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INTRODUCTION

Detectors for chromatography

At the beginning of this century, Tswett! succeeded in
the separation of plant pigments by using the first liquid
chromatographic (LC) columns. Later, Martin and
Synge? reported on amino acid separation by liquid/
liquid chromatography and suggested that partition
chromatography could also be applied to gas-phase
analytes. Ten years later, James and Martin®* devel-
oped the first gas chromatographic (GC) column. Since
the time when Tswett monitored the separation of plant
pigments visually, considerable efforts have been
applied to the development of detection methods of
increased sensitivity to monitor continuously com-
pounds separated by chromatography. In this respect,
history shows us how often the development of chro-
matographic detectors has been the limiting step in pro-
viding knowledge of the physical details of the
chromatographic process and hence allowing the design
of new chromatographic systems of improved per-
formance.

The flame ionization detector (FID), electron capture
detector (ECD), thermal conductivity detector and ther-
moionic or flame photometric detector are all well
known gas-phase detectors for GC. For liquid chroma-
tography, spectrophotometric (UV-Vis), fluorimetric,
refractive index, electrochemical and radioactivity
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detectors have been employed. These detectors differ in
characteristics such as sensitivity, selectivity and speci-
ficity and all are useful because different problems often
require different detectors. In this respect, Snyder and
Kirkland® delineated the desirable characteristics of a
hypothetical ‘ideal detector’ as a guideline for future
developments. The ideal detector should be of high
sensitivity and specificity but also should be universal in
the sense that it should be able to respond in a predict-
able manner to a wide variety of different compounds.
The ideal detector should also allow both qualitative
and quantitative analysis, giving information about the
chemical composition of the analyte and having a
response proportional to analyte amount or concentra-
tion. From the operational point of view, the ideal
detector should not produce any broadening of the
chromatographic band, should be non-destructive and
should be independent of carrier and flow parameters.

Mass spectrometer detector

The use of a mass spectrometer for chromatographic
detection offers several special advantages. The most
important is that it can provide unique information
about the chemical composition of the analyte. This
information is much more specific than that obtained
using detectors which generate absorption bands, such
as the UV-Vis sensing diode-array detector or the
infrared absorption detector. It truly provides a second
dimension of information to the chromatographic
analysis. Furthermore, mass spectrometers show high
sensitivity for volatile compounds and, because they are
mass flow sensitive, the detector response can be used
for quantitative purposes.

The first GC/MS couplings were achieved in the late
1950s%7 only 4-5 years after the introduction of GC by
James and Martin. At that time, on-line GC effluent
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monitoring was carried out by using gas density
balance or thermal conductivity detectors,® among
others. Mass spectrometry was also a young technique
in the area of organic compound characterization and
its general use was hindered by the complexity, size
requirements and price of the instrumentation, and
the need for specialized personnel. Although descrip-
tions of mass analysers are beyond the scope of this
paper, it is interesting to note that the first practical
couplings of GC and MS were done by using time-of-
flight (TOF) mass spectrometers”*°.

The potential of on-line coupling of liquid chroma-
tography with mass spectrometry was also recognized
very early. The broad range of compounds amenable to
LC, including thermolabile and low-volatility molecules
not accessible to GC, and the wide selectivity range
offered by chromatographic supports, helped stimulate
this interest. However, despite the fact that LC is a tech-
nique that is older than GC, GC/MS was an established
technique when the first practical attempts at LC/MS
coupling succeeded in the 1970s. The technical prob-
lems that derive from the introduction of liquids to a
high vacuum system were the main factors responsible
for this delay. For this reason, LC/MS coupling was
preceded by several off-line approaches, mainly based
on the MS analysis of chromatographic fractions trans-
ferred to solid introduction probes.

Vacuum requirements and strategies

For appropriate performance, the mass spectrometer
analyser housing has to be maintained at a very low
pressure, typically about 1075-1077 Torr (1
Torr = 133.3 Pa), otherwise analyte ions will not reach
the ion detector owing to collisions with other neutral
atoms and molecules. For this reason, the introduction
of a sample from the atmosphere must be accompanied
by some kind of interface/restrictor to keep the total
mass (solvent/gas) flow entering the mass spectrometer
low enough to be compatible with the pumping capac-
ity of the vacuum system.

In the case of on-line GC/MS coupling, these inter-
faces were based on membrane separators, on momen-
tum or jet separators and on flow-split interfaces. In the
case of LC/MS , the main strategies were based on (a)
transport devices with concomitant elimination of the
solvent, (b) molecular separators, (c) direct introduction
methods with very low liquid flow rates or those that
took advantage of flow splitting procedures and (d)
direct sampling through small apertures of ions produc-
ed in atmospheric pressure ionization sources.

In the following, a brief overview is presented of these
GC/MS and LC/MS coupling methods, including inter-
face designs. For a more exhaustive review of these
techniques, the reader is referred to the excellent work
of Niessen and co-workers!®~!2 and to several books
on GC/MS!3:14 and LC/MS!3—1° The history of these
devices is interesting in that several methods appeared
to be short-lived when first introduced, but have been
revived 10 or 20 years later as effective techniques.
Some technologically well resolved devices appear to be
common to several successful methods. For example,
thermo- or pneumatic sprayers are used for liquid depo-
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sition (moving belt interface), as part of interfaces such
as the particle beam, thermospray, the Vestec universal
interface and the ionspray source, in addition to several
others.

GC/MS INTERFACES

The main interface types developed for GC/MS coup-
ling are shown in Plate 1. The classical jet separator or
molecular jet interface for GC/MS?° was developed
from the original Becker jet separator.?!?2 In these
separators, the GC flow is introduced into an evacuated
chamber through a restricted capillary. At the capillary
tip a supersonic expanding jet of analyte and carrier
molecules is formed and its core area sampled into the
mass spectrometer. In an expanding jet, high molecular
mass compounds are concentrated in the core flow
whereas the lighter and more diffusive carrier molecules
are dispersed away, in part through collisions. Thus,
sampling of the core flow produces an enrichment of the
analyte. The jet interface is very versatile, inert and effi-
cient, despite disadvantages of reduced efficiency with
more volatile compounds and potential plugging prob-
lems at the capillary restrictor.

The permselective membrane interface, developed by
Llewellyn and Littlejohn,?* is made of a silicone-rubber
membrane that transmits organic non-polar molecules
and acts as a barrier for (non-organic) carrier gases.
Despite being a very effective enrichment procedure, it
also suffers from discrimination effects with more polar
analytes and produces significant band broadening of
their chromatographic peaks.

The molecular effusion (or Watson—Biemann) inter-
face is based on the molecular filtering of the gas efflu-
ent by means of a porous glass frit.>* The column
effluent passes through a fritted tube situated in a
vacuum chamber. Small molecules traverse the micro-
scopic pores in the tube walls and are evacuated
whereas high molecular mass molecules are transferred
to the ion source. Among the principal drawbacks of
this interface are the high dead volume added and its
high surface area. Also, as in the case of the jet separa-
tor, this interface shows discrimination effects in the
case of smaller molecules.

The three methods presented above are based on the
enrichment of the analyte in the carrier gas by elimi-
nating carrier molecules. In this way, enough sample
can be introduced into the ion source with total gas
flows compatible with the pumping capacity of the
system. Among them, the jet separator has been the
most extensively used and is perhaps the most suc-
cessful interface.

Obviously the simple alternative to reduced total gas
flow is flow splitting. In this case, no sample enrichment
takes place and these procedures are most useful where
sensitivity is not a critical factor. Flow splitting can be
performed at the exit of the gas chromatograph, allow-
ing the diverted gas to be directed to a parallel detector,
or at the interface itself such as in the open split inter-
face. The latter is based on a capillary restrictor that
limits the flow entering the ion source to a manageable,
constant value. The GC column exit is situated close to
the restrictor entrance in an open connector. The
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Plate 1. Interfaces for GC-MS coupling. The analyte and carrier gas molecules are represented by the red
and yellow spheres, respectively.

Plate 2. The moving belt interfaces for LC-MS coupling.
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Table 1 Comparative performance of GC/MS interfaces

Yield Delay
Interface (%) Enrichment (s)
Ideal 100 Infinite 0
Jet separator 40 100 1
(30-70)
Permselective 80-95 1000 Variable
(30-80)
Molecular effusion 50 100 1
(20-30)
Open coupling <100 1 None
Direct introduction 100 1 None

2 Modified from Ref. 14. Data in parentheses from Ref. 18.

Band Inertness Carrier Observations
1 Inert All
1-2 Yes He, H, Plugging problems,
not for volatiles
3 Maybe Inorganic High M,, non-volatiles
and polar compounds are
discriminated
1-2 Maybe He, H, Not for low M,
compounds.
High surface area.
Dead volume.
1 Yes All Universal
No enrichment
1 Inert All WCOT columns or split.

No enrichment

P Yield: amount of analyte entering the mass spectrometer/amount of analyte entering the interface, expressed as a percentage. Enrichment:
ratio of sample to carrier gas entering the mass spectrometer/ratio of sample to carrier gas entering the device.2® Delay: observed retention
time delay of the chromatographic peak produced by the interface. Band: relative chromatographic peak band broadening produced by the

interface.

restrictor samples the effluent from the GC column exit
and the excess column flow is removed from the con-
nector by helium. The open split interface is a versatile
device that allows one to work with a wide range of
column flows without any interface modification.

The efforts to optimize or develop new GC/MS inter-
faces were dramatically simplified after the appearance
and general acceptance of fused-silica wall-coated open-
tubular (WCOT) capillary columns. Capillary columns
use optimum flow-rates of gas of about 1-2 ml min~?,
instead of more than 10-20 ml min ! used with packed
columns, allowing all the effluent to be directed to the
mass spectrometer. This is usually done through a
direct coupling where the column exit is introduced into
the ion source without a capillary restriction. This
direct coupling provides a simpler and more inert pro-
cedure for the GC/MS connection and is today exten-
sively used in analytical laboratories. Thus, in practical
terms, enrichment interfaces have become unnecessary
for GC/MS. They are, however, important as examples
of the different coupling strategies that were later to be
used for LC/MS coupling, in some cases with small
modifications from the precursor GC/MS devices.

A comparison among these many GC/MS interfaces
and a (hypothetical) ideal interface for GC/MS is given
in Table 1. The comparison is given in terms of effi-

ciency (analyte enrichment), yield (analyte recovery),
peak delay and band broadening produced by the inter-
face. The degree of inertness of the interface and flex-
ibility in the carrier gases that can be used are also
important factors.

LC/MS INTERFACES

In contrast to GC/MS, the coupling of LC and MS has
not been easy to achieve. Historically, the main problem
was that the high liquid flows make maintaining the
high vacuum required for the mass spectrometer diffi-
cult. The gas flow entering the mass spectrometer from
a GC capillary column is in the range 0.5-2 ml min~ !,
In the case of conventional LC, about 1 ml min~! of
methanol or water has to be introduced. As can be seen
in Table 2, this liquid flow produces gas flow-rates as
high as 350 ml min~* for methanol and more than 1000
ml min~?! in the case of water. Only in the case of very
low liquid flow-rates (below 10 ul min~') would the gas
flow be in the same range as that for GC.

A number of different LC/MS interfaces have been
constructed over the years. Similarities in strategy and
technology used in these interfaces make a simple classi-

Table 2 Gas flows generated with different GC and LC columns and solvent flows.

Column Carrier
GC capillary Helium
GC packed/GC (Cl) Helium
LC analytical Hexane
MeOH
Water
LC capillary Hexane
Water

Carrier Gas flow Gas flow
flow-rate atmosphere (107® Torr)
(ml min~") (ml min~1) (*x10001s~")
1 1 125
20 20 250

1 184 2300
1 593 7400
1 1240 15500
0.010 1.8 23
0.010 12 155
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fication difficult. For the purpose of this review, they
will be distinguished on the basis of how they manage
the column effluent, ie., interfaces that eliminate the
solvent before ionization, and those that introduce all
the solvent into the ion source.

Interfaces that eliminate the solvent

Elimination of the solvent before mass spectrometric
analysis is the common strategy used in off-line LC/MS
coupling. The advantage of this procedure is that there
is an uncoupling of the LC and MS parameters so that
each can be optimized separately. The obvious dis-
advantages include impairment of analytical resolution
by working with chromatographic fractions and time
consumption in the manual procedure. To solve the last
problem, Lovins et al.2® developed an on-line semiauto-
matic device based on a motor-driven solid probe. The
column eluent was collected in a probe reservoir and
then transported to a probe tip made of a gold gauze
matrix or an active sorbent (charcoal). Here, the solvent
was eliminated by applying vacuum and then the probe
was automaticaly introduced into the ion source block.
Although this device was an improvement over the off-
line manual methods, the analysis cycle was still about
3-5 min. Several on-line devices for continuous LC
detection, the moving wire and moving tape transport
devices, had already been developed by James and co-
workers.27-28 These were phase transformation intro-
duction systems based on a continuously moving
endless circular line where the eluate was deposited, the
solvent heated and evaporated and the analyte trans-
ported to a GC-type gas-phase detector (e.g. flame ion-
ization detector). @The moving wire detector,
commercialized in the mid-1970s by Pye Unicam, was
the precursor of the moving wire and moving belt inter-
faces for LC/MS coupling.

Transport systems

Moving wire and moving belt interfaces. The moving wire
and moving belt interfaces were developed by Scott et
al*® and McFadden, et al.’° respectively. The original
moving wire detector for LC was adapted for LC/MS to
introduce the analyte, after solvent elimination, into the
high vacuum source housing of the mass spectrometer.
The dry sample could then be desorbed into the gas
phase by flash evaporation and analysed using electron
ionization (EI).

The moving wire interface for LC/MS coupling used
a 0.12 mm diameter stainless-steel wire as the transpor-
tation surface. The heating for solvent removal and
flash evaporation of the remaining solid analyte inside
the mass spectrometer was achieved by passing an elec-
tric current through the wire. The low surface area of
the wire allowed the deposition of just 1% (10 pl min~*)
of the total eluate from a conventional column. In the
moving belt (Plate 2), the wire was substituted by a
ribbon made of stainless steel (3.2 x 0.05 mm) or polyi-
mide (Kapton) with a larger deposition surface area.
For this reason, 30-50-fold more sample could be
managed. The use of pneumatic or heated nebulizers,
sometimes in a vacuum chamber, optimized sample

Copyright © 1999 John Wiley & Sons, Ltd.

deposition, especially at higher flow-rates and in experi-
ments with aqueous or low-volatility eluent mixtures,
and provided enhanced chromatographic resolution3!
(Fig. 1). The addition of a heater previous to the first
vacuum lock also favoured the use of water-rich sol-
vents.

The first commercial moving belt interface, marketed
by Finnigan, was able to use both EI and chemical ion-
ization (CI) and showed detection limits in the nanog-
ram range. In its ability to cope with analytes of low
volatility, the analysis of thermolabile compounds was
then comparable to that achieved with DCI methods.
Subsequent interfaces were provided with spray deposi-
tion devices and the belt, initially passing close to the
ion source aperture, was introduced into the ion source
chamber. Mechanical transport interface development
and applications have been reviewed by Alcock et al.3?
A comparison of three different commercial interfaces
was reported by Games et al.>3 In addition to EI and
CI, direct ionization from the transport surface has also
been carried out by fast atom bombardment (FAB),>*
plasma desorption (PD)35 and laser desorption (LD).3¢

Molecular separators.

Molecular separators are based on the concept of the
enrichment devices developed for GC/MS. Two differ-
ent systems will be described here, the membrane
separator and the momentum separator. It is interesting
that both strategies were combined later into the Vestec
Universal interface developed by Vestal et al.®” This
interface uses a thermosprayer to nebulize the solvent, a
membrane separator to eliminate solvent vapour mol-
ecules and a particle beam momentum separator to
isolate analyte molecules. Ionization is then carried out
by EI or CI. A more detailed account of this particular
interface is given elsewhere.3’

The membrane separator. The origins of the membrane
separator are in the Llewellyn—Littlejohn silicone-
rubber membrane separator for GC/MS. The molecular
separator for LC/MS coupling was developed by Jones
and Yang®® and was based on a flash evaporator
chamber coupled to a polymeric dimethylsiloxane mem-
brane that selectively transmits non-polar molecules to
the mass spectrometer. The original interface was built
of a three-stage membrane separator and was able to
cope with flow-rates as high as 2 ml min~*. Application
of this molecular separator was restricted, however, to
non-polar molecules, volatile at the working tem-
perature of the interface (about 25 °C).

Particle beam and thermabeam. Briefly, these interfaces
use a jet separator to eliminate volatile solvents and to
transport analyte in the form of solid micro-aggregates
to the ion source of the mass spectrometer. This is
actually similar to the strategy used in the moving belt
interface. In comparison with the latter, the advantages
of these interfaces are that there is no complicated
mechanical device to deal with and it is not necessary to
desorb the analyte from the belt surface. Jet separators
were applied very early for LC/MS coupling. For
example, Takeuchi et al.>° used this device to couple
directly microbore chromatography (0.5 mm column) to
the CI source of a quadrupole mass spectrometer. The
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Figure 1. Enhanced chromatographic resolution obtained by spray deposition in a moving belt interface. (A) Direct deposition and (B) spray
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eluate from the column at a flow-rate of 8 pl min~! was
evaporated by heating the separator at 150°C. The
momentum separator provided a six-fold analyte
enrichment in the vapour. Ionization was carried out by
solvent CIL.

Modern particle beam (PB) interfaces have been
developed from the original work of Browner and co-
workers.#%#! In his PhD Thesis, Willoughby described
a spraying device capable of producing microdroplets of
very homogeneous size from which effective analyte
desolvation could be carried out. This monodisperse
aerosol generator (MAG) was based on the breakdown
of a liquid jet formed at the exit of a restricted capillary
through natural instabilities (kinetic energy of the jet).
Volatile components of the aerosol were evaporated
and eliminated in a two-stage jet separator while the
higher momentum particles and molecular aggregates
were transported to the ion source. There they collapsed
owing to collisions with the hot source surfaces and/or
were released to the gas phase by flash evaporation.
Solvent removal was very efficient so that both conven-
tional EI and CI could be carried out.

This system was coupled to a liquid chromatograph
showing optimum performance in the range 0.1-0.5 ml
min~! and was termed MAGIC (monodisperse
aerosol-based interface for liquid chromatography).>®

Several developments led to commercial interfaces
differing basically in the nebulization procedure: the
particle beam interface, commercialized by Hewlett-

Copyright © 1999 John Wiley & Sons, Ltd.
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Packard, uses a pneumatic nebulizer, and the Therma-
beam interface commercialized by Extrel uses a
thermally assisted nebulizer (Plate 3).

One of the more important factors for the continued
use of this interface is its ability to obtain library-
matchable EI spectra from compounds separated by
conventional LC instrumentation. It has been pointed
out, however, that compounds typically targeted for LC
analysis, e.g. polar non-volatile or thermolabile com-
pounds, are precisely those which give undesirable
results when attempting to evaporate them in the hot
source chamber. In some cases chemical derivatization
is advisable to obtain adequate volatility and thermo-
stability. These and other features of PB and the current
status of this technique have been reviewed by
Capiello.*?

Direct introduction interfaces

This section includes those interfaces which introduce
the column eluate into the ion source without prior
enrichment. However, it is noted that some of the early
designs were developed using some type of desolvation/
enrichment device and for historical reasons these are
described here also.

The simplest direct introduction interface corre-
sponds to that described in the pioneering work of
Tal’rose and co-workers.*>** In this case the solvent
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was introduced into the mass spectrometer through a
capillary at flow-rates below 1 pl min~!. Inside the
source, volatile compounds were ionized by electron
ionization. The low flow-rate employed was a limitation
at that time and hindered further developments towards
chromatographic applications. More than 10 years
later, the McLafferty group at Cornell University
revived the idea of liquid introduction through a capil-
lary and this led to the development of the so-called
direct liquid introduction (DLI) interfaces.

Direct liquid introduction (DLI). McLafferty’s group
already had demonstrated that non-volatile compounds
in solution could be ionized in a CI source using the
solvent as the reagent gas. First attempts were made
with a capillary ampoule containing the liquid solution.
The ampoule was sealed and one end was drawn to a
fine capillary. Once the capillary had been placed inside
the CI source, a continuous spray of liquid was produc-
ed at the tip by the pressure differential.*> In later work,
the ampoule was replaced with a capillary of 75 pm i.d.
connecting the ion source to the atmospheric pressure
side. Up to 10 pl of solvent could be introduced in a
sector mass spectrometer while maintaining the vacuum
at 10~ * Torr in the source housing.*® The major differ-
ence between these interfaces and that reported by
Tal’rose and co-workers was the use of the solvent as
the reagent gas in a CI source, a more suitable arrange-
ment than the EI method for the high gas flow-rates
involved. Additionally, the pumping capacity was
enhanced by providing the source housing with a cryo-
genic pump and adding a 2500 1s ! diffusion pump.

A major problem in the introduction of liquids
through a capillary is that the high vacuum in the ion
source produces rapid evaporation of the liquid inside
the capillary, eventually leading to flow stoppage
through freezing of the solvent. The use of restricted
capillaries and the heating of the capillary in part solved
this problem. Restricted capillaries, however, were
prone to plug easily and had only limited success. Other
probes made use of gas-assisted nebulizers to spray the
column effluent into the ion source.*’ Pneumatic nebu-
lization was also employed in vacuum chambers
separated from the ion source.*® The latter method
originated from the early momentum separator-based
interface developed by the same group.3°

The first commercial DLI interface was the result of
the introduction by Melera*® of a diaphragm instead of
a capillary restrictor to produce a stable liquid jet.*°
Diaphragms with pinholes of 1-10 pum diameter have
been used for this purpose. Nebulization takes place in
a heated desolvation chamber that promotes effective
and uniform droplet vaporization. The characteristics of
several chamber designs have been discussed by
Sugnaux et al.>°

Maximum flow-rates accepted by DLI interfaces are
in the range 50-100 pl min~! and are best suited for
micro- and nanobore chromatography (<1 mm id.
column).>®>! In these cases, sensitivity is in the picog-
ram range for full-scan detection. A list of applications
of DLI was given by Niessen and van der Greef.'® The
need for non-conventional chromatography, problems
with plugging of the diaphragm, and the development of
new interfaces have made DLI obsolete.

Copyright © 1999 John Wiley & Sons, Ltd.

Flow-FAB interfaces In a flow-FAB interface, the column
effluent, mixed with a FAB matrix (generally 5%
aqueous glycerol) is continuously deposited on the tip
of a FAB probe permanently situated inside the ion
source. The liquid mixture is usually transported to the
tip through a fused-silica capillary coaxial to a modified
FAB probe. The FAB matrix prevents the liquid evapo-
ration inside the capillary and the mixture can be sub-
mitted to atom bombardment in the FAB probe target.
Two main interfaces have been developed: the frit-FAB
from Ito et al.5? and the continuous-flow FAB (CF-
FAB) from Caprioli et al.>3* (Plate 5).

Flow-FAB allows a much lower proportion of matrix
to be used in the sample and this produces less back-
ground signal than static probes.’3®>* Sensitivities in
the sub-picomole range have been reported using this
technique. In addition, since samples can be flow-
injected, matrix interferences can be eliminated by sub-
traction of the background before or after the analyte
spectrum.!” This is of special importance for low molec-
ular mass analytes that often suffer interferences in the
lower mass range. An example on the enhancement in
signal to noise ratio obtained by using on-line CF-FAB
is shown in Fig. 2. Discrimination and ion suppression
effects typically observed in conventional FAB are
diminished in CF-FAB.>> These effects are the result of
the tendency of polar analytes to migrate to the inner
part of a droplet whereas hydrophobic compounds con-
centrate in the droplet surface where ionization is more
effective. This is greatly diminished in CF-FAB because
the continuous renewal of the liquid surface on the
target gives a more homogeneous sample.

Matrix addition can be done either pre- or post-
column. Pre-column matrix addition is possible because
the low FAB matrix concentration does not signifi-
cantly affect chromatography for most purposes. For
optimum performance, post-column addition is,
however, preferable.’® Flow-FAB accepts only very low
solvent flows (1-10 ul min~') so that the technique
requires flow spitting or the use of capillary chromatog-
raphy.57-58

The Flow-FAB interfaces opened the field for the
LC/MS analysis of biomolecules such as peptides and
other biopolymers classically analysed by conventional
MS desorption methods. Despite the appearance of
techniques such as electrospray ionization, which com-
petes advantageously with FAB,’° flow-FAB is still
actively used in several laboratories. The use of
CF-FAB has been reviewed by Caprioli.!7-¢°

Thermospray. The thermospray (TSP) interface was
introduced and developed by Vestal and co-
workers.®'=°* Early work was directed at the intro-
duction and vaporization of high liquid flow-rates (1-2
ml min~?') into the ion source and ionization of the
vaporized material was initiated by an electron beam.
The accidental observation that, in the presence of a
volatile buffer in the solvent, ions were obtained
without any other ionizing source led to the develop-
ment of an LC/MS interface based on this so-called
thermospray ionization.

The basic TSP source is comprised of a heated probe,
a desolvation chamber, an ion extraction skimmer and
a vacuum line (Plate 6). The probe is made of a resistively
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containing the metabolite. On line LC/MS analysis was carried out by using a capillary LC column working at 2 pl min—".

heated capillary tube connecting the column with the
MS source. The liquid flowing through the hot capillary
is partially evaporated so that an ultrasonic spray of
vapour and charged microdroplets is obtained at the
probe exit. Ions present in the source are transferred
into the mass spectrometer through the ion cone aper-
ture while the main portion of the residual vapours is
captured by the high-conductance vacuum line and
purged by a rotary pump. The different gas conduc-
tances of the skimmer and the vacuum line allow the
introduction of flows as high as 1-2 ml min~! of
reversed-phase solvents while still maintaining the high
vacuum in the analyser region.

Charged microdroplets in the spray are the result of
the rapid breakdown of the liquid surface during vapor-
ization and the statistical distribution of electrolyte ions
in the droplets. Hence, an equal mixture of positive and
negatively charged droplets is formed from a neutral

Copyright © 1999 John Wiley & Sons, Ltd.

solution. Gas-phase ions are produced in the source
from these microdroplets as a result of several processes
including ion desolvation and ion evaporation from the
charged microdroplets, as well as gas-phase CI pro-
cesses that together constitute the so-called (pure) ther-
mospray ionization process. TSP  ionization
mechanisms have been studied and reviewed exten-
sively.!>'1® Briefly, the evaporation of neutral molecules
from the initial charged droplet produces a reduction in
droplet size and a charge density increment. This excess
of electrical energy can produce either fragmentation of
the droplets into smaller droplets or desorption of ions
into the gas phase by ion evaporation. Alternatively,
gas-phase ions can be produced by simple desolvation
of liquid-phase ions. These processes produce a plasma
of reagent ions mainly derived from the ammonium
acetate buffer in the solution. The composition of the
reagent plasma depends on several parameters such as

J. Mass Spectrom. 34, 157-168 (1999)



164 J. ABIAN

solvent and electrolyte composition, probe temperature
and source temperature and pressure. The TSP source
pressure is typically high (about 1000 Pa). This high
source pressure gives rise to a reagent plasma with an
ionic composition driven by the relative gas-phase
proton affinities of the components.

Thus, the production of gas-phase analyte ions will
depend on its gas-phase proton affinity (for positive
ions). Gas-phase analyte molecules can initially be
obtained in the source either as neutrals produced by
analyte evaporation or as ionic species produced by ion
evaporation or ion desolvation processes. If the proton
affinity is relatively high, the analyte will keep its charge
or will take it from the reagent plasma. If the analyte
proton affinity is low relative to other reagent plasma
molecules, it will not be ionized or ion-molecules
adducts will be observed. As a result of these low-energy
ion—molecule processes, TSP ionization causes simple
soft ionization spectra containing mostly molecular
information (Fig. 3).

Commercial TSP sources are provided of an electron
emitter filament to enhance the CI process with non-
polar solvents. Additionally, ions derived from electron-
capture processes can be generated in some cases by
using this filament with the analyser in the negative ion
detection mode. In the same manner, a discharge elec-
trode can be introduced in the desolvation chamber for
solvent ionization in order to initiate CI. A dedicated
interface for discharge ionization, the plasmaspray
interface, has also been commercialized. Discharge ion-
isation provides more energetic reagent gas ions than
TSP ionization, allowing the ionization of less basic (or
acidic) compounds. Discharge ionization enhances frag-
mentation owing to the more exothermic CI reactions
involved and thus provides higher structural informa-
tion than pure TSP. Another improvement to the basic
source was the addition of a repeller electrode in front
to the sampling skimmer cone. The function of the
repeller was both to promote ion fragmentation and to

R,
H
iBu | [o] (o]
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AM4N CH,CHCHCH, CH,CH, H H

enhance ion extraction. Other developments were
carried out in order to have more precise control over
probe temperature and to optimize probe tip character-
istics. Spray performance was improved by using laser-
drilled sapphire tips and plugging problems were
alleviated with the commercialization of easily replace-
able tips.

TSP accepts common reversed-phase eluents at con-
ventional flow-rates and produces very good results
with polar, non-volatile and thermolabile compounds
relative to other techniques described earlier. For these
reasons, thermospray has been widely accepted for
LC/MS and in the last decade became the dominant
ionization technique for on-line LC/MS. Reported on-
column sensitivities can be in the picogram range for
some compounds. Sensitivity is, however, highly
compound-dependent and not especially good in the
case of large compounds such as peptides, saccharides
and lipids. TSP theory and applications have been
reviewed by Yergey et al.'®> and Arpino.®®-57

Although TSP has gradually given way to the new
atmospheric pressure ionization technology, it can be
considered as the technique that effectively bridged the
gap between practical LC/MS and bioanalysis for a
wide variety of sample types.

API sources

In an atmospheric pressure ionization (API) source, ion-
ization of the column effluent is carried out at atmo-
spheric pressure by any of several procedures including
a radioactive source, electrical discharges and high-
voltage electric fields. The ions produced are contin-
uously sampled through a small aperture and pass into
the spectrometer where they are mass analysed.
Currently, two main commercial source types are
available for LC/MS coupling:%® the atmospheric pres-
sure chemical ionization (APCI)®*°~"! and the electro-

1203
(@) [M+H]*

401

M+H-112]*
[ w]g, [M+NH,]*
[M+NH112]* |
1108
l Y |

N
S
1

o=
1000 1050 1100 1150 1200 1250 1300

1203

RELATIVE INTENSITY

(b)

0]

1091
1220

1108
) W

o T T T T T
1000 1080 1100 1150 1200 1250 1300
miz

Figure 3. LC/TSP mass spectra of cyclosporin A obtained (a) from the analysis of 1 ml of plasma from a patient suffering from progressive
multiple sclerosis treated with a daily dose of 300 mg of cyclosporin and (b) from a cyclosporin standard (10 ng on-column).®®
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spray (ESI) source.”>’* The growing importance of
these sources is depicted in Fig. 4. The graph shows the
number of publications on LC/MS found during a liter-
ature search that covers the period from 1991 to 19967°
(see Niessen and Tinke'® and Niessen’® for previous
years). Despite the maturity and efficiency finally
acquired by the TSP interface in the early 1990s, this
technique is now being replaced by APCI and ESI
sources. It is noteworthy that among the interfaces
listed, the only non-API-based technique showing some
increase in use during the period is PB. DLI and MB
interfaces have greatly diminished in use and CF-FAB
interfaces, although still operative, represent a small
percentage of applications.

The dramatic increase in the use of ESI interfaces and
their current dominant position over other LC/MS
techniques is mainly due to the excellent results provid-
ed by this method in the analysis of biopolymers, where
TSP and APCI are not very effective. In fact, APCI,
actually an old technique, has enjoyed a rebirth as the
result of the success of ESI sources. For commercial and
technical reasons, APCI will displace TSP in the short
term.

APCI and ESI instrumentation and applications have

been extensively reviewed in the past few
years,'1:12:77:78 and therefore are only briefly described
below.

Atmospheric pressure chemical ionization (APCI) (Plate
7). Modern APCI sources for LC/MS coupling orig-
inated from the early API sources developed by
Horning and co-workers.®*—8° The original source con-
sisted on an atmospheric pressure vaporization
chamber in which 1-2 pl of a liquid sample were
injected through a septum. A hot carrier gas (N,) was

165

to transport the analyte to an area close to a radioac-
tive beta source (°°Ni). In this area gas ionization
occurred, producing an atmospheric pressure reagent
plasma that gave rise to analyte ions through ion—
molecule reactions. Ions were then transferred to the
mass spectrometer through a small aperture and mass
analysed.

These sources were soon applied and optimized for
LC/MS coupling but it was not until the widespread
success of ESI that they saw general use. Modern APCI
interfaces use some kind of heated pneumatic nebulizer
probe for nebulization and a high-voltage needle to
produce a corona discharge responsible of inducing
solvent ionization. In some cases a countercurrent flow
of hot gas is provided to help desolvation. The sampling
aperture can be a sampling cone or a heated capillary
made of glass or stainless steel and the probe can be
situated axial or orthogonal to the sampling orifice. The
effect of these different arrangements will be discussed
later.

APCI is currently being applied to the analysis of a
great variety of compounds, especially in the environ-
mental and pharmaceutical fields. As indicated above, it
is not as effective as ESI for the analysis of biopolymers.
However, APCI is very effective in the analysis of
medium- and low-polarity compounds or when rela-
tively non-polar solvents have to be used. This is, for
example, the experience in the author’s laboratory for
the analysis of lipids (acylated N-phenylpropanediols)
separated by reversed-phase HPLC with methanol-
propan-2-ol-hexane mixtures (Fig. 5). With this eluent,
ESI shows unstable behaviour whereas reproducible
signals are obtained by APCL3!

Electrospray (ESI) (Plate 8). The first ESI applications

introduced into the chamber to help vaporization and were reported independently by Fenn and co-
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workers and by Aleksandrov et al.”” in the mid
1980s. The original electrospray source®? was made of a
capillary stainless-steel needle connected to the
grounded side of a high-voltage source and situated in a
chamber (a metal-coated glass cup) that acted as
counter-electrode. In this interface, the liquid sample
was introduced into the high potential chamber through
the capillary and at the exit an electrically induced
spray of charged microdroplets was produced. Ions in
these droplets enter the gas phase through evaporative
processes (Rayleigh droplet fragmentation, ion evapo-
ration and ion desolvation)®* in a manner similar to
that for TSP. The ions in the spray are captured
through a glass capillary restrictor where they are con-
ducted into the low vacuum area of the mass spectro-
meter. To promote droplet desolvation, the ionization
chamber is continuously supplied with a countercurrent
flow of dry nitrogen.

A stable spray is obtained with flow-rates in the 0.5-5
ul min~! range. In 1985 several papers demonstrated
the analysis of peptides such as cyclosporin A, gramici-
din S, bleomicin, substance P and bradikinin.”33? In
1988, Fenn’s group reported on the analysis of the
protein alcohol deshydrogenase (M, 40000)%° and the
first commercial instruments appeared. From this point,
ESI applications, especially for biopolymer analysis,
grew at a remarkable rate.

Three main characteristics of electrospray are note-
worthy: first, ESI is a very mild ionization technique
that produces protonated (or deprotonated) molecule
ions of polar, non-volatile, high molecular mass and
themolabile compounds with amazing ease and effi-
ciency. Second, multiply charged ions of the type
[M + nH]"* are formed from molecules with multiple
basic sites (the equivalent is observed in the negative ion
mode). Third, the ions observed, generally formed by
protonation or deprotonation of the molecule or by

Copyright © 1999 John Wiley & Sons, Ltd.

adduct formation with solvent ions, directly reflect
acid-base equilibria in solution. In this sense, ESI is
especially suited for the analysis of compounds ionized
in the liquid phase.

The production of multiply charged ions has impor-
tant implications. Mass spectrometers measure mass-to-
charge ratios (m/z) so that multiply charged ions appear
in the spectrum at m/z values that are fractions of the
actual mass of the ion. This allows one to observe
signals from compounds well beyond the working mass
range of the mass spectrometer. For example, Feng and
Konishi®® reported the analysis of antibodies and other
large glycoproteins with molecular masses as high as
200 kDa. The molecular mass of one of these molecules
can be calculated from the [M + nH]"" family of ions
in the spectra. This is carried out by automatic
computational (deconvolution) methods. In the range
up to 50 kDa a quadrupole instrument allows M,
determinations with mass errors below 0.01%.87 This
precision is far better than that obtained with classical
methods for peptides and proteins such as sodium
dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) and relies directly on chemical compos-
iton instead of on indirect calculations from molecular
behaviour.

Owing to the low flow-rates required for electrospray,
this technique could not be directly coupled to conven-
tional chromatography without requiring the use of
flow splitters which significantly lower the sensitivity.

Ionspray (Plate 9). To overcome the flow-rate limi-
tations of ESI, Henion and co-workers’® developed a
pneumatically assisted electrospray capable of working
at flow-rates up to 200 ul min~'. This interface was
given the name ionspray (ISP), although in practice this
term is generally used for any other pneumatically
assisted electrospray source.

J. Mass Spectrom. 34, 157-168 (1999)
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In the ionspray source, a nebulizer gas is introduced
coaxially to the liquid flow to help desolvation and
spray formation. Current commercial ISP sources share
the ion source chamber with APCI sources so that com-
ments and references made in the APCI section are also
valid here. A comprehensive description of the different
ISP (and APCI) sources designs has been published.'?

Modern commercial ISP sources allow the intro-
duction of up to 1 ml min~! of liquid in the interface,
although the relative sensitivity is better at lower flow-
rates. In most cases, the use of narrow-bore columns
(1-3 mm id.) working at 50-300 ul min~' provide a
good balance between practical operation and optimum
response. Additionally, ionspray sources are more effec-
tive than ESI sources with solutions containing large
amounts of aqueous electrolytes.

Interface robustness. An advantage of API sources over
TSP is that they introduce only a small amount of
solvent into the low-pressure region of the MS and in
this way render the system more robust by requiring
less maintenance. However, current applications in
pharmaceutical, drug testing and other areas demand
special capabilities for the fast analysis of large numbers
of moderately dirty samples. System robustness is
nowadays a necessity in this field for general acceptance
of API LC/MS and much effort has been focused in this
regard by commercial companies. Several strategies
have been developed to prevent plugging of the sam-
pling orifice or diminished sensitivity due to solid or
liquid deposition (Plate 10). The classical procedure to
prevent aperture plugging is to situate the spray probe
off-axis with the MS entrance. Ions are captured by the
electric field to the mass spectrometer and the bulk of
neutral droplets and vapour hit the chamber or lens
surface where solid materials deposit. The ion entrance
based on the ‘pepperpot’ device uses a plate with
chicane-type tunnels also to prevent the solvent from
entering directly into the mass spectrometer. The cross-
flow device uses also the same strategy with a different
design.

Orthogonal disposition has recently been implement-
ed in several commercial mass spectrometers. In this

case, neutrals and non-volatile materials collide with a
plate situated on the probe axis. Ions are captured into
the mass spectrometer with a one or two 90° extraction
angle, or a combined 90° off-axis extraction, such as in
the aQa disposition.

Micro-ESI and nanospray. Several low-flow-rate electro-
spray sources, termed micro-ESI®® and nanospray,’°
have been developed in order to increase significantly
the sensitivity of the technique. A detailed treatment of
these sources with capillary LC/MS techniques is the
subject of next month’s Special Feature in this journal
and therefore will not be discussed further here.

CONCLUSIONS

Some relevant interfaces for the coupling of chromatog-
raphy with mass spectrometry have been reviewed in a
very general fashion. They represent only a few of the
large number of different devices that can be found in
the literature. Most of these devices were developed in
research laboratories and never saw general acceptance.
Other methods, a minority, were commercialized with
more or less success at the time but most of them are
now obsolete. Electrospray/ionspray and APCI sources
currently constitute the dominant interfaces for LC/MS
coupling. The efficiency and stability of these interfaces
need additional improvements before they will reach the
status of other established techniques such as GC/MS.
These new developments can be expected to enhance
ion sampling efficiency, reproducibility and robustness.
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