our experimental condi­
tions.
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dard electrospray ion source of the type normally
designed for liquid solution sampling. A polar
modifier must be present for the production of
sample ions. Some of the polar additive could be
added postcolumn to provide SFC-ES-MS
conditions more independent of the chromato­
graphic requirements, especially when using a
gradient of mobile phase composition. At pres­
ent the potential application of the liquid-phase
ionization process involved in the ion formation
mechanism to the determination of high-mass
and polar samples is not fully exploited, because
our required mild nebulizing conditions are still
too disturbing to the conservation of chromato­
graphic peak integrity.
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Make up solution

Spray capillary, stainless steel
0.4 mm I.d. x 0.7 mm a.d.
connected to HV power supply

Fig. 1. Schematic illustration of the coaxial interface for
combined capillary electrophoresis-ionspray mass spec­
trometry. HV= High voltage.

m/z

Fig. 2. Ionspray mass spectrum obtained by continuous
pressure feed via a CE capillary of the reaction mixture
obtained from the synthesis of conjugates of naproxen (M,
230) with lysozyme (M, 14305).

System syringe pump (ABI/Brownlee, Santa
Clara, CA, USA). The make-up solution was
water-methanol-acetic acid (40:60:1, v/v/v).

The mass spectrometer was a Nermag R 3010
(Delsi-Nermag, Argenteuil, France) equipped
with a custom-built prototype atmospheric pres­
sure ionization (API) source described previous­
ly [13]. Nitrogen (99.9%) was used as a curtain
gas. The spectra were recorded in the positive­
ion mode with a nozzle-skimmer voltage differ­
ence of 120 V. The mass spectrometer was
scanned from m/z 1200 to 2000 with a cycle time
of 1.5 s per scan. Interface and ion source tuning
was done by means of the Prince by continuous
pressure feed (50 mbar) of a sample solution via
the CE capillary. The sample solution flow was
combined with a make-up flow in the coaxial
CE-MS interface. Accurate mass measurements
on the sample mixture were made in the profile
mode of the data system, under the same sample
and make-up flow conditions as used for source
and interface tuning.
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studied [11,12]. The synthetic 1:1 conjugate was
purified by preparative ion-exchange fast protein
liquid chromatography (FPLC). Under the
conditions chosen for preparative FPLC, native
lysozyme was separated from the 1:1 conjugate.
Higher conjugates of naproxen with lysozyme
(2:1, 3:1, etc.) were expected but not observed.
In this study we apply CE-ionspray MS to the
identification of the conjugates.

EXPERIMENTAL

Naproxen (Sigma) was coupled to lysozyme
(Sigma) by the N-hydroxysuccinimide method
described in detail previously [11,12]. The raw
product (1 mg) was dissolved in the buffer (1 ml)
used in CEo Injections were made with a Prince
(Lauerlabs, Emmen, Netherlands) microproces­
sor-controlled injector using electrokinetic injec­
tion at 30 kV for 9 s. The electrophoresis voltage
of 30 kV was provided by a Glassman
(Whitehouse Station, NJ, USA) EH30ROO.5-22
power supply controlled by the Prince. The
fused-silica capillary (deactivated, 60 cm x 50
ILm J.D., part No. 062804) was obtained from
SGE (Melbourne, Australia). Unfortunately, the
manufacturer does not provide information
about the nature of the deactivation. The buffer
solution used was 100 mM ammonium acetate in
water purified using a Milli-Q system (Millipore)
and the pH was adjusted to 4.6 and 5.6 with
acetic acid.

The fused-silica capillary was inserted into a
coaxial ionspray interface (Fig. 1). A voltage of
3 kV was applied t9 the stainless-steel tube (10
cm x 0.4 mm J.D.). The nebulizing gas (99.9%
nitrogen) pressure was 3 bar. A make-up flow (5
ILl/min) was provided by a Micro Gradient
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observe the sample by a camera mounted on the
end of a microscope with a lateral resolution of
approximately 10 ILm. Thus control of the sam­
ple and selection of different sites of it during the
measurement is possible. Every spot on the
target can be reached for irradiation by means of
an x-y manipulator.

The matrix used was 2,5-dihydroxybenzoic
acid (DHB) at a concentration of 10 gil in water
[6]. It was added in an approximately 1000-fold
molar excess to the analytes. After deposition on
a stainless-steel target, it was air dried and
introduced into the mass spectrometer.

RESULTS AND DISCUSSION

The molecular masses of the three investigated
~-endorphins are listed in Table I. As a first
step, the detection limit of the compounds was
determined by using the normal preparation, i.e.
by dripping a dilute solution, both in water and
in buffer solution, onto the target and adding
some matrix solution [6]. The detection limits
were determined in a mixture, since suppression
effects do not playa significant role in MALDI­
MS. The detection limits for all compounds of
interest were 10 fmol, determined from a pure
water solution as well as from the buffer solu­
tion. A spectrum is shown in Fig. 1. As can be
seen, only the sodium and potassium cationized
molecules were detected. Apparently, the pep­
tides have a great affinity for these cations. The
absolute amount of 10 fmol was loaded on the
target in a 0.5-ILl droplet, corresponding to a
concentration of 20 pmol/ml. When capillary
electrophoresis is used as a separation system it
must be considered, owing to the very small
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Fig. 1. Matrix-assisted laser desorption mass spectrum ob­
tained from 10 fmol per component of the f3-endorphin
mixture using DHB as a matrix. The concentration of the
loaded sample solution was 2.10-9 M.

injection volumes of about 10-50 nl, that the
above-mentioned concentration corresponds to
an absolute amount of material between 200 and
1000 amol, which is far below the detection limit.
This means that higher concentrations are neces­
sary to obtain any signal.

We used MALDI-MS for qualitative determi­
nation, i.e. to reveal the identity of the analyte.

A typical electropherogram of three ~-endor­

phins using on-capillary UV detection is shown
in Fig. 2. The plate numbers of the different
peaks are between 100000 and 150000. This
electropherogram was recorded using a 7 mM
sodium phosphate buffer (pH 8.5). This rela­
tively high pH was used to prevent analyte
adsorption to the wall since at this pH both the
wall and the analytes have a negative charge.

Since this buffer is not very suitable for combi­
nation with MS, several other buffers containing
ammonium acetate, ammonium hydrogencarbo­
nate and ammonium phosphate were studied.
The separations based on ammonium hydro­
gencarbonate appeared to be rather poor, while

TABLE I

LIST OF THE AMINO ACID SEQUENCES AND THE MOLECULAR MASSES OF THE THREE f3-ENDORPHIN
FRAGMENTS USED

Peptide Amino acid Average Average Average
sequence mass (MH+) mass (MNa +) mass (MK+)

f3-End 8-17 EKSQTPLVTL 1116.3 1138.3 1154.3
f3-End 6-15 TSEKSQTPLV 1090.2 1112.2 1128.2
f3-End 6-13 TSEKSQTP 877.9 899.9 915.9
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electropherogram, i.e. without pressure, has
been added as a reference electropherogram in
the figure. An additional helpful effect of the
application of low pressure is the very low flow­
rate in the capillary, leading to an expanded
time-scale, which is favourable for collecting
such very close peaks. The volumes of the
various peaks remain the same, and are difficult
to handle. The various fractions were therefore
collected in small vials containing 1 ILl of matrix
solution. This solution was subsequently loaded
onto a MALDI-MS target for further analysis. A
major disadvantage of this fraction collection
procedure is the dilution factor, which is approx­
imately 5.

Using this method, the resolution is not seri­
ously affected when the low pressure is applied
for only several minutes. When the porous glass
joint approach [4,5] is used, the analytes move
out of the capillary after passing the electrical
decoupling point in a laminar-flow mode. When
30 kV is applied over the separation capillary, an
electroosmotic flow is generated similar to a
hydrodynamic flow obtained with a pressure
drop of 90 mbar (see Table II). This implies that
during electrophoresis in the post-porous joint
part of the capillary a laminar flow is induced,
which causes a dramatic loss of resolution (see
also Fig. 3). The required resolution for our
problem and for all closely separated compounds
will therefore be lost and the method in such
cases will be less useful.

TABLE II

ELUENT FLOW THROUGH THE SEPARATION
CAPILLARY AS A RESULT OF THE APPLIED ELEC­
TRICAL FIELD OR AS A RESULT OF DIFFERENT
APPLIED PRESSURES AT THE ANODIC END OF THE
CAPILLARY

Pressure (mbar) Voltage (kV) Flow (nils)

0 30 7.3
10 0 0.8
20 0 1.6
30 0 2.3
50 0 3.9
60 0 4.7
90 0 7.0
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Another way of maintaining resolution during
fraction collection is by lowering the high voltage
from, for example, 30 to 5 kV, when the analytes
have reached the capillary outlet. In principle,
the contact to the target, which is at earth
potential, should be maintained all the time.
However, it appeared in practice this is not
necessary when the applied high voltage does not
exceed 10 kYo The contact could be interrupted
several times, for changing the collection vials,
without disturbing the resolution of the elec­
trophoresis. Collection in this way is quite con­
venient, although still very small volumes must
be handled. The time scale can be elongated to
any desired size, analogous to the case in which
small pressures are applied.

The last method investigated was deposition of
the effluent on a moving belt-like system, fol­
lowed by scanning the deposited electrophero­
gram with the laser beam in the ion source of the
mass spectrometer. Deposition of CE effluents
on a moving belt system has been reported [8,9].
In this case the effluent is deposited on a blotting
membrane and further analysed by protein
chemical methods. In our case the moving belt­
like system was a moveable laser desorption
target, which was part of the electrical circuit.

Deposition of the effluent can be done in a
continuous as well as in a stepwise manner, when
either pressure or a lowered high voltage is
applied, as described above. It appeared that
application of a high voltage yields the best
results. Therefore, this method was used in
combination with the moveable target system.

Continuous deposition of the effluent on a
moving target is in principle the best way of
maintaining resolution. By appropriate tuning of
the target speed, the total electropherogram can
be transferred to the target without loss of
resolution. Care must be taken not to dilute the
analytes over a too large surface area.

In practice, it is easier to deposit the effluent
by moving the belt in a stepwise manner, and
break the contact at every step for a very short
period. As discussed above, the procedure does
not cause the electrophoresis performance to
deteriorate, and can be tuned just as well as in
case of continuous deposition. Since the time­
scale can be optimized as desired by choosing the
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ABSTRACT

Pseudo-electrochromatography is a combination of liquid chromatography and an electromigration technique, especially
directed at the separation of ionic compounds prior to mass spectrometric detection with a mobile phase composition compatible
with mass spectrometry. The application of pseudo-electrochromatography to the separation of food colours and aromatic
glucuronides is described. An example of selectivity tuning by applying voltages of differing polarity during the chromatographic
run is given. The coupling of pseudo-electrochromatography with electrospray mass spectrometry is demonstrated. Differences in
the effects of the axial potential over the column between silica-based and polymeric packing materials are discussed.

INTRODUCTION

Pseudo-electrochromatography (PEe) [1] was
introduced to combine the benefits of conven­
tional liquid chromatography and electromigra­
tion methods such as capillary electrophoresis
(CE) and electrochromatography (Ee). The
technique consists of a pressure-driven liquid
flow through a packed bed with an axial poten­
tial difference. In a recent review on electro­
chromatography by Tsuda [2] pseudo-electro­
chromatography was also covered.

In pure electrochromatography as described
by Knox and Grant [3], the mobile phase is
driven through a packed capillary of 50-300 JLm
I.D. by applying a potential gradient of 10-50
kV/m. In fused silica the walls bear a fixed
negative charge caused by' deprotonated silanol
and adsorbed hydroxyl groups, whereas the
liquid in contact forms a thin layer (ca. 10 nm) of
positive charge to compensate for the negative

* Corresponding author.

charge. This sheath of positive charge encloses
the rest of the neutral solvent and takes it along
in the direction of the negative electrode as soon
as a potential is applied. This so-called elec­
troosmotic flow (EOF) is the only driving force
of the mobile phase in EC and has a flow profile
approaching a perfect plug [3]. In pressure­
driven chromatography the flow has a parabolic
profile. This is the reason for the lower efficiency
of LC than electromigration methods such as
electrochromatography. Neutral compounds are
separated in EC by the interaction with the
stationary phase whereas the migration of
charged compounds is additionally dependent on
their electrophoretic mobility, which is a func­
tion of the field strength and the size and charge
of the ion [4].

Unfortunately, the EOF is very sensitive to
pH, electrolyte concentration and organic
modifier content of the mobile phase [5]. A
serious problem in EC is Joule heating through
high currents in the capillary resulting in peak
dispersion and bubble formation [6]. Therefore,
small column diameters «300 JLm) and low

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. AU rights reserved
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buffer concentrations (<20 mM) have to be used
in EC. The combination of EC and LC by
superposing a pressure-driven flow supplied by
an HPLC pump was first described by Tsuda [7],
originally used to suppress bubble formation.
Verheij et al. [1] named this pressure-assisted
method pseudo-electrochromatography (PEC) ,
to distinguish it from pure electrically driven
electrochromatography. The advantages of pseu­
do-electrochromatography are higher flow-rates,
shorter analysis times and the loss of the limita­
tions on pH and buffer composition, because the
EOF is no longer important. On the other hand,
the flow profile is approaching LC and therefore
the efficiency of PEC lies between those of LC
and EC, depending on the ratio of pump flow
and EOF. This is probably a reason why PEC
has not yet become a common analytical tech­
nique. The separation of ionic compounds is
more readily accomplished with the use of ion
pairs and buffer gradients, where the usual
HPLC equipment can be used. However, if a
mass spectrometer is used as a detector, most
ion-pairing agents and many buffers cannot be
used, because of the rapid contamination of the
ion source.

Experiments have been made to replace non­
volatile ion-pair reagents by volatile compounds
such as di- or trialkylamines for anions and
perfluorinated sulphonic acids for cations [8].

As mentioned before, the retention time of
ionic compounds can easily be influenced with
the help of a high voltage. Continuing the work
of Verheij et al. [1], new classes of compounds
such as aromatic glucuronides and food colours
(sulphonated azo dyes) were investigated. The
possibility of changing the polarity of the voltage
during the analysis to obtain both acceleration
and retardation of compounds in the same run
was of special interest. Polymer packing material
was used for the first time in PEC and compared
with the normally used octadecylsilanized (ODS)
stationary phases.

For the coupling of PEC and mass spec­
trometry, continuous-flow fast atom bombard­
ment (FAB) and electrospray or ionspray are
most promising, because of the low flow-rate of
only a few microlitres per minute used in PEC.
Verheij et al. [1] showed the possibility of cou-
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pIing PEC with FAB-MS. In this work the
coupling of PEC with electrospray MS is de­
scribed.

EXPERIMENTAL

Chemicals and solid phases
Methanol, 2-propanol (Baker, Deventer,

Netherlands) and acetonitrile (Rathburn, Walk­
erburn, UK) were of HPLC grade. Water was
purified with a Milli-Q apparatus (Millipore,
Bedford, MA, USA). Phenyl-f3-o-g1ucuronide
(PG), o-aminophenyl-f3-o-g1ucuronide (APG),
p-nitrophenyl-f3-o-g1ucuronide (NPG) and a­

naphthyl-f3-o-g1ucuronide (NAG) were supplied
by Sigma (Brussels, Belgium), the food colours
(>85% pure) E102 [Colour Index (CI) Food
Yellow 4, Acid Yellow 23), EllO (CI Food
Yellow 3), E122 (CI Food Red 3, Acid Red 14),
E123 (CI Food Red 9, Acid Red 27) and E124
(CI Food Red 7, Acid Red 18) by Morton
(Amersfoort, Netherlands) and ammonium ace­
tate (reinst) by Merck (Darmstadt, Germany).
The column packings were Nucleosil 100-5C18 ,

Nucleogel RPlOO-5/150 (Macherey-Nagel,
Duren, Germany) and 12-20-JLm PRP-1 (Hamil­
ton, Reno, NV, USA).

Instrumentation
The PEC-MS system is outlined in Fig. 1. A

Phoenix 20 CU syringe pump (Carlo Erba,
Rodano, Italy) was used to deliver the solvent.
A Swagelock tee (Crawford Fitting, Solon, OH,
USA) with a 40 cm x 50 JLm J.D. fused-silica
capillary was used to split the mobile phase in a
ratio of about 1:50 to 1:100 in order to obtain a
flow-rate between 0.5 and 2 JLl/min. A lO-mm
guard column (Chrompack, Bergen op Zoom,
Netherlands) filled with Nucleosil 100-5C18 was
placed between the pump and the preinjector
split to retain small impurities of the solvent. It
has been found that the usual solvent filters at
the pump inlet were not sufficient for mi­
crocolumns. Even when the solvent was filtered
before use through 0.2-JLm filters, the columns
became clogged in less than 24 h. The mi­
crocolumns were laboratory prepared and
packed (see below) and directly connected to a
Valco CI4W internal volume (60/150 nl) micro-
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3

union, which lies at earth potential. If no UV
detector is used, the capillary is directly con­
nected to the column outlet.

Fig. 1. Scheme of the PEe system. 1 = Syringe pump; 2 = 1­
cm guard column filled with 5-JLm ODS stationary phase;
3 = preinjector split; 4 = restrictor; 5 = 150-nl microinjector;
6 = microcolumn; 7 = UV detector; 8 = high voltage; 9 =
electrospray mass spectrometer.

PEC-electrospray coupling
The mass spectrometer used was a Finnigan

MAT (San Jose, CA, USA) TSQ 70 triply
quadrupole instrument equipped with a Finnigan
MAT electrospray interface. The system was
operated in the negative-ion mode. A sheath
flow consisting of 10% water in 2-propanol (1-2
J,Ll/min) was delivered by a Model 2400 syringe
pump (Harvard Apparatus, Edenbridge, UK). A
40 J,Lm I.D. fused-silica capillary was inserted in
the sheath-flow needle of the electrospray inter­
face. The capillary was connected to the outlet of
the UV detector by a Valco zero dead volume

Column preparation
The capillary columns were made of 220 J,Lm

I.D. fused-silica capillary tubing (SGE, Mel­
bourne, Australia) or 250 J,Lm I.D., 1/16 in.
O.D. (1 in. = 2.54 cm) polyether ether ketone
(PEEK) tubing (Jour Research, Onsala,
Sweden). To make the connection of the fused­
silica capillary easier, they were glued in a 0.5
mm I.D., 1/16 in. O.D. PEEK tube with a
two-component epoxy glue (Torr Seal, Varian,
Lexington, MA, USA), so that the fused-silica
capillary protruded a few centimeters. The space
between the fused-silica and PEEK tubing has to
be carefully filled to avoid dead volumes. After
the glue had hardened the protruding ends were
cut with a sharp knife and the remaining glue
removed from the PEEK capillary. In this way
fused-silica columns could be connected with the
usual 1/16 in. Valco stainless-steel ferrules or
PEEK fingertight fittings. To keep the packing
inside the column, 1/16 in., 2 J,Lm metal screen
filters (Valco) or 3 J,Lm Fluoropore filters, cut
with a hand-made 1/16 in. disc cutter from
commercial Fluoropore filters (Millipore), were
placed on both ends of the column. This is much
simpler than making sintered frits [9] or using a
plug of quartz-wool [1,10]. Further, the filters
always have the same thickness and pore size,
which is very important when making mi­
crocolumns of reproducible quality. The column
end with the filter was connected to a Valco zero
dead volume union, which also served as electric
contact for the high voltage (Fig. 2). Although
the bore of the zero dead volume union is 250
J,Lm, the separation is not improved by using a
through union.

Different packing procedures have been de­
scribed [11]; acetonitrile is the most common
solvent for the packing of ODS stationary
phases. According to Cappiello et al. [12], other
conditions are necessary to pack a PEEK
column, because of repulsive forces between the
particles themselves and the internal column
walls. They developed a method called soap
packing, with a solution of 1% aqueous sodium
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injector (Valco Instruments, Houston, TX,
USA). A window of 10 mm length was burned in
the polyimide coating of the 50 J,Lm I.D. fused­
silica outlet capillary, which was placed in a
modified UV cell of a Spectroflow 757 UV
detector (Kratos Analytical, Ramsey, NJ, USA).
Signals were registered on a BD41 multi-range
recorder (Kipp & Zonen, Delft, Netherlands).
The high voltage was delivered from a switchable
oto ±30 kV Spellman CZE 1000R power supply
(Spellman High Voltage Electronics, Plainview,
NY, USA) and connected to the Valco union at
the end of the column. The injector was set to
ground potential.
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- 0.22 mm ID packed micro-column

-- 0.5 mm ID, 1/16" 0.0. PEEK capillary

----- 1/16" nut

1/16" stainless-steel ferrule

"'*'''--1--- 1/16" metal screen filter

--------- VALCO 1/16" zero dead volume union

- high-voltage connection

1--- 0.25 mm tD., 1/16" QD. PEEK capillary

__- 0.05 mm ID fused-silica capillary

Fig. 2. Connection between microcolumn and detector. "=
Inch.

laurylsulphate as packing solvent. However, this
method gave poor results with our packing
apparatus, which was different from that de­
scribed in their paper. The same packing condi­
tions as for the fused-silica columns were used
for the preparation of the PEEK columns. The
efficiency of PEEK columns was ca. 30% lower
than that of silica columns, but can probably be
optimized. For polymer packing material (Nu­
cleogel RPlOO-5/150 and Hamilton PRP-1)
methanol-water (6:4) proved to be superior to
acetonitrile.

The following packing procedure was used for
a 20 cm x 220 ILm I.D. fused-silica capillary
column. A Brownlee micro gradient system
(Brownlee Labs., Santa Clara, CA, USA) dual­
syringe pump was used to pack the columns,
which were connected to a 1.5-ml laboratory­
made high-pressure mixing chamber, equipped
with a magnetic stirrer. A slurry of 8 mg of
Nucleosil 100-5C18 in 1 ml of acetonitrile was
homogenized for 5 min in an ultrasonic bath and
then transferred with a syringe into the mixing
chamber. The microcolumn was directly con­
nected to the mixing chamber with the end of the
column pointing upwards. The magnetic stirrer
was activated and the programme of the pump
(initial pressure 30 bar, maximum pressure 300
bar, flow-rate 100 ILl/min) was started. When all
the air had been flushed out of the column, the
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whole installation was turned through 1800
, so

that the end of the column was pointing down­
wards. The maximum pressure was reached in
about 15 min and maintained for about 1 h.
Thereafter, the flow was stopped and the column
was removed after the depressurization was
complete (1-2 h). For the polymer packings
Nucleogel and PRP-1 the slurry concentration
was 4 mg/ml in methanol-water (4:6) and a
maximum pressure of 200 bar was used. In
addition, the column was rinsed afterwards with
water for at least 20 h, giving better baseline
stability, perhaps owing to impurities in the
polymer packing. The column performance was
tested with a set of three parabenes [methanol­
water (4:6) with silica-based and acetonitrile­
water (1:1) with polymer stationary phases].

RESULTS AND DISCUSSION

Separation of food colours
Five water-soluble food colours (E102, Ella,

E122, E123 and E124) were chosen as model
compounds for multiply charged ions to investi­
gate the influence of the high voltage on reten­
tion time and peak shape. The dyestuffs, which
have two or three sulphonic acid groups and, for
E102, also a carboxylic acid group, were sepa­
rated on a capillary column filled with 5-lLm
ODS particles with 10 mM ammonium acetate­
methanol (8:2) as mobile phase.

At high pH the acidic groups are fully de­
protonated, forming doubly and triply negatively
charged ions. The triply charged dyes (E102,
E123, E124) are eluted first, followed by the
doubly charged Ella and E122 (Fig. 3a). With­
out a modifier gradient the analysis time of E122
is very long (240 min, extrapolated from Fig. 3b)
and the peak is too broad for detection. Apply­
ing a positive voltage over the column shortens
the retention time dramatically (Fig. 3). For
example, the retention time of E122 is a few
hours without a voltage and 33 min at 2 kV, but
at 8 kV it is less than 5 min. At the same time,
the peak becomes narrower and higher, resulting
in improved detection limits.

However, at high voltage joule heating be­
comes a severe problem, leading to gas bubble
formation, which can irreversibly destroy the
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nection to ground has to be placed in front of the
electrospray interface. In addition, the capillary
has to be narrow and not too short, otherwise
the current passing through it is too high.
Another possibility is to connect the injector to
the high voltage and the outlet of the column to
ground. In this case no zero dead volume union
has to be placed between the column and
electrospray interface. For security reasons, an
automatic injector has to be used in that event.
PEC-ESP-MS has been demonstrated to be a
useful tool for the separation of charged com­
pounds.

The interest in micro-LC is still growing
because of the advantages of low solvent con­
sumption and the smaller amount of packing
material needed, which is an important factor
when expensive supports are used, especially in
separations using chiral phases. Here, PEC of­
fers an alternative to microgradient systems,
where the technique is still in development.
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