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ABSTRACT

~ < Considerable progress has been made over the last 20 years in coupling liquid chromatography and
mass spectrometry. A large number of interfaces have been developed and, although only a few have found
widespread application, the developments in interfacing are worth reviewing. The developments in in-
terfacing are categorized along three lines: efforts to introduce 1 ml/min of an aqueous mobile phase into
the mass spectrometer vacuum system, efforts to achieve analyte enrichment in the interface and efforts to
combine interfacing and liquid-based soft ionization techniques. These lines are explored, with special
attention being given to the most successful interfaces. Some similarities between the various interfaces are
revealed.

INTRODUCTION

The on-line combination of liquid chromatography and mass spectrometry
(LC-MS) has been under investigation for about 20 years. The first paper on LC-MS
came from the Russian group of Tal'roze et al. [1] in 1972. The development of
LC-MS has continued via various landmarks and led to a vast number of papers on
successful applications that have appeared during the last few years and to several
successful and commercially available LC-MS interfaces. The subject has been exten-
sively reviewed [2-6]. This paper can also be considered as a review on LC-MS, but
attention is especially focused on the developments in interface technology. In that
respect, it is more or less a free interpretation of the history of LC-MS.

In developing on-line LC-MS three fundamental compatibility problems had
to be solved, viz., the amount of solvent eluting from the L.C column, the composition
of the LC mobile phase and the nature of the analytes. Interfaces have been developed
to be placed between the LC column outlet and the mass analyser to solve the in-
compatibility between the LC solvent and the MS high vacuum. Over 25 different
interface approaches have been described (see Table I). In the development of these
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TABLE |
HISTORICAL OVERVIEW OF LC-MS INTERFACES

Important features of the various interfaces, i.e., nebulization. analyte enrichment and liquid-based ion-
ization, are indicated.

Year  Type Nebulization  Enrichment  Liquid-based ionization
1972 Stopped flow +
1972 Capillary inlet
1974  Moving belt + +
1974  Pneumatic nebulizer in atmospheric-

pressure source +
1975 Solvent vapour separator membrane +
1976  Liquid ion evaporation + +
1978  Crossed beam +
1978  Jet separator +
{979  Vacuum nebulizer -~ +
1980  Direct liquid introduction + +
1981 Conical tip +
1981  Continuous sample preconcentrator + +
1982  Rotating disk +
1983 Helium +
1983 Thermospray + +
1984  Monodisperse aerosol generator + +
1985  Electrospray + +
1985  Frit FAB +
1986  Continuous-flow FAB +
1986  Particle beam + +
1986  Heated nebulizer + +
1987  Thermabeam + +
1987  Gas nebulized +
1987  lonspray + +
1988  Atmospheric-pressure spray + +

989  Frit-El/CI

LC-MS interfaces over the past 20 years three development lines can be distin-
guished, which are concerned with efforts (i) to introduce 1 ml/min of an aqueous
mobile phase into the MS vacuum system, (ii) to achieve analyte enrichment in the
interface and (iii) to develop liquid-based ionization techniques. These lines are ex-
plored and discussed below. As a result, similarities in different LC-MS interfaces are
recognized and the possibilities and limitations of the various LC-MS interfaces
hecome clearer and can more readily be explained.

AN INTERFACE FOR LC-MS

The most important feature of an LC-MS interface is to provide a means for
the transition of analyte molecules from the liquid state to the high vacuum of the
mass spectrometer. During this transition as much analyte as possible must be trans-
ferred, while the mobile phase constituents can be partially or completely removed. In
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this respect, the LC-MS interface can be characterized by the transfer efficiency and
the enrichment factor. The transfer efficiency Y is defined as

Y = (Qus/Qic) - 100% ()

where Q¢ and Qys are the amount of analyte eluting from LC column and the
amount introduced into the mass spectrometer, respectively. Note that the amount of
analyte introduced into the MS system is difficult to define unambigiously, because
with some interfaces the analyte is transferred as neutral molecules that are sub-
sequently ionized, whereas with other interfaces ionization is an integral part of the
transfer step and the ions are preferentially extracted from the interface.

The enrichment factor E is the ratio of the analyte concentration in the MS flow
and that in the LC flow, defined as

E = (QMS/FMS)/(QLC/FLC) 2

where Fj ¢ and Fys are the flow-rate from the LC column and the flow-rate introduced
into the mass spectrometer, respectively. Again, Fys is sometimes difficult to define,
because of the features of the interface. For some interfaces these aspects are dis-
cussed in more detail below.

The mass spectrometer is a mass-flow-sensitive detector, which means that the
response R is directly proportional to the mass flow, dm/d::

R = t(dm/d?) 3)

where 7 is the response factor. As the mass flow is the change of mass per unit time,
eqn. 3 can be written as

R=1 C(t) FMS (4)

where C(?) is the analyte concentration profile e.g., a nearly Gaussian peak from the
LC column, and

FMS = FLC S (5)

where S is the splitting ratio. It is important to appreciate some of the features of this
equation. As under normal LC-MS conditions Fys is constant, the response is direct-
ly proportional to the analyte concentration:

R =1 C() 6)

where 7’ is the response factor multiplied by the constant factor Fi ¢S. This conclusion
seems obvious, but the linearity in eqn. 6 can be wrongly interpreted in the sense that
the mass spectrometer under certain conditions act as a concentration-sensitive de-
vice. LC-MS experiments in which the flow-rate Fys is varied cannot readily be
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performed. With most interfaces the range of possible flow-rate variation is narrow
and, more important, a change in Fyg results in a change in the pressure conditions in
the source, which in turn influences the ionization efficiency, the ion extraction effi-
ciency and via the pressure in the analyser the ion transmission, i.e., not only the
flow-rate varies but also the response factor changes.

The extraction of ions from the source may complicate the evaluation of the
influence of the flow-rate and the amount injected on the response. With various
ionization techniques operative in atmospheric-pressure ion sources, for instance, the
ions produced are preferentially sampled into the mass analyser. However, the ion
extraction efficiency is not directly proportional to the concentration of ions in the
source over a wide range, which may be due to space charging and possibly some
other effects. As is discussed in more detail below, the ion sampling system of atmo-
spheric-pressure ion sources act as an analyte-enrichment interface.

In real-life analytical applications it is generally the analyte concentration in the
sample that is the key factor. In selecting the separation conditions for a particular
problem to be solved with a particular LC-MS interface, optimum tuning of flow-
rate, column diameter and separation efficiency 1s needed in order to achieve the
highest mass flow to the mass spectrometer.

INTRODUCTION OF 1 ml/min OF LIQUID INTO A VACUUM

In this section the various attempts to develop an LC-MS interface that allows
the direct introduction of 1 ml/min of an aqueous mobile phase into the MS vacuum
system are reviewed.

Obviously, the most straightforward way of coupling LC and MS is by inserting
the column outlet capillary directly into the MS vacuum system. This approach has
been theoretically and experimentally explored by Tal’roze and co-workers [1,7,8]. In
order to cope with the limited pumping capacity of a conventional MS vacuum
system, only part of the column effluent could be introduced (typically 1%, i.e., the
maximum solvent load to the mass spectrometer is 10 ul/min). As a consequence, for
this interface no analyte enrichment takes place (E = 1) and the maximum transfer
efficiency is 1%, as Qys can be written as

QMS =S QLC (7)

(S = 0.01 for the capillary inlet). The effective transfer efficiency is analyte dependent
(see below).

The outlet of the capillary is heated in order to provide heat for the evaporation
of the solvent. This interface is called a capillary inlet interface (see Fig. 1), although
the confusing term “‘direct liquid introduction” is also often used. There is no LC-MS
interface that is theoretically so well understood as the capillary inlet. This is a result
of the work of Tal'roze and co-workers [1,7,8], Arpino and co-workers [9,10] and
Bruins and Drenth [11]. Prototypes of the capillary inlet interface have been described
by at least fourteen different groups, but no commercial capillary inlet interface is
available. The capillary inlet interfaces have been used in combination with various
L.C column types, i.e., open bed, conventional packed, microbore, packed microcapil-
lary and open-tubular columns.
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Fig. 1. Schematic diagram of the capillary inlet interface. The enlargement shows the general problem of
the capillary inlet interface in the analysis of less volatile analytes.

From the theoretical understanding of the interface, the limitations of the capil-
lary inlet are readily indicated. The position of the liquid—vapour transition depends
on the solvent properties, the temperature and the tube inside diameter. For a homo-
geneously heated capillary, Arpino et al. [9] derived an equation to calculate this
position in terms of the ratio of the length / of the capillary possessed by the vapour
and the length (L —/) of the capillary occupied by the liquid:

/ _ M"h(Pg_Psz)
L—1 2pRTnf(P;— P)+4v/d]

(8)

where L is the length of the capillary, M is the molecular weight of the liquid (in
kg/mol), n; the viscosity of the liquid, P, the saturated vapour pressure of the liquid,
P, is the ion source pressure, #, the viscosity of the vapour, P; the inlet pressure, 7 the
surface tension of the liquid and 4, is the inside diameter of the capillary. As the
vapour pressure of common LC solvents is considerably higher than common ion
source pressures, the length / will always be larger than zero, which means that in
practical situations the evaporation of the eluent will always take place inside the
capillary. The volatile solvent evaporates whereas non-volatile impurities in the liquid
stream precipitate at the inner wall of the capillary (see Fig. 1). The most important
group of non-volatile “‘impurities” in the effluent stream is the analytes of interest. As
a result, the application of the capillary inlet interface is restricted to fairly volatile
analytes that are generally amenable to gas chromatographic (GC)-MS analysis.
The problem with the analyte evaporation can be avoided by the use of nebu-
lization methods: the eluent is dispersed as an aerosol in either an atmospheric- or a
reduced-pressure chamber, and the droplets are desolvated as a result of the more
efficient evaporation of the solvent from the greatly enlarged surface area of the liquid
created by the aerosol. The analyte molecules are transferred essentially unheated to
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the gas phase, where they can be subjected to a gas-phase ionization method, e.g.,
chemical ionization (CI), or where ions are produced by ion evaporation (IEV, see
below).

Various nebulization methods have been explored for their potential in LC-MS
coupling (see Table II). Ultrasonic nebulizers, where a piezoelectric crystal has been
used to impose artificial instabilities on the liquid jet produced at a diaphragm, have
been explored by Christensen et al. [12] and by Willoughby [13]. No significant im-
provement relative to conventional DLI (see below) was observed. Electrospray,
where a solvent is nebulized as a result of charging the liquid by means of applying a
potential difference, typically 3 kV, between the capillary and a counter electrode,
appears to be limited to low flow-rates, i.e., below 10 ul/min.

Pneumatic nebulization (PN) is the best-know nebulization technique; it is also
used in other analytical techniques, such as atomic absorption and emission spec-
trometry. For LC-MS, PN has first been used in atmospheric-pressure (AP) ion
sources to study AP-CI [14] and AP-IEV [15]. Later, various PN systems in reduced-
pressure regions were described, where the nebulization is performed either directly
into the ion source [16-18] or an additional pumping stage is applied between the
nebulizer and the ion source [19,20]. The latter interface is also called a vacuum
nebulizer (see Fig. 2b).

The disintegration of a liquid jet has only been explored in reduced-pressure
regions. The use of a disintegrating liquid jet to transfer non-volatile analytes from
the liquid to the gas phase was first described by Melera [21] and subsequently further
developed by Arpino and co-workers {9,10]. The liquid jet is formed at a diaphragm
with a 2-5-um pinhole. The minimum flow-rate Fje, mia at which a stable liquid jet is
formed at a diaphragm is given by

d ( 8y \*
Fjel,min = T[_4]_t (;d—/;> = 0.015 d?e/lz (9)
je

TABLE II
NEBULIZATION TECHNIQUES APPLIED IN LC-MS

Technique Abbreviation
Disintegration of a liquid jet DLI
Ultrasonic nebulization

Pneumatic nebulization PN

Applied in: medium-pressure ion sources
atmospheric-pressure ion sources
vacuum nebulizers
effluent deposition in moving-belt interfacing
particle-beam interface
ion-evaporation system
ionspray interface
Electrical atomization ES
Thermal nebulization TS
Combinations of these techniques




DEVELOPING LC-MS INTERFACES 9

Desolvation chamber r
Ilom SOurcs

{b)
gas ——  \
gas — /
E E lon source
Pump
{c) MS
A\
4 ’_
! Lo Exnhaust
pump
Vaporizer ! [ .
Controtler Discharge Repeller
(d) N2ﬂ
heated
quartz tube
LC ey M3
________g___/ i @ 4‘ i % \,

discharge

Fig. 2. Various nebulizer interfaces for LC-MS. (b) Vacuum nebulizer: a pneumatic nebulizer with an
additional heated pumping stage between the nebulizer and the ion source. (a) Direct liquid introduction: a
liquid jet nebulizer with a heated desolvation chamber between the nebulizer and the ion source. (c)
Thermospray: a thermal nebulizer with an exhaust pump line containing a liquid nitrogen trap at the ion
source opposite to the nebulizer. (d) Heated nebulizer: pneumatic nebulizer with a heated quartz de-
solvation chamber in an atmospheric pressure ion source, also showing the special ion sampling system
with the nitrogen curtain gas.

The right-hand side of eqn. 9 is valid for solvents commonly used in reversed-phase
LC. The droplets are typically twice the diaphragm diameter in size [22]. They are
subsequently desolvated in a heated desolvation chamber and the gas mixture is mass
analyzed using CI with the solvent as the reagent gas. This LC-MS interface is known
as the direct liquid introduction (DLI) system (see Fig. 2a); it is commercially avail-
able from various manufacturers. Usually, 10-50 ul/min of liquid are introduced,
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necessitating the use of a split in combination with conventional LC columns (split-
ting ratio 0.01-0.05). The most important drawback of the DLI system is frequent
clogging of the pinhole [23,24].

It is interesting to note the similarities between the DLI[9,10,23,24] and the PN
interface [16-20]. With both systems the nebulization is performed in a reduced-
pressure region. In most instances, a heated desolvation chamber is used to achieve
heat transfer to the droplets in the low-pressure vapour phase. Analyte ionization is
achieved by solvent-mediated CI. It has been demonstrated by Arpino and Beau-
grand [10] for DLI, but it also holds for the PN, that the maximum amount of liquid
that can be introduced is limited to ca. 100 ul/min. This upper limit is not limited by
the pumping capacity of the MS vacuum system, as a vacuum system suitable for high
liquid flow-rates was used for these experiments [10], but is actually the result of the
inefficient heat transfer from the desolvation chamber wall to the droplets, i.e., the
limited heat conductance of the low-pressure vapour.

There are two ways to solve the problems with the heat transfer to the droplets,
i.e., nebulization in a heated atmospheric pressure region or preheating the liquid
prior to the nebulization. Both approaches lead to additional problems. With the
former approach the analytes have to be efficiently transferred from an atmospheric
pressure region into the high vacuum region (see the next section). With the latter
approach both efficient pumping and sufficient heating power must be provided. The
high pumping efficiency needed with the latter approach is achieved by directly pump-
ing the ion source by means of a mechanical pump equipped with a liquid nitrogen
trap in the exhaust pump line.

Sufficient heat must be transferred to the liquid to achieve almost complete
evaporation after the nebulization; evaporation inside the capillary should be avoided
because of the risk of precipitation of non-volatiles (cf., Fig. 1). Experiments perform-
¢d by Arpino and Beaugrand [10] with preheating the liquid prior to liquid jet forma-
tion by means of a heated liquid recirculating through the DLI probe were not suc-
cessful; insufficient heat was transferred in this way. A more successful approach
resulted from experiments with the rapid evaporation of the column effluents as is
achieved in thermospray [25]. To provide sufficient heating power the use of lasers
and hydrogen flames was explored, but it later appeared that indirect or direct electri-
cal heating of a narrow-bore (typically 0.15 mm [.D.) column outlet capillary also
resulted in sufficiently rapid vaporization of the column effluent [25,26]. With the
thermospray (TS) interface over | ml/min of an aqueous mobile phase can directly be
introduced into the MS vacuum system without solvent evaporation problems due to
heat-transfer limitations.

In the TS interface (see Fig. 2c) heat is transferred directly from the vaporizer
capillary to the liquid. As a result, the liquid starts to evaporate inside the vaporizer,
resulting in disruption of the liquid phase by the formation of vapour bubbles that
rapidly expand owing to the high temperature. In this way the risk of analyte precip-
itation is greatly reduced because the liquid is efficiently kept away from the heated
surface after the onset of the evaporation. A stream of vapour and superheated liquid
droplets is produced, which traverses the ion source to the exhaust pump. lons that
are produced in the source may be sampled by a sampling cone and mass analysed. In
practice, the amount of heat transferred to the liquid is sufficient for complete evap-
oration, but the kinetics of the vaporization are sufficiently slow that part of the liquid
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emerges from the vaporizer as small droplets, which may act as carriers for the
non-volatile analytes (see below). However, as these droplets consist of superheated
liquid, problems may arise with the decomposition of thermolabile compounds, espe-
cially with those which readily undergo thermal solvolysis, e.g., with compounds that
contain a glycoside binding. As an example, the TS mass spectrum of a 5-methoxypo-
dophyllotoxin-4-B-D-glycoside (mol.wt. 606) in Fig. 3b shows no protonated mole-
cule, but an intense fragment ion resulting from the loss of the sugar group. Many
other examples of thermal degradation effects can be found in literature.

Nevertheless, the TS interface has become the most widely used LC-MS in-
terface [27,28]. Over 300 papers have appeared and the number of papers on TS
actually exceeds the number of papers devoted to all other LC-MS interfaces.

Two interfaces used in an atmospheric-pressure ion source are closely related to
TS, viz., the heated nebulizer [29,30] and the atmospheric-pressure spray (APS) in-
terface [31,32]. The heated nebulizer is a pneumatic nebulizer equipped with a heated
quartz desolvation chamber; it is used in combination with a discharge electrode for
AP-CI (see Fig. 2d). The APS interface consists of an indirectly electrically heated
vaporizer; it is used with a discharge electrode for AP-CI and also in the buffer
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Fig. 3. (a) Structure of a 5-methoxypodophyllotoxin-4-f-p-glycoside (mol.wt. 606) and mass spectra ob-
tained with (b) a thermospray and (c) a particle beam interface. Conditions: Finnigan MAT (San Jose, CA,
USA) TSQ-70 instrument, equipped with either a Finnigan MAT thermospray interface or a Hewlett-
Packard Model 59980A particle-beam interface (column bypass mode). Solvent, methanol-water (40:60) at
1.2 ml/min (thermospray) or 0.5 ml/min (particle beam). Thermospray in discharge-on mode (1 kV),
vaporizer temperature 90°C, block temperature 230°C. Particle beam in ammonia CI mode, desolvation
chamber 50°C, source temperature 250°C.
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TABLE 111
MAXIMUM ALLOWABLE FLOW-RATES OF SOME LC-MS INTERFACES

Interface Flow-rate  Interface Flow-rate
(ul/min) (pl/min)
Capillary inlet 10 Ionspray 200
Direct liquid introduction 50 Particle beam 500
Pneumatic nebulizers in medium-pressure Thermospray 2000
ion sources 50 Heated nebulizer (APCI) 2000
Electrospray 10 Atmospheric-pressure spray 2000

ionization mode (see below). Obviously, the TS interface itself can also be used in
combination with a discharge electrode for AP-CI.

The TS interface, and the related heated nebulizer and the APS interfaces, are
the end of the first line of development: how to introduce 1 ml/min of aqueous
solvents into the MS vacuum system (see Table III).

ANALYTE ENRICHMENT: REMOVAL OF SOLVENT PRIOR TO THE MS VACUUM

The incompatibility problem with respect to the flow-rate, as discussed in the
previous section, was also met in coupling packed GC columns with a mass spectrom-
eter [33,34]. The interfaces developed for GC-MS, such as the Watson—Biemann
fritted glass or effusion interface, the membrane interface and the jet separator, are
based on gas-phase analyte enrichment. In the interface the ratio of the amounts of
analyte and carrier gas are improved by selective removal of the carrier gas (¢f., eqn.
2). Typically 30-70% of the amount of analyte can be transferred from the GC
column to the mass spectrometer with an enrichment factor of 10-20 [33,34].

Various analyte enrichment interfaces have also been developed for LC-MS,
e.g., the moving belt interface (MBI), the particle beam interface (PBI) and vacuum
nebulizers (see Fig. 2b). The PBI resembiles a jet separator for GC-MS. Very high
enrichment factors have been achieved with the MBI and PBI, as essentially all the
solvent is removed prior to introduction of the analytes into the mass spectrometer;
the vacuum nebulizers are less efficient. However, the transfer efficiency of these
interfaces is limited. The analyte-enrichment approach seems to be the most versatile
means of LC-MS coupling, especially from the MS point of view. It makes LC and
MS virtually independent and opens up the possibility of obtaining both CI and EI
spectra of the analytes.

The approaches to analyte enrichment in MBI and PBI are widely different,
although similar problems are met. With the MBI (see Fig. 4a) the column effluent is
deposited on a continuously moving endless belt, from which the solvent is evaporat-
ed prior to the flash desorption of the analytes into the ion source [35,36]. The deposi-
tion of the eluent is most efficiently performed by means of either pneumatic or
thermospray nebulization. The desorption of the analytes from the belt is mostly
done by flash evaporation, although desorption by fast atom bombardment (FAB)
directly from the belt has also been described [37,38]. After the flash evaporation,
analyte ionization is performed by either EI or CI. The transfer efficiency in the flash
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evaporation step in the ion source is determined by the analyte volatility and by
interaction between the analyte and the belt surface [35,36,39]. Volatility-enhancing
derivatization procedures, such as ion-pair formation or methylation [40], have suc-
cessfully been applied to improve the detectability of less volatile analytes.

In the PBI (see Fig. 4b) the LC column effluent is nebulized by means of pneu-
matic or thermospray nebulization [41,42]. Droplet desolvation takes place in a
slightly heated desolvation chamber which essentially is at atmospheric pressure.
Helium is used for the nebulization, as it provides a high thermal conductivity. The
non-volatile molecules nucleate to form sub-micrometer particles, which are sub-
sequently separated from the solvent molecules in a two-stage momentum separator.
The particles are transferred to the ion source, where they collide with the heated
surface of the source and are volatilized. Subsequently, the analyte molecules are
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ionized by El or CI. Similarly to the situation in the MBI, the transition of the analyte
from the liquid or solid state to the gas phase is thermally induced in the PBI. The
potential of volatility-enhancing derivatization procedures to improve analyte detec-
tability in PBI LC-MS has recently been explored [43].

From the description above, some corresponding features of the MBI and the
PBI can be deduced. With both interfaces the nebulization takes place at atmospheric
pressure. The solvent is subsequently removed completely prior to the introduction of
the analyte molecules into the MS ion source. Although the heat transfer in the
atmospheric-pressure desolvation chamber is improved relative to the medium-pres-
sure chambers as used in vacuum nebulizers and DLI, the maximum flow-rate of
aqueous solvents is still limited to ca. 0.5 ml/min, unless preheating of the solvent is
applied, i.e., unless thermospray nebulization is performed. The transition of the
analyte molecules to the gas phase is thermally induced. As a consequence, the appli-
cability range is limited to fairly volatile thermally stable compounds, although the
short duration of the heating in the flash evaporation from the belt surface or at the
1on source surface allows the analysis of compounds that are not amenable to GC
analysis. As an example, the ammonia CI mass spectrum of a 5-methoxypodophyllo-
toxin-4-f-p-glycoside (mol.wt. 606) is given in Fig. 3c. With the PBI no thermal
hydrolysis takes place; an intact ammoniated molecule is observed for this compound
in addition to structure-informative fragment peaks. However, some of the fragments
might be due to thermally induced reactions.

The universal or thermospray EI interface, recently developed by Vestec [44], is
closely related to the PBI. 1t consists of a thermospray nebulizer, a spray chamber to
remove the large droplets from the aerosol, a countercurrent gas diffusion membrane
separator to remove most of the solvent molecules and a two-stage momentum sep-
arator (see Fig. 5). It thus combines various analyte enrichment approaches employed
in GC-MS coupling.

An important aspect that should be addressed in relation to the MBI and PBI,
but also to some other interfaces, e.g., interfaces used in atmospheric-pressure sourc-
¢s, is the transition from an atmospheric-pressure chamber to the high-vacuum re-
gion. Three different approaches have been used. In the PBI and the MBI a two-stage
differentially pumped system equipped with mechanical pumps is used. With the MBI
he belt traverses a series of two narrow slits in the baffles between these pumping
stages (Fig. 4a), whereas with the PBI molecular beam technology is applied in an
arrangement with a nozzle and two skimmers (Fig. 4b). Several one-stage differ-
entially pumped systems with a nozzle-skimmer system (see Fig. 4c) have also been
described, e.g., for electrospray interfaces [45,46]. Such a system can also be consid-
zred as a gas-phase analyte-enrichment system. In the third approach the ionization
of the analytes also takes place in the atmospheric-pressure source. The ions are
extracted from the source into the high-vacuum mass analyzer through a small sam-
pling aperture (typically 25 um 1.D.) (see Fig. 2d) [15,29,47]. The analyzer region is
efficiently pumped by means of a cryogenic pump [29]. In order to prevent clogging or
contamination of the ion sampling aperture, and to provide additional droplet de-
solvation, a countercurrent flowing nitrogen curtain gas is applied around the sam-
pling aperture (see Fig. 2d) [47]. The latter is also applied in the electrospray-type
systems (cf. Fig. 4c).

In conclusion, conventional analyte-enrichment interfaces, i.e., MBI and PBI,
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are useful in providing EI and solvent-independent CI spectra for a limited range of
compounds; the limitations are due to the necessity for volatilization of the analyte.
The application range of MBI and PBI can be increased by applying other desorption
techniques, as demonstrated by the experiments with FAB desorption in combination
with MBI [37,38] and with PBI [48,49]. However, PBI and MBI with FAB ionization
have not yet found widespread application.

WHY THE SOLVENT SHOULD NOT BE REMOVED IN LC-MS

In previous sections it was concluded that nebulization is an important step in
the transfer of analytes and in the transition from the liquid phase to the gas phase.
The early research on LC-MS was based on the assumption that ionization must
follow the vaporization of the intact neutral molecules. By studying various liquid-
phase ionization techniques, which at that time (1982) were mostly still in an early
stage of development, Arpino and Guiochon [50] recognized the importance of the
liquid in transferring the analytes and even assisting in the ionization. The ability of
the DLI interface to transfer labile compounds to the gas phase, where they can be
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ionized in ion-molecule reactions with the solvent as reagent gas (solvent-mediated
(1), is believed to be strongly supported by the presence of the mobile phase [51]. The
analyte molecules, preferentially present in the droplets, are softly desolvated and
subjected to a desorption CI type of process [52]. In their review, entitled “Why the
solvent should not be removed in LC-MS interfacing methods?” [50], Arpino and
Guiochon concluded that preformed ions in solution can be transferred to the gas
phase directly and mass analysed when sufficient energy is supplied to the liquid, e.g.,
by means of particle bombardment (FAB, plasma desorption), laser radiation or
electric fields. Vestal [53] later came to similar conclusions.

From this it may be concluded that solvent removal prior to ionization in the
MS should not be complete, otherwise the liquid—gas transition must be thermally
induced, limiting the applicability range as discussed for the PBI and the MBI in the
previous section. For preformed ions in solution, i.e., ionic compounds such as qua-
ternary ammonium salts and compounds that readily undergo protolysis at acidic or
basic functional groups, the nebulization may even result in additional liquid-based
ionization techniques, such as FAB or IEV. The investigation and implementation of
liquid-based ionization techniques in LC-MS is the third line of development; it is
explored in more detail below.

LIQUID-BASED IONIZATION TECHNIQUES

Continuous-flow fast atom bombardment (CF-FAB) [54-56] is an implementa-
tion of FAB in LC-MS. The FAB matrix liquid, e.g., glycerol, is added pre- or
post-column to the LC mobile phase. Part of the eluent (5-15 ul/min) flows to the
FAB target which is either a frit [54] or a modified FAB target [55]. As the liquid is
bombarded at the target close to the outlet capillary, the actual mobile phase mixture
acts as the FAB matrix solution, Subsequently, the evaporation of the volatile mobile
phase constituents is achieved and the excess of glycerol is collected on a wick of
compressed paper [57]. As a result of the dynamic nature and the composition of the
FAB matrix at the CF-FAB target, various advantages over conventional FAB are
observed, e.g., improved detection limits, partly attributed to the reduction of matrix
cluster ion intensities, and reduced ion suppression effects for mixtures of hydrophilic
and hydrophobic peptides [56,58]. The CF-FAB technique appears to be limited with
respect to the mass range of compounds that can be analysed. Whereas with conven-
tional FAB mass spectra for peptides up to a molecular weight of 24 000 have been
reported, the highest mass reported in CF-FAB is 5730 for bovine insulin with a low
signal-to-noise ratio; in most reports compounds up to a molecular weight of ca. 2000
are analysed [56]. A clear explanation for this is lacking, but it most likely is a matrix
related effect.

Other liquid-based ionization techniques are based on nebulization techniques,
especially thermospray and electrospray. There is considerable debate on the mecha-
nism of these techniques. The discussion here is mainly focused on TS.

The thermospray technique is not only a liquid introduction and nebulization
technique, but also as a soft ionization technique [25,29]. This soft ionization method,
called thermospray buffer ionization, is operative without a primary source of elec-
trons when a volatile buffer, e.g., ammonium acetate, is present in solution. The
ionization mechanism is primarily explained by Vestal and co-workers [25,27,53] in
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terms of ion evaporation (IEV) [15,60], while they suggest that some gas-phase ion—
molecule reactions (CI) might also be involved [27]. Besides TS buffer ionization two
other ionization modes can be applied in TS, i.e., filament-on and discharge-on. Both
modes resemble solvent-mediated CI. The ionization in APS buffer ionization ap-
pears to be similar to that in TS buffer ionization [32]. With the heated nebulizer
[29,30] only discharge-on experiments have been reported, although buffer ionization
is probably also possible. The possibility of buffer ionization in combination with a
heated nebulizer interface was actually demonstrated at this symposium [61].

Various results in the literature shed more light on the TS ionization mecha-
nism. First, it has been shown by various workers [62-65] that gas-phase ion-mole-
cule reactions, i.e., solvent-mediated CI, play an important role in the TS buffer
ionization mechanism. For instance, the reagent gas composition in TS buffer ion-
ization can be explained from equilibrium constants for gas-phase reactions [62]. A
simple experiment to distinguish between ion evaporation of preformed ions and
gas-phase ion—molecule reactions was described by Bursey et al. [64]: the relative
acid-base order of aniline and ammonia reverses on going from the liquid to the gas
phase. Aniline is not protonated by ammonia in the liquid phase, but it is in the gas
phase, demonstrating the importance of gas-phase ion—molecule reactions in TS. The
influence of the repeller potential on solvent and analyte mass spectra in TS buffer
ionization is also most readily explained by ion-molecule reactions [65]. In conclu-
sion, solvent-mediated CI is an important mechanism of analyte ionization in TS, not
only in filament-on and discharge-on modes, but also in the TS buffer ionization
mode. Ammonium ions and especially ammonium solvent cluster ions, produced as a
result of the TS nebulization, form the CI reagent gas in the solvent-mediated CI
mode operative in positive-ion TS buffer ionization [65], whereas in the negative ion
mode the acetate-related ions play a major role [63].

The IEV mechanism was proposed by Iribarne and Thomson [15,60]. During
the nebulization process charged droplets are produced owing to statistical fluctu-
ations in the distribution of the positive and negative ions over the droplets on dis-
ruption of the liquid. Subsequent solvent evaporation results in an increasing electri-
cal field at the droplet surface, finally permitting the emission of ions from the
droplets, i.e., field-induced ion evaporation [15,60]. This process is assumed to be
similar to the field-induced desolvation mechanisms known from field desorption
(FD) [66]. The TEV mechanism, and especially whether it is active in TS, has been
questioned by Rollgen and co-workers [67,68]. Considering the ammonium acetate
concentration commonly used in TS buffer ionization (0.1 mol/1), desolvation of the
droplets will result in solid ammonium acetate particles with possibly included ana-
Iyte molecules, instead of highly charged liquid droplets. The particles rapidly decom-
pose owing to the low decomposition and volatilization temperature of ammonium
acetate. Moreover, the actual electric fields at which ion evaporation can take place
can be calculated to be much higher [68]. The removal of a solvated ion from the
droplet surface under field stress would most likely generate a sequence of events in
which a number of charges are removed from the droplet. Such a sequence is a typical
electrohydrodynamic instability event, which takes place at the Rayleigh instability
limit. The alternative mechanism suggested by Roéligen and co-workers [67,68] is
based on soft desolvation of the ions by solvent evaporation from small charged
droplets produced by either electrohydrodynamic or mechanical instabilities, or both.
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Despite the questions with regard ~ he actual ionization mechanism, the abbrevia-
tion IEV is used here to describe the observation of ions from nebulized solutions
containing preformed ions, i.e., irrespective of whether these ions are produced by ion
evaporation as described by Iribarne and Thomson [15,60], by soft desolvation as
described by Réllgen and co-workers [67,68] or by any other yet unknown mecha-
nism.

Reviewing the literature on TS, it appears that in the majority of applications
under commonly used solvent conditions, i.e., solvents containing 0.1 mol/l ammoni-
um acetate, the ionization can be readily explained from gas-phase ion—molecule
reactions, i.e., CI. The IEV mechanism appears to have only a minor contribution to
the TS ion production under these conditions. However, when the ammonium acetate
concentration in the mobile phase is greatly reduced, IEV may become important.
This view is supported by the comparative study of Voyksner [69] on nucleotides
analysed with and without ammonium acetate. Compounds that are ionic in solution,
such as sulphate conjugates [70] and sulphonated azo dyes [71,72], are preferentially
analysed with a low concentration or even without ammonium acetate present in
solution. For instance, the total ion current observed for the disulphonated azo dye
Direct Red 81 (mol.wt. 675, disodium salt) first increases with increasing ammonium
acetate concentration to a maximum at ca. 10~ 2 mol/l, but on further increase in the
ammonium acetate concentration it decreases dramatically (see Fig. 6). With in-
creasing ammonium acetate concentration, exceeding 10~ 2 mol/l, the intensity of the
ion at m/z 630, [M — 2Na + H]*, which is assumed to be produced by a gas-phase
reneutralization reaction, also increases [71]. This means that the ammonium acetate
concentration for IEV must be lower than that commonly applied in TS, ie., 1077
instead of 0.1 mol/l. However, unlike other methods discussed below, some ¢lectro-
'yte in the solution appears to be necessary. An extensive set of experiments can be
formulated based on these observations, e.g., related to the influence of ionic
strength, nature and charge of the ionic additive. It also appears to be important for
[EV to tune the nebulization in such a way that smaller droplets are produced [72]:
this aspect is addressed in more detail below.

The TEV ionization mechanism is also assumed to play a major role in two
other liquid-based ionization techniques. viz., electrospray and ionspray. The devel-
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Fig. 6. Influence of the ammonium acetate concentration on the total ion current (TIC) and the ion
intensity at m/z 630, [M — 2Na + H]*, of the disulphonated azo dye Direct Red 81. Data for the plot
obtained from ref. 71. TIC-axis: counts; m/z = 630 axis: relative abundance.
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Fig. 7. Typical electrospray spectrum of cytochrome ¢. Conditions: Finnigan MAT TSQ-70 instrument
equipped with a Finnigan MAT ESI system. Cytochrome ¢ (10 pmol/ul, purchased from Fluka, Buchs,
Switzerland) in methanol-water (50:50) at a constant infusion flow-rate of 1 ul/min. The spectrum is the
average of 30 scans accumulated in | min.

opment of these techniques is based on initial experiments by Dole et al. [73] to
produce macro-ions by desolvation of the charged droplets obtained in electrospray-
ing dilute solutions of macromolecules, i.e., the same mechanism later proposed by
Réllgen and co-workers [67,68] from their experimental evidence and physical under-
standing of the process. Fenn and co-workers [74-77] continued this electrospray
(ES) research, first using small molecules, but subsequently also larger molecules,
such as polyethylene glycols and proteins. The results with the proteins, for which
envelopes of multiply charged ions in the mass range between m/z 500 and 1500 were
obtained, introduced a new era in the application of MS in the biological sciences. A
typical ES mass spectrum for cytochrome ¢ (mol.wt. 12 360), as obtained in the
authors’ laboratory, is given in Fig. 7. The ES interface operates at 1-5 ul/min.
Although an LC-MS interface based on ES has been described [45], the research in
ES now appears to be completely focused on the analysis of proteins and other
biomacromolecules, which is partly due to the apparent incompatibility of ES with
conventional LC in terms of flow-rate.

The ionspray (IS) interface is a modification of the ES concept; pneumatic
nebulization is used to assist the electrospray [47]. As a result, the IS interface can
accommodate larger solvent loads, i.e., up to 200 ul/min, which more readily allows
the coupling with LC, although improved performance is achicved at lower flow-
rates. The IS interface can also be used for the analysis of proteins [78]; in these
studies generally lower flow-rates, e.g., 10 ul/min, are applied.

The solvent typically used in the analysis of proteins by ES and IS is methanol-
water (50:50), often containing some acetic acid. It has recently been demonstrated
that with such a solvent it is also possible to obtain multiply charged ions from large
proteins in TS [79]. TS apparently is considerably less sensitive than ES and IS:
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100-4000 pmol of protein are needed in TS, whereas 1-100 pmol are generally suffi-
cient in ES and IS. However, as 100-ul injections at 1.3 ml/min are performed in TS
and 1 pl/min infusion in ES, the sample concentration needed for the spectrum is
similar with both techniques. It can be concluded that the overall ionization efficiency
in TS is less than that in ES and IS: more analyte molecules are needed in TS than in
ES to achieve a comparable signal-to-noise ratio in the spectrum. Unfortunately, the
analysis of peptides is frequently limited by the available amount of sample.

From the results briefly indicated above, it can be concluded that the IEV
ionization can be operative, irrespective of the nebulization technique. Multiply
charged ions from proteins can be produced via electrospray, electrospray-assisted
pneumatic nebulization (ionspray) and thermospray. However, it appears that the
maximum of the ion envelope shifts to higher m/z values with an increasing solvent
load to the source, presumably indicating the growing importance of gas-phase ion-
molecule reneutralization reactions. Gas-phase ion-molecule reactions in an ES
source have recently been investigated by Ikonomou e? al. [80]. The data presented at
this symposium by Voyksner [81] strongly emphasize the importance of gas-phase
ion—molecule processes in ES also.

A similarity between most liquid-based ionization techniques discussed here,
viz., ES, IS and CF-FAB, is that they are low-flow-rate techniques. Low-flow-rate
interfaces necessitate splitting, either post-column after a conventional LC column or
pre-column in terms of a reduced injection volume for a microbore column. Splitting
is a serious drawback, as it restricts the achievable detection limits (¢f. eqn. 4). The
larger sample loadability of a microcapillary packed column operated in the gradient
elution mode by the application of on-column peak-focusing techniques may obviate
these disadvantages. The low-flow-rate techniques can also benefit from high-effi-
ciency separation techniques, such as capillary electrophoresis (CE); the narrow
peaks result in improved C(¢) values (¢f., eqn. 4). On the other hand, the narrow peaks
require rapid scanning of the mass spectrometer, ¢.g., in order to acquire a sufficient
number of peaks from the ion envelope of multiply charged protein ions to perform
accurate molecular weight determinations in the analysis of unknowns. At present,
most of these spectra are acquired, depending on the amount, in times from several
seconds to even minutes, which is necessary from ion-statistical arguments to average
the statistical distribution of charges over the molecule, and to average the statistical
fluctuations in the peak heights which appear to be unavoidable when nebulization
techniques are applied for analyte introduction. The application of array detectors,
such as the PATRIC array detector [82], shows great promise in this respect, in terms
of both sensitivity and acquisition speed, as recently demonstrated by Reinhoud er al.
[83]. Considerable progress is to be expected in this area in the near future.

NEBULIZATION IN LC-MS

From the previous discussion it appears that two aspects of LC-MS interfacing
are especially important: the nebulization and the liquid-based soft ionization meth-
ods.

Pneumatic nebulization is most widely used in LC-MS (see Table I1); it is also
the technique of choice in many other analytical techniques where nebulization is
important.
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Fig. 8. Schematic diagram of the diaphragm-equipped thermospray interface (reprinted with permission
from Vestec, Houston, TX, USA [85]).

In LC-MS the actual nebulization technique applied to produce the droplets is
apparently less important. The maximum allowable flow-rate is found to be limited
by the transfer of heat needed for the evaporation of the solvent, although with ES
the flow-rate appears to be primarily limited by the nebulization process itself. The
liquid-based soft ionization methods are operative irrespective of the way in which
the droplets are produced, although the droplet size appears to be important, espe-
cially in IEV techniques. Droplet size decreases in the order liquid jet, pneumatic,
thermospray, electrospray, although with both the liquid jet and the pneumatic nebu-
lization, in principle, smaller droplets are achievable. For liquid jet nebulization the
droplet size depends on the diaphragm diameter, but in practice also on the heat
transferred to the liquid prior to the nebulization: the evaporation of solvent from
heated droplets more readily produces sufficiently small droplets within the time
frame available for the ionization. For pneumatic nebulization the droplet size de-
pends on the gas speed relative to the liquid linear velocity, according to the equation
given by Nukiyama and Tanasawa [84]. However, decreasing the droplet size with the
liquid jet or the pneumatic nebulizers would lead to systems that are more prone to
clogging.

An interesting development in the application of nebulization techniques in
LC-MS is the exploration of combination techniques, although most possible combi-
nations have not yet been investigated. For instance, the IS interface [47] is a combi-
nation of electrospray and pneumatic nebulization; it is a highly successful approach
to LC-MS interfacing.

In an attempt to produce smaller droplets by TS, McLean and Freas [72] exper-
imented with short, narrow-bore, fused-silica capillary restrictors at the outlet of the
TS vaporizers (cf., Arpino and Beaugrand [10]). The use of laser-drilled sapphire
diaphragms at the outlet of the TS vaporizer has recently been introduced by Vestec
[85] (see Fig. 8). Various aperture diameters can be selected, depending on the flow-
rate to be introduced. The flow-rate that must be introduced in a conventional TS
vaporizer capillary to achieve stable TS nebulization conditions depends on solvent
properties, such as vapour pressure, viscosity and molecular weight, on the capillary
diameter and on the temperature. In principle, stable liquid jets can be produced by
means of vaporizers with smaller inside diameters, but the risk of clogging the vapor-
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TABLE IV
OBJECTIVES IN DEVELOPING ON-LINE LC-MS

A universal detector LC

A free choice of LC solvent composition and flow-rate
Analysis of thermolabile and non-volatile analytes
Avoid analyte derivatization

Low detection limits

Identification of analytes

izer increases. With a vaporizer, with a sapphire diaphragm fitted at the outlet, the
clogging is actually more likely to occur at the diaphragm, which can be replaced
more readily than the complete vaporizer capillary. Using eqn. 9, it can be shown that
for the common diaphragm diameters (25-75 ym 1.D.) and flow-rates (1-1.5 ml/min),
a stable liquid jet can be produced. The heat transferred in the vaporizer capillary to
the liquid, prior to the formation of the liquid jet, ensures rapid solvent evaporation
from the droplets produced upon jet disintegration. With the use of smaller dia-
phragms smaller droplets are produced: the common effect of decreasing droplet size
with smaller diaphragms [22] is further enhanced by the more effective evaporation of
the solvent from the smaller superheated droplets. As such, the TS vaporizers with a
diaphragm can be considered as a combination technique: thermospray and liquid jet
formation.

The reduction in the flow-rate in TS is expected to be beneficial for the sensitiv-
ity of the TS system. From a comparison of the detection limits for organophospho-
rus pesticides in DLI [86] and TS [87], this statement can be sustained. Parker et al.
[86] reported for the DLI that 100 ng injected on-column was needed to detect the
major peaks in the spectrum. Barcelo [87] reported an on-column detection limit of
20-50 ng for the TS. In judging these figures it must be emphasized that in DLI a
splitting ratio of 0.01 was used, i.e., 1 ng is introduced into the source, whereas in TS
20-50 ng are introduced into the source. It can be concluded that the ionization
efficiency and/or the ion extraction efficiency in TS are considerably worse than in
DLI. This may be due to the high pressures in the TS source, typically 2000 Pa,
relative to the DLI (10 Pa). The transition region from the TS source at 2000 Pa to the
analyser region at 10~ 3 Pa seems hardly optimized in this respect. Reduction of the
flow-rate from the TS vaporizer would decrease the pressure in the source and could
enhance the ion extraction efficiency, although it is unclear whether similar ionization
efficiencies can indeed be achieved at the lower flow-rates and source pressures. Ex-
periments performed in this area by Osterman et al. [88] are not well documented.

CONCLUSIONS

Some conclusions from the present discussion can be drawn by comparing the
research objectives in developing on-line LC-MS, as summarized in Table IV, and the
present state-of-the-art in LC-MS.

The coupling of LC and MS has become a successful analytical tool, but has
not resulted in a universal detector for LC. Various steps in the LC-MS interfacing
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show selectivity or discrimination towards certain analytes, especially the inherent
properties of the ionization techniques used.

No free choice of LC solvent composition is possible. Most favourable solvents
in LC-MS are reversed-phase LC solvents containing volatile buffer constituents.
This limits the LC-MS application of several powerful LC techniques, such as ion-
exchange and ion-pair LC, although some impressive results in this area have recently
been described [89-92]; these techniques are especially useful for separating the type
of analytes for which LC-MS would be most attractive. Pseudo-electro-microchro-
matography, as demonstrated by Verheij ef al. [93], appears to be a powerful alterna-
tive for the analysis of ionic compounds; the technique is readily compatible with
common low-flow-rate LC-MS interfaces. In target-compound analysis, valve-
switching techniques, e.g., phase-system switching, can be applied. Solving incompat-
ibilities in this respect has been discussed in a previous paper [94]. In general, the use
of non-volatile mobile phase constituents, e.g., phosphate buffers, in routine LC-MS
application is prohibited, which is a disadvantage limiting the practical use of LC—
MS. This problem is not expected to be solved in a general way in the near future.

Thermolabile and non-volatile analytes can be handled in LC-MS. However,
because mostly soft ionization techniques, i.e., (solvent-mediated) CI, FAB and IEV,
are applied in LC-MS, the information that can be achieved is limited. For many
compounds no EI spectra can be produced. Tandem MS (MS-MS) and some other
fragmentation-inducing techniques can be applied, but the spectra obtained are not
as readily interpretable as EI spectra. As a result, identification of unknowns is not
straightforward.

The desire to avoid analyte derivatization results from GC and GC-MS. How-
ever, in LC-MS analyte derivatization can be very useful, especially considering the
fact that most ionization techniques used in LC-MS rely strongly on chemistry [94].
More attention should be paid to this aspect.

The detection limits achievable in LC-MS are generally insufficient, especially
in the field of bioanalysis and environmental analysis, were the complexity of the
sample matrix prevents the effective use of sample preconcentration techniques. Low-
er, preferably much lower, detection limits are needed in various application areas.
This statement is nearly always true for a variety of analytical techniques, but certain-
ly in LC-MS. A more profound study on the causes of the disappointing detection
limits would be appropriate, but is beyond the scope of this paper.

The importance of miniaturization in LC has varied with time. Originally, the
coupling of conventional LC columns to MS systems was pursued. The necessity for
splitting in DLI stimulated the application of microcolumns. The interest decreased
again with the introduction of the TS interface, capable of introducing the total
effluent from a conventional LC column. However, a revival of the interest in micro-
columns resulted from the introduction of low-flow-rate liquid-based soft ionization
techniques, such as CF-FAB and ES. Considerable progress in this field can be ex-
pected in the near future. The various aspects of interfacing microcolumn separation
techniques to mass spectrometry are discussed in more detail elsewhere [95].

LC-MS has acquired a place amongst the various applicable analytical tech-
niques. Real problems are solved with LC-MS, sometimes with great elegance, but
still many questions remain unanswered and many goals remain to be achieved. This
paper has clarified some important technological aspects in LC-MS interface devel-
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opments. It is hoped that it will give a better understanding of LC-MS, and will open
up new research directions to improve the performance of LC-MS.
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