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Reaction Interface Mass Spectrometry
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Department of Pharmacology, Th e George Wa sh ingt on Un iversity Medical Center , Washington, D. C. , USA

Addition of a reactant ga s to a low pressure microwave-induced plasma creates a reaction
interface in wh ich complex molecules are converted into small polyatomic neutral species.
For a given reactant gas the array of these small molecules reflect s the elemental composi
tion of the original analyte. In this study HCI has been found highly effective as a reactant
gas for selective detection of sulfur-eontaining compounds us ing capillary gas chromatogra
phy /chernical reaction interface mass spectrometry. Detection limits as low as 30 pg of a
sulfur-containing compound and a dynamic range of two orders of magnitude were
achieved . (J Am Soc Mass Spectrom 1991, 2, 250-255)

~he capability of combining compound-indepen-

.1 dent, sensi tive , and selective elemental and
isotopic detection with an efficient separation

process like gas or liquid chromatography is highly
desired in many areas of nat ural science includ ing
chemistr y, biochemistry, pharmacology, and petro
leum analysis.

TI1t~ microwave-powered ch em ical reaction inter
face (CRI) has been used to convert complex organic
mol ecules in the presence of a rea ctant gas into small
s table molecules that are detected by mass spectrome
try (CRIMS) [1, 2]. For a given reactant gas the array
of molecules formed reflects the elemen tal composi
tion of the original analyte. Recently , applications of
th is system for selective detection of BC, 15N , 2 H,
and 14C [3-6) were published. Isotopic nitrogen de
tection by emission and mass sp ectrometry was previ
ously reviewed [7].

Selective detection of sulfur-containing compounds
has received considerable attention primarily due to
th e importance of the compounds in environmental,
industrial, and medical fields. ° A radio frequency
plasma detector has been used for sulfur -selective
capillary gas chromatographic (GC) analysis of fossil
fu els [8]. Reduction of sulfur-containing compounds
to SF6 by flu orination with F2 on a heated Ag catalyst
after GC separation and its detection using electron
capture was reported [9]. Inductively coupled atomic
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emission spectrometry of sulfur in the vacuum ultra
violet has also been employed to determine the con
centration of several micromolar so lu tions of proteins
with known sulfur contents [10]. The flame photomet
ric detector was used for th e analysis of org anosulfur
compounds by supercritical fluid chromatography
[11]. In general, these techniques demonstrate selec
tivity and sensitivity, but they all lack the flexibility of
a GC /MS sys tem . We previously reported on the
direct introduction analysis of sulfur content of pro
teins by CRIMS [12].

In this article we describe an improved chemical
strategy to enable selective and sensitive mass spec
trometric detection of sulfur-containing compounds
and demonstrate its performance. This system com
bines an efficient separation process, in this case capil
lary GC, with a mass spectrometer while maintaining
the chromatographic resolution and conventional
GC/MS capability.

Experimental

The capillary gas chro matograph/chemical rea ction
interface ma ss spectrometer was de scribed previously
[4]. A 2450-MHz microwave cavity was placed inside
a GC column oven and wa s operated at approxi
mately 70 W of forward power and 5 W or less of
reflected power. A Hewlett-Packard (palo Alto, CA)
Model 5830A GC with a split/splitless capillary
adapter was us ed with a 30-01 DB-5, O.25-mm i.d .,
0.25-1£01 film thickness capillary column a& W Scien
tific, Ran cho Cordova, CA). Tnis column was con
nected to a 1/16" Swagelok tee into which also flowed
the reactant gas . The output of thi s tee was coupled
via a 1/16 H to 1/4H adapter to a 4H long, t /4 H o.d.,
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1/32# i.d. ceramic tube (Scientihc Instrument Services,
Ringoes, NJ) using conventional stainless steel
Swagelok hardware and tubing, and 5% Vespel/gra
phite ferrules (Alltech Associates, State College, PA).
The output end of this tube was connected to the
mass spectrometer using deactivated, uncoated wide
bore (0.53 mm i.d.) fused silica tubing (J& M) housed
in a heated (250 "C) stainless steel tube. The flow of
reactant gas was adjusted using a Granville-Phillips
(Boulder, CO) Series 203 variable leak.

A tank of ultrapure carrier grade helium (Air Prod
ucts, Allentown, PA) was fitted with a high purity
stainless steel diaphragm regulator (Matheson, East
Rutherford, NJ) and operated at a pressure of 40 psi,
producing a helium flow of 1-2'mL min. Helium
served both as the carrier gas for the GC and the bulk
gas in the microwave-induced plasma. Ultrapure car
rier grade oxygen and a standard grade of anhydrous
hydrogen chloride (Air Products) were used as reac
tant gases. Oxygen in the amount used in this study
was not harmful to the tungsten filament of this mass
spectrometer as it was in the previous study [4] with
another mass spectrometer that used a thoriated irid...
ium filament. A Tesla coil (vacuum leak detector,
Fisher Scientifrc, Pittsburgh, PA) was occasionally re
quired to initiate the plasma. To avoid quenching the
plasma, or the buildup of soot, the plasma was al
ways turned off when the solvent was eluting. The
reactant gas tanks \vere connected to the variable leak
using stainless steel regulators (Matheson) and 1/16#
o.d., 0.01# i.d. stainless steel tubing. The carrier and
reactant gas lines and regulators were pre-evacuated
prior to use to remove air and contaminants.

An Extrel C50/400 mass spectrometer (pittsburgh,
PA) with 4" diffusion pumps at the source and the
analyzer was used. The mass spectrometer was con
trolled by a Teknivent (Maryland Hts.. MO) data
acquisition interface, software, and an IBM PC-AT
computer. For the CRIMS studies of phenytoin
metabolism, the initial GC temperature was 130 "C.
After a 1 min delay, the coiumn was temperature
programmed at 5 ·C/min to 250 "C and held an
additional 5 min. Chromatograms showing only en
riched isotopes were produced in the CALC channel
of the Teknivent software using the following formula
[3, 4]:

Intensity of enriched isotope

= peak intensity observed at M + 1

- natural abundance of M + 1 expected

from peak intensity at M

To enhance sensitivity when trying to identify sul
fur-containing peaks, two limited mass ranges were
used in the scanning experiments: 75-250 u and
250-450 u. This allowed longer integration times that
improved the spectral quality. Also, the temperature
program was slowed from 5 ·C/min to 2.5 ·C/min to
improve chromatographic resolution.

Thiopental (Fisher) and 2-13C-,1,3-15N
2-pheno

barbital (99 atom %, Cambridge Isotope Laboratories,
Woburn, MA) were used without further purification.
The samples for urine analysis came from our previ
ous work {4] and were prepared according to that
reference, except that thiopental (50 nglilL in the fmal
solution) was also added as an internal standard for
sulfur. This process involves extractive ethylation of
all acidic hydrogens with ethyl iodide and tetrabutyl
ammonium hydroxide, and trifluoroacetylation of all
other active hydrogens with trifluoroacetylimidazole.
Solutions of 0.1 pg/mL to 10 p.g/mL of thiopental
with constant amounts (20 JLg/mL) of phenobarbital
in ethanol were used for the linearity study. Dilute
solutions of simple sulfur-containing compounds,
such as dimethylsulfoxide, were used in the initial
studies of HO CRlMS chemistry. Thiopental is the
only substance that was thoroughly tested.

Results and Discussion

Chemistry

In a low pressure microwave-induced helium plasma,
with the thermodynamic temperature of about
4000-6000 OK [13, 14], the components eluting from a
GC column are completely decomposed. When the
products of this decomposition leave the hot region of
this plasma they react rapidly with the reactant gas
that was added to the helium gas flow to produce
thermodynamically stable neutral molecules. The mass
spectra of selected neutral molecules identify and
quantify the elements of interest. For example, when
oxygen is used as a reactant gas, carbon forms CO
and CO2; nitrogen predominantly forms r-..J2 with ca.
10% NO, and hydrogen forms H 20. Detection of ions
with m / z 30, 31, 44, and 45 in the selected ion
monitoring mode represent: 14r--.JO; (15!,-.JO + t'.J170);

12COZ; and (12C170160, + 13COz), respectively. A
chromatogram showing only isotopically enriched
conlpounds can be obtained by subtracting the natu
ral abundance contribution of CO2 and NO as deter
mined from the observed signals at m / z 44 and 30
from the signals observed at m I z 45 and 31, respec
tively [3-5].

Attempts to detect selectively sulfur-containing
compounds as SO at m / z 48, or 502' at m I z 64, or
503 at m I z 80 with oxygen as a reactant gas were not
totally successful; performance was irreproducible. We
believe this was due to a reaction sequence such as:

Organic sulfur compounds + 02

--> 502 + H 20 + CO 2 + ... (1)

S02 + H 20 ..... H 2S03 (nonvolatile) (2)

Therefore, as long as free water was present in the
plasma, sulfur probably produced absorptive com
plexes. In order to solve this problem a gas with
completely different chemistry was used. One idea
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long as the plasma is not on when the solvent elutes,
no soot or particulate build-up occurs with thi s chemi
cal reaction system. This parallels our experiences
with S02 and H 2 as reactant gases [4].

TIME Im,n)

Figure 1. Selective detection of sulfur at m / z 67 using a
mixture of th iopental (6.6 ng on-column) and ph en obarbital
(26.4 ng on-column). The chromatogram at mI z 27 (H eN) is a
nonselective carbon channel.
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Sensitivity and Dynamic Range

Sensitivity and dynamic range for sulfur in
GC /CRIMS were studied using thiopental as a
sulfur-containing compound and phenobarbital as an
internal standard. Detection at m / z 67 was com
pletely selective, so a limit of 30 pg for thiopental
on-column at a signal-ta-noise ratio of 10 was ach ieved
in the single ion detection mode with 300 ms integra
tion time. The linear dynamic range of the calibration
curve is shown in Figure 2. One microliter of each
solution was injected in the splitless mode. Two ions
(HCN, m / z 27 and SCI, m / z 67) were acquired with
150 ms integration times. The m / z 67 thiopental sig
nal was normalized with respect to the III / Z 27 phe
nobarbital signal. The lower limit of 100 pg represents
the lowest amount that can be successfully deter
mined using the shorter integration times required by
multiple ion sampling. The 10,000 pg upper value

Selectivity

Detection at In / Z 67 was completely selective for
sulfur. The selectivity of this detection channel wa s
demonstrated using thiopental and phenobarbital as
examples of sulfur- and nonsulfur-containing com
pounds. The GC /CRIMS chromatograms are shown
in Figure 1 in which m / Z 27 represents a nonselective
channel while m / z 67 represents the sele ctive sulfur
channel. The small peak on the shoulder of the
th iopental peak is seen in both ch annels and is as
sumed to be an impurity.

~
f=«
-'
lU
II

In this case sulfur still reacted according to reac
tions 1 and 2.

2. When HO was present in excess then:

(xs)HO + O 2 -+ H 20 + Cl 2 + H 2 + HCl

HCI + H 20 ..... complex

Organic sulfur compounds + HCI -+ SCI + HCN
+ . ..

The disappearance of CI02 at m / z 67 and 69 and the
formation of CI2 at m j z 70, 72, and 74 were in d icative
of correct conditions for the sulfur studies . In this case
sulfur predominantly (> 95%) produced SCI at m / z
67 and 69. Other m inor ions represented SCI 2 . One
should note that due to dissociation in the ion source,
the ions detected in the mass sp ectrometer do not
necessarily represent the ratio of neutrals formed in
the chemical reaction interface. Because the relative
abundance of the molecular ion of SCl 2 is 60% of the
base peak at m / z 67, we know that the SCI observed
is not solely due to fragmentation of ground-state
SCl 2. Similarly, the signal at m / z 67 cannot be a
fragment of S2C12 because it also has prominent ions
at h igher mass that would have been ob served in our
experiments. We therefore have no determination of
whether SCI + arises as a highly abundant fragment
from a larger molecule that remains in an excited state
following its exit from the plasma or whether SCI
exists as a separate chemical entity. When the oxygen
titration procedure described above was carried out,
relatively more HCl was needed as a reactant gas than
when oxygen was used.

The HCl-scavenged plasma generates a reducing
environment, much as if it were a hydrogen
scavenged plasma [4]. Carbonaceous materials pro
duce hydrocarbons, for example, CH 4 and C2H 2, and
chlorocarbons of the type CnHmCl p, although in the
presence of excess nitrogen these can react further to
form HCN at m / z 27. Organic nitrogen in the pres
ence of carbon also predominantly produced HCN.
Therefore, the chromatogram obtained at m / z 27 rep
resented a nonselective carbon/nitrogen channel while
m / z 67 represented a selective sulfur channel. As

was to have a very polar reactant gas so that it would
scavenge the water that was formed, thus assuring
transmission of the sulfur species. Another idea was
to use a different chemistry so that a more transmissi
ble species would be fanned . HCI was the first gas of
this nature that was tried, and it worked very well.

Due to imperfections in the vacu um envelope and
impurities in the gases used there was always oxygen
and nitrogen present in the plasma. When HCI gas
was added to this plasma there were two possibilities:

1. If the amount of HCI gas was not enough to titrate
completely the oxygen present in the plasma then:
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Figure 2. Linearity of sulfur detection at . m j z 67 using
thiopental . The integrated area has been normalized to the
integrated are a in the m jz 27 channel for phenobarbital, the
internal standard.

simply represents the largest amount of material we
chose to analyze. We did not actually determine the
upper limit of linearity, but do know that ca. tenfold
higher amounts overwhelm the capacity of the plasma
chemistry.

T'ME (m In )

Figure 3. GC /CRIMS using oxygen reactant gas for selective
isotopic analysis of urine from a dog treated with 2-13C-.l.~
15N2-ph enytoin. The upper trace shows nonselective carbon
detection; the middle trace shows selective detection of enriched
13e; and the lower trace shows selective detection of enriched
15 N.
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Application to Metabolism Studies

Selective detection of BC_ and 15N -labeled phenytoin
and its metabolites in urine following separation by
gas chromatography was recently studied by
GC/CRIMS [3, 4]. There 502 was used as a reactant
gas. Because the present goal was sulfur detection,
we did not want to use the sulfur-containing reactant
gas S02 where the possibility of sulfur residues ex
ists. Such interference had not been seen in preiimi
nary experiments, however, we thought it was judi
cious to avoid 502' Therefore, we employed oxygen
as the reactant gas. To demonstrate the selectivity of
the sulfur channel in a complex chemical environment
and to study the possibility of sulfur-containing
phenytoin metabolites, the same urine sample from a
phenytoin-treated dog' that was previously obtained
[4] was used again. We repeated this analysis to
compare the present GC/MS system with the previ
ous one.

Chromatograms showing nonselective l2C and en
riched BC and l5N are shown in Figure 3. These
chromatograms are almost identical to those previ
ously published both in terms of relative elution time
and intensity [3, 4]. The absolute elution times are
d ifferent because this work used a different GC with
different temperature programming capability.

Examination of urine for sulfur-containing com
pounds was then performed using HO as a reactant
gas. The result is shown in Figure 4, in which the
nonselective channel (HeN, m / z 27) is shown at the
top and the selective sulfur channel (SO, m / z 67) is
shown at the bottom. These chromatograms were
generated using a temperature program half the rate
as the stable isotope study seen in Figure 3. The 50
signal for the internal standard, thiopental r.t. = 13 +
min, is representative of approximately 50 ng on-eol-
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Figure 6. Mass spe ctra of sulfur-containing phenytoin metabo
lites . The highest ma ss observed, m f z 371, is appropriate for
the molecular ion of the triethyl derivative of monothiopheny
toin with three heavy isotopes. In parallel with the h ydroxylated
metabolites of phenytoin, the two peaks presumably represent
positional isomers, for example, metathiophenyto in and
parathiophcnytoin.

T ItvtE (m In )

Figure 4. GC/CRIMS using Hel reactant ga s for sulfur-selec
tive detection. The upper trace shows nonselective carbon/
nitrogen detection; the lower trace shows selective sulfur detec
tion .

umn, Two of these sulfur peaks, at retention times of
46.0 and 49.1 min, are phenytoin metabolites. With
the normalization done in Figure 4, these peaks are
not prominent, but by expanding subzones of time
and in tens ity (Figure 5), distinct peaks at these reten
tion times were noted. Their spectra, which are shown
in Figure 6, are consistent with positional isomers of
aromatic monothiol phenytoin as previously sug
gested [15], but without the chemical specificity of the
current method. In our previous chromatograms [4]
these two peaks appear at 26.3 and 28.S min. Further

studies need to be undertaken to identify the un
known sulfur-containing peaks at r.t. = 7, 11, 25, and
33 min in Figure 4. It should be noted that the animals
were not fasted throughout the period of urine collec
tion, so some of these might be of dietary origin . They
were not derived from phenytoin.

Chemical reaction interface mass spectrometry is a
technique that can be used both as a selective element
and stable isotope detector. Its low detection limits,
minimum instrumental modification and simplicity
make it an attractive tool in metabolism, environmen
tal, and industrial investigations. We have shown
here that one can switch from a study of isotopes
such as He and 15N to selective detection of sulfur by
simply changing from one reactant gas (e.g ., 02) to
another (e.g., HO).
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