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ABSTRACT

Semi-micro packed column supercritical fluid chromatography was combined with atmospheric pressure chemical ionization mass
spectrometry through a vacuum nebulization interface originally developed for high-performance liquid chromatography (HPLC)-
mass spectrometry. High-purity carbon dioxide (99.999%) used as the mobile phase was delivered through a conventional HPLC pump
to the semi-micro packed capillary column maintained at 100°C in an oven. The injected samples were introduced into the ion source
with the aid of the nebulizing gas. To obtain the optimum results, the effects of various experimental parameters of the system were
studied using Triton X-100 as a test sample. Under the optimum conditions, polyethylene glycol 400, polystyrene A-300, fat-soluble

vitamins and polycyclic aromatic hydrocarbons were analysed.

INTRODUCTION

Compared with gas chromatography (GC), su-
percritical fluid chromatography (SFC) can be ap-
plied to less volatile compounds and compared with
high-performance liquid chromatography (HPLC)
it can be applied to the compounds with a shorter
separation time and with a high resolving power.
On the other hand, mass spectrometry (MS) pos-
sesses outstanding characteristics for the identifica-
tion of isolated compounds with extremely high
sensitivity. SFC-MS systems combining the charac-
teristics of both techniques have been developed
[1-6]. Many SFC-MS systems developed use capil-
lary separation columns and chemical ionization
(CD) or electron impact (EI) ionization in MS. With
capillary separation columns, in general, hardly any
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drop in pressure is observed and the number of the-
oretical plates is larger than that of packed separa-
tion columns. In a capillary column, however, only
a small sample size can be loaded and a splitter is
usually installed after the injector. In additon, the
analysis time with capillary columns is longer than
that with packed columns.

In a previous paper, we reported an SFC-MS
system with a capillary column and the CI mode
with a vacuum nebulization interface [6]. In this sys-
tem, a restrictor at the end of the capillary separa-
tion column was inserted into the ion source. There-
fore, fluctuations of the flow-rate of the mobile
phase caused changes in the ion source pressure and
affected the observed mass chromatograms. In ad-
dition, mobile phase pump pressures above 300 atm
could not be used to maintain a low vacuum in the
ion source of the quadrupole mass spectrometer.

On the other hand, when atmospheric pressure
ionization (API) is used with the SFC-MS system,
API can ionize sample molecules at ambient pres-
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sure without affecting the high vacuum of the mass
spectrometer even if fluctuations of the flow-rate of
the mobile phase occur and the mobile phase elutes
into the ion source, as both the SFC and MS in-
struments can be operated almost independently of
intervention by the API source. Huang et al. [7] re-
ported a packed column SFC-APCI-MS system,
using a common HPLC packed column (100 mm X

4.6 mm 1.D.), a direct liquid introduction interface
with a 20-um pinhole and a triple quadrupole mass
spectrometer [7]. They succeeded in the analysis of
steroids extracted from equine urine.

In this study, a packed column SFC-API-MS
system was developed, in which a semi-micro
packed column was used as a separation column to
attain splitless injection of samples for large sample
loads and more rapid separation than with capillary
columns. In this system, the vacuum nebulizing in-
terface originally developed for HPLC-MS cou-
pling was modified and incorporated into the nebu-
lizer for transferring the SFC effluent to the API
source. As API is a “soft” and highly efficient ion-
ization method, it is suitable for the analysis of ther-
mally unstable and oligomeric compounds which
are amenable to SFC. The optimum conditions for
the SFC-API-MS system were examined by using
Triton X-100 as a test sample. The system was then
applied to the analysis of various samples such as
polyethylene glycol, polystyrene, vitamins and
polycyclicaromatic hydrocarbons.
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EXPERIMENTAL

The packed-column SFC-API-MS system used is
shown schematically in Fig. 1. It is composed of
three main parts: a supercritical fluid chromato-
graph, a nebulizing interface and a mass spectrom-
eter. High-purity carbon dioxide was delivered to
the packed separation column (5) through the
pump of a Shimadzu Model LC-5A high-perform-
ance liquid chromatograph (2) which was operated
in the pressure-programmed mode. The pump head
was cooled to about 0°C with a micro-cooler (Net-
sudenshi). A fused-silica capillary tube (18 cm X
0.53 mm I.D.) packed with Kaseisorb LC
ODS-300-5 3 (5 um) (Tokyo Kasei) was used as the
separation column, which was heated to 100°C in
an oven (4). An integral-type restrictor with a
20-um pinhole was connected to the end of the sep-
aration column through a stainless-steel transfer
line (6) (1 m x 0.1 mm I.D.) heated at the same
temperature of the oven. For modification of the
mobile phase, methanol was added at a flow-rate of
10 pl/min with another HPLC pump (9). The mass
spectrometer used was a Hitachi Model M-2000
double-focusing instrument equipped with an API
system for HPCL-MS. The operating conditions
were accelerating voltage 4 kV, ion-multiplier volt-
age 1.5 kV, scan rate 8 s from m/z = 0 to 1875 and
corona discharge current 10 uA.

A vacuum nebulizing interface developed for

\]/nebulizing gas

Fig. 1. Schematic diagram of the packed column SFC-API-MS system. | = CO, reservoir; 2 = HPLC pump modified for SFC; 3 =
loop injector (0.5 ul); 4 = oven; 5 = semi-micro packed column; 6 = heated transfer line; 7 = API-MS interface; 8 = bubble saturator;
9 = HPLC pump for modifier; 10 = degasser; 11 = modifer reservoir; 12 = pressure programming controller.
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Fig. 2. Schematic diagram of the nebulizer nozzle. 13 = Nebulizer heater; 14 = desolvation chamber; 15 = restrictor (20 cm x 0.375
mm O.D. x 50 ym L.D.); 16 = stainless-steel sheath (13 cm x 1/16 in. O.D. x 0.41 mm L.D.).

HPLC-MS was applied in this SFC-MS system.
Fig. 2 shows the modified interface for the SFC-MS
system used in this work. The expansion of the su-
percritical fluid carbon dioxide at the outlet of the
restrictor involves an endothermic effect under at-
mospheric pressure. As a result, the tip of the re-
strictor was cooled until it was covered with frost.
Therefore, to attain stable and continuous nebu-
lization, a nebulizing gas was supplied around the
nozzle, the temperature of which was maintained
between 200 and 400°C. The nebulizing gas (heli-
um) saturated with methanol contained in a bubble
saturator was introduced through the coaxial space
between the restrictor and a stainless-steel sheath
(13cm x 1/16in. O.D. x 0.41 mm [.D.). The des-
olvation chamber was also heated independently to
400°C to promote the desolvation of the sample
molecules.

RESULTS AND DISCUSSION

In order to determine the optimum experimental
conditions, various factors such as the temperatures
of the nebulizer and the desolvation chamber, posi-
tion of the nozzle tip, the species and the flow-rate
of the nebulizing gas and the drift voltage for the
API source were studied.

Effect of nebulization temperature

Fig. 3 shows reconstructed total ion current
(RTIC) chromatograms of Triton X-100 obtained
at various nebulization temperatures. Except for
the nebulization temperature, the SFC-MS system
was operated under the same experimental condi-

tions: oven temperature 100°C, pressure program-
ming mode from 150 to 350 kg/cm? at a rate of 10
kg/em? - min, desolvation temperature 400°C, neb-
ulizing gas flow-rate 200 ml/min and drift voltage
50 V. An aliquot (0.5 ul) of Triton X-100 solution
disolved in methanol (3%) was injected through a
loop injector. The three chromatograms A, B and C
were obtained at nebulization temperatures of 200,
350 and 400°C, respectively. The chromatogram at
200°C (A) shows disturbed peaks and a lower peak
intensity at higher molecular regions compared
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Fig. 3. Effect of nebulizer heater temperature on reconstructed
total ion current (RTIC) chromatograms of Triton X-100. (A)
200°C; (B) 350°C; (C) 400°C.



unstable nebulization caused by an msuﬂic ent heat
supply to the nebulizer tip. On the other hand, the
chromatogram at 400°C (C) gives lower intensity
peaks than that at 350°C, but their shapes are very
similar. This result suggests that the sample is partly

decomposed by overheating. The nebulization tem-
perature of 350°C was empiri 1ically decided to be the
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optimum for this sample.

Effect of the desolvation chamber temperature
When the desolvation temperature was kept at
about 200°C, intense cluster ions of methanol and
water and adduct ions of the sample molecules with
methanol and water were observed in the mass
spectrum, where the molecular and/or quasi-molec-
ular ion peaks of the sample molecules were very
difficult to identify. To reduce the cluster and ad-
duct ions, the temperature of the desolvation cham-
ber was kept at 400°C, which was the maximum
temperature of this mass spectrometer.

Position of the nozzle tip

The position of the nozzle tip was varied under
the optimum experimental conditions determined
above. When the tip was located out of the nebu-
lizing sheath, the observed peaks on the chromato-

grams became broad especially at longer retention

times because of the insufficient heat supply. On the
other hand, when the tip was withdrawn into the
sheath, the peak heights of the chromatograms be-
came lower because of the partial thermal decom-
position of the sample molecules. Therefore, in this
work, the position of the nozzle tip was adjusted to
meet the edge of the nebulizing sheath.

Flow-rate of nebulizing gas

No significant influence of the flow-rate of the
nebulizing gas below 400 ml/min was observed on
the resulting mass chromatograms. However, with-
out the nebulizing gas, the nebulization became un-
stable and the peak intensities on the chromato-
gram became weaker. On the other hand, at flow-
rate above 400 ml/min, the observed peak intensi-
ties became smaller because of the shorter residence
time of the sample molecules in the ion source.
Therefore, in this work, the flow-rate of the nebu-
lizing gas was fixed at about 200 ml/min. In addi-
tion, methanol saturation of the nebulizing gas (he-
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Drift voltage

For the HPLC-API-MS system, a drift voltage of
150 V is usually used to obtain stronger (protonat-
ed) molecular peaks. In this SFC-API-MS system,

a lower voltage, e.g., 50 V, proved to be suitable to
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attain “‘soft” 10nlzat10n because of the presence of
carbon dioxide used as the mobile phase (ca. 200
ml/min at NTP).

Applications

Fig. 4 shows the mass chromatograms of Triton
X-100 observed under the optimum conditions:
nebulization temperature 350°C, desolvation cham-
ber temperature 400°C, nebulizing gas flow-rate 200
ml/min, drift voltage 50 V, column oven temper-
ature 100°C and column head pressure 150-350 atm
at a programming rate of 10 atm/min. The compo-
nents were eluted within 15 min and gave clearly
separated peaks on the chromatograms. As shown
in Fig. 5, identification of the components (degree
of polymerization, DP) was performed with the cor-
responding mass spectra on which protonated mo-
lecular peaks, MH™, appeared as the main peaks
with some adduct ions. The components from DP
= 3 to 15 for this sample were identified. Takeuchi
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Fig. 4. RTIC and reconstructed ion current (RIC) chromato-
grams of Triton X-100.
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Fig. 5. Mass spectra of Triton X-100. Fig. 6. RTIC and RIC chromatograms of polyethylene glycol
400.
100 200 300 400 568 600 700
ITETIE T FITTTTETY I EETE TR Y ST TR S SO P
139 195 n=4 SCAN NO. t 14-5
lOlI‘ TIMECMIN > : 1.8
239 =5 SCAN NO. : 19-5
139 195 l TIMECMIN > : 2.4
1L 1
283 n=6 SCAN NO. : 25-5
101139 TIMECHIN 5> : 3.2
Ll 239 |
. 327 n=7 ScaN Mo i 33-5
1..0.51 > 207 283 I 173 TIMECMIN > : 4.2
371 n=3 SCAN NO. : 39-5
10}1“319.1.75210 2831327 TIMECMIN > : 5.0
139 415 n=g SCAN NO. : 45-5
TIMEC(H > ¢+ 5.8
10} p o 179 371 |
459 =10 } scan wno. : 53-5
3‘191151 195 239 415 [ TIME(MIN > : 6.8
s 2=11 | scan wno. : 59-5
12}1133‘39 1.03539 TIMECMIN > : 7.6
139 =12 | scan No. : 65-5
547 TIMECMIN > : 8.4
S8, 239 AIELY
=13 | scan mo. : 70-5
10139 591 TIMECMIN > ¢ 9.0
p Legy 4
T e e e
100 200 300 490 500 6500 708
©/z

Fig. 7. Mass spectra of polyethylene glycol 400.
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Fig. 8. RTIC and RIC chromatograms of polystyrene A-300.

et al. [8] reported the analysis of oligomers of DP =
3-14 by use of capillary HPLC—fast atom bombard-
ment MS.

Fig. 6 shows mass chromatograms of polyethyl-
ene glycol 400 obtained under the same experimen-
tal conditions as in Fig. 4 except for the lower nebu-
lization temperature of 300°C for the thermally la-
bile Triton-X. The components were clearly re-
solved within 10 min. The identification of the
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mass spectra shown in Fig. 7, on which strong pro-
tonated molecular peaks were observed.

Fig. 8 shows the observed mass chromatograms
of polystyrene A-300. The experimental conditions
were the same as in Fig. 6, but the pressure was
programmed from 200 to 350 atm at 10 atm/min.
The components of the sample were eluted within
10 min, giving symmetrical and smooth peaks. As
shown in Fig. 9, the identification of the compo-
nents was performed from the mass spectra, on
which aduct ions, [MH + CH;O0H — CH,]*, ap-
peared in higher mass regions at m/z 284, 388, 492,
596, 700 and 804 forn = 2, 3, 4, 5, 6 and 7, respec-
tively. In addition, fragmentation is observed, giv-
ing peaks of [ MH — C¢Hs]™ and [MH — (CgHs +
CsHe)l?, e.g., at m/z 293 and 215 for n = 3.

Fig. 10 shows the mass chromatograms of a mix-
ture of fat-soluble vitamins (vitamin K, E and D,
and vitamin A acetate) obtained under the same
conditions as in Fig. 8. The samples were dissolved
in methanol (0.25% each). All the components were
eluted within 5 min. Although vitamin D3, E and
K, were not separated under these conditions on
the RTIC chromatogram, they were discriminated
on the RIC chromatograms. As shown in Fig. 11,
they gave protonated molecular peaks, [MH]", on
the mass spectra. Vitamin A acetate, however, gave
a fragment peak of [MH — AcOH]* at m/z 269
without giving the protonated molecular peak on
the mass spectrum.

peaks was also peformed with the corresponding Finally, polycyclic aromatic hydrocarbons
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Fig. 9. Mass spectra of polystyrene A-300.
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Fig. 10. RTIC and RIC chromatograms of the vitamin mixture.

(PAHSs) are chosen as test samples which are not
suitable for ordinary API detection because of their
low polarity [9]. However, as shown by the follow-
ing results, PAHs could be analysed using SFC-
API-MS with the methanol-saturated helium as the
nebulizing gas, which assisted the ionization of
PAH:s.

Fig. 12 shows the mass chromatograms of PAHs
under the same conditions as in Fig. 6 except for the
starting pressure of 100 atm. Samples (naphthalene,
MW = 128; acenaphthylene, MW = 152; fluorene,

vitamin K,

MW = 166; anthracene, MW = 180; fluoranthene,
MW = 202; pyrene, MW = 202; chrysene, MW =
228; and benzo[e]pyrene, MW = 252) dissolved in
benzene (0.2% each) were analysed. These com-
pounds gave [M]* and [MH]"* ions of comparable
intensity on their mass spectra without any appre-
ciable fragment peaks. For naphthalene, its [M]*
(M/z 128) was recorded on the RIC chromatogram,
because the protonated molecular peak, [MH]*,
overlapped with the methanol tetramer peak,
[(CH;OH), + H]*, at m/z 129.
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Fig. 11. Mass spectra of the vitamin mixture.
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I

CONCLUSIONS

A packed column SFC-APCI-MS system was de-
veloped with the use of a modified vacuum nebu-
lization interface. The analysis of the thermally la-
bile compounds such as Triton X-100, polyethylene
glycol 400, polystyrene A-300 and fat-soluble vita-
mins was performed. Polycyclic aromatic hydrocar-

bons, for which conventional HPLC-APCI-MS did
not give any appreciable sensitivity because of their
low polarity, could be analysed with this system
with the aid of a methanol-saturated nebulizing gas.
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