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PREFACE

For many of us this was the second time that we had gathered in Montreux to
discuss the topics of liquid chromatography (LC)-mass spectrometry (MS) and MS­
MS and , although some progress has been made in the past year , we can conclude
that the frontier spirit that existed in 1981 was also ~ery much alive in 1982. Much
scepticism and uncertainty still prevail in both camps, the mass spectroscopists and
the chromatographers, as to the real potential and future of on-line LC-MS systems.
At the workshop nobody really doubted the potential need for such a combined
technique; after all, the success story of GC-MS applies also to LC-MS. The problem
is, however, that with LC-MS we are trying to marry two seemingly incompatible
partners. Much hope was laid on new ionization techniques and on the possibilities of
adapting them to the direct coupling approach, although one has to realize that some
of the more publicized new developments in fast atom bombardment, secondary-ion
MS or field desorption seem to be rather handicapped for on-line operation. Never­
theless, many participants believed that there is much room for optimism about on­
line coupling techniques, particularly in view of the continuing miniaturization in LC.
The growing trend of applying LC-MS to the solution of real problems was also
manifested by the increased number of application papers submitted to the workshop
and appearing in the literature.

Much controversy existed over the optimal ways of coupling an LC with an
MS unit. The question of transport interface vs. direct inlet systems was the subject of
a special panel discussion based on interlaboratory comparison data with thermo­
labile pharmaceuticals. Its conclusion was in favour of direct inlet systems when very
thermolabile compounds are to be handled. Such a conclusion is not surprising when
one considers the heating steps needed in transport systems to eliminate the solvent.

Unfortunately, off-line methods in LC-MS were neglected in this workshop.
This does not mean that they were considered of lesser importance; in fact , many
believe that the argument between off-line and on-line techniques, discussed exten­
sively in 1981, is still very much alive and the organizers will have to reconsider this
area seriously in the next workshop along with all the developments going on in the,
area of new ionization techniques.

Regarding MS-MS, one noticed at this event a rapidly growing interest in this
tandem technique which often is claimed, by enthusiastic disciples, to be likely to
displace chromatography in the years to come. During the presentations and discus­
sions one indeed got the impression that multistage mass spectrometers have the
power to provide highly selective and valuable information on trace components in
complex matrices often comparable or superior to the chromatographic approach.
However. the general consensus was along the lines of the two techniques being really
more of a complementary than of a competitive nature.

From the many positive comments received, we can conclude that for most
participants the 1982 workshop was a positive and inform ative experience . A future
(3rd) workshop in this field is planned again in Montreux for October 24-26, 1984.

Amsterdam
January 10, 1983

R. W. FREI
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IONIZATION OF MIDDLE MASS MOLECULES: EJECTION OF IONS FROM
SOLUTION

CATHERINE FENSELAU*, R. J. COTTER, D. HELLER and J. YERGEY

Middle Atlantic Mass Spectrometry Center. The Johns Hopkins University, School of Medicine, 725 North
Wolfe Street. Baltimore. MD 21205 (U.S.A.)

SUMMARY

Attention is directed to the role of the solution in a number of liquid phase
ionization techniques and to common elements among these techniques as they are
used for analysis of middle molecules. One important feature is the role of the solvent
in ionizing the samples. A second feature is the thermodynamic contribution of the
solvent to the desorption process . A third feature is the role solution chemistry plays
in determining the nature of the ions detected in the spectrum.

Middle molecule mass spectrometry (MS), the analysis of compounds with
molecular weights between 1000 and 10,000 has been achieved with most of the
existing ionization techniques'. However, those techniques which do not require va­
porization of the sample into the gas phase prior to ionization appear to have the
most potential. Plasma desorption", field desorption.' and fast atom bombardment"
have probably had the most success to date>.

One of the most interesting applications of field desorption is the analysis of
mixtures of industrial polymers in the middle mass range. This has been reviewed
previously in this journal.' and shown to provide assessments of the number average
masses of oligomer populations comparable to those provided by vapor phase os­
mometry and also high-pressure liquid chromatography (HPLC) . Field desorption
also permits analysis of the range and relative abundances of oligomers in mixtures
comparable to that provided by HPLC and which cannot be obtained with more
traditional techniques such as vapor phase osmometry and gel permeation chroma­
tography. Assuming minimal fragmentation and correcting for any mass discrimi­
nation, relative abundances of oligomers can be directly related to the relative areas
of their molecular ion clusters.

A histogram is shown in Fig. 1 of the oligomer population determined by field
desorption in a fraction of polyethylene glycol. This determination provided a num­
ber average mass of 13606 • This histogram is to be compared with that obtained from
the same sample using electrohydrodynamic ionization? also in Fig. 1. This latter
envelope has a number average mass of 1365. End-group titration measurements on
this sample provided a value of 13967 •

0378-4355/83/$03.00 © 1983 Elsevier Science Publishers B.V.
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Fig. I. Oligomer population in a polyethylene glycol fraction analyzed by field desorption (top)" and by
electrohydrodynamic ionizat ion (bottom)?

At least three different mechanisms are considered to be responsible for the
field desorption of various compounds3 • The major mechanism for desorption of
involatile middle molecules is described by Giessmann and Rollgen ' as the extraction
by the field of preformed (positive or negative) ions already preformed in solution.

In electrohydrodynamic ionization the sample is introduced in an involatile
conducting solution fed through a capillary into a vacuum in a high voltage fields.
Glycerol is usually used as the involatile solvent, in which sodium iodide or another
alkali halide salt is dissolved. The mechanism of desorption is very similar to that of
field desorption. The field induces ion evaporation from the meniscus at the end of
the capillary. This means that the ions analyzed are preformed in the solution by
protonation, natriation or other cationization. The quality of spectra from both field
desorption and electrohydrodynamic ionization is profoundly influenced by the pres­
ence and nature of salts. The addition of HCl is reported to increase sensitivity for
production of MH + in electrohydrodynamic studies of nucleosides and nucleotides" .
Fragment ions observed in electrohydrodynamic ionization spectra are thought to be
formed by hydrolysis in solution followed by desorption .

Fast atom bombardment (FAB) is a technique in which the sample is dissolved
in a drop of a non-volatile solvent on the end of a direct insertion probe, inserted
into the high vacuum and bombarded with atoms or ions (Fig. 2) which have been
accelerated through I to 10 kV4 •t o. Several proposals have been made to account for
ionization and desorption" . One interesting model for non-volatile middle molecules
requires formation of ions in solution followed by desolvation and ion ejection. The
energy for ejection is vibrational energy transferred through the liquid medium from
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Fig. 2. Schematic representation of sample bombardment by fast atoms.

Fig. 3. Schematic representation of the liquid matrix on a FAB probe.

the point of impact of the bombarding particle. This is a localized disturbance, not
an equilibrium. Neutral sample molecules are ejected, as well as cations and anions,
however neutral species are not analyzed by the mass spectrometer. This requirement
for preformed ions is also proposed for the antecedent technique of secondary ion
MSII. A number of roles for the solvent are illustrated in Fig. 3. The solution re-
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Fig. 4. Molecular ion region of a positive ion FAB spectrum of a monosialylated bidentate glycopeptide
from human fibrinogen (bottom) and the computer generated theoretical protonated molecular ion cluster
(top).
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Scheme I.

plenishes sample ions at the surface throughout the bombardment. Non-ionic sam­
ples are ionized in the solution, e.g., by protonation or natriation, or by removal of
active protons in normal solution equilibria. Charge separation by solvation of ions
also makes an important contribution to the desorption process. The heat of solution
can be viewed as lowering the energy required for desorption. Once the ions are
formed at the surface, only desolvation remains to be accomplished.

An example of a successful middle molecule analysis using FAB is shown in
Fig. 4, the protonated molecular ion region of a monosialylated bidentate glycopep­
tide (Scheme I) isolated from human fibrinogen 12 . The computer-generated theor­
etical cluster l ' ofprotonated molecular ions for the formula C77H126N70S6 may be
compared (Fig. 4). FAB desorbs ionic or ionizable middle molecules more readily
than non-polar compounds. Attempts to desorb heavy polystyrenes have been un­
successful and a polypropylene glycol mixture was analyzed only after a number of
different solvents had been tried . A portion of the spectrum obtained with tetraglyme
heavily salted with lithium chloride is compared in Fig. 5 to the field desorption
spectrum 1*. The FAB spectrum contains several molecular ion species and fragment
ions from each oligomer and is generally of poorer quality than the field desorption
spectrum. This illustration is not intended to detract from the very great analytical
potential of FAB, but rather to indicate the continuing utility of field desorption.

The secondary ion yield from bombardment of a sample in a glycerol matrix
is strong, in excess of 10-loA, steady (in marked contrast to the ion current of many
middle molecules generated by field desorption) and prolonged. This makes FAB an
ideal desorption technique for high resolution or accurate mass studies, for com­
puterized acquisition and manipulation, for metastable studies, for MS··MS work or
any combination. Fig. 6 shows an example of the accurate measurement at resolution
of I part in 10,000 of the (M - H) - molecular anion of a ganglioside of theoretical
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Fig. 6. Accurate mass measurement made at 10,000 resolution of a ganglioside (M - H) - anion. The
reference compound is triazene 1485.
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Fig. 7. Computer calibration spectrum of potassium iodide glycerol clusters used to acquire the spectrum
in Fig. 4.

mass 1489.869. The experimental value agrees to I part in 150,000. Fig. 7 contains
a partial spectrum of potassium iodide glycerol cluster ions used to calibrate the
computer acquisition of the spectrum in Fig. 4. We calibrate our computer system
routinely to between 2000 and 3000 a.m.u.

Many papers in the literature report the usc of FAB to analyze pep tides and
a great deal of comment has been offered about how to employ solution chemistry
to increase the abundance of M +H or M - H ions . The addition of acids to the
matrix or the use of a more acidic matrix enhances formation of (M + H) + ions .
Neutral or basic matrix are more favorable for analysis of (M - H) - ions. This is
analogous to the effect of added acid in e1ectrohydrodynamic ionization.

At least two laboratories have reported FAB spectra of unprotected polynu­
cleic acids--!>. Spectra of samples with homogeneous counter ions (H +) on the phos­
phate groups provide sequence information IS. If care is not taken to control the
phosphate counter ion , mixtures of molecular ion species are observed, which carry
different numbers of protons and sodium ions (potassium, etc .)!". In theory nine
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Fig. 8. Molecular cation region of the hexanucleotide hexathymidyllic acids . (With permission from the
American Chem ical Society.)

different mixtures of protonated and natriated molecular ion species could be ob­
tained, if a hexanucleotide is prepared as its sodium salt. In the spectrum in Fig. 8
six of these nine are detected . One might use this phenomenon to count active
protons in an unknown sample!".

A summary of the anionic molecular species determined for a series of or­
ganophosphates and sulfates is shown in Table I, along with the number of titrata­
ble/exchangeable protons in each compound. (The cationic salt is indicated beside
the name of the compound.) This approach works well for compounds with as many
as five titratable protons -". However, the proliferation of molecular ion species can
also be viewed as degrading the sensitivity of any individual molecular ion, and as
confounding fragmentation patterns. The preceding discussion reveals another aspect
of desorption of solids from solution. Chemical equilibria within the solution can
cause partial replacement of active hydrogens by alkali cations, and this most defi­
nitely affects the quality of the spectrum.

The last ionization technique included in this overview is the thermospray
technique developed for use as a liquid chromatography-mass spectrometry (LC-

TABLE I

MOLECULAR ION SPECIES IN SELECTED PHOSPHATES AND SULFATES

Compound No. of titratable Molecular species relative
protons to the fr ee acid fo rm

FAD , Na + 2 2 (M - H)-, (M + Na - 2H)
Coenzyme A, Li+ 4 3 (M + Li - 2H)- -+ (M + 3Li - 4H)-
Uridine diphosphoglucuronic

acid, NH. + 3 3 (M - H)- -+ (M + 2NH. - 3H)-
NADPH, Na+ 4 4 (M + Na - 2H)- -+ (M + 4Na - 5H)-
ADP, Na + 3 3 (M - H)- -+ (M + 2Na - 3Hr
UTP, Na " 4 4 (M + Na - mr -+ (M + 4Na - 5H)-
ATP , Na + 4 4 (M - H)- -+ (M + 3Na - 4H)-
Adenosine tetraphosphate,

Na + 5 5 (M - H)" -+ (M + 4Na - 5H)-
Phytic acid, Na + 12 5 (M - Na)" -+ (M - 5Na + 4H)-
Glucuron ylestradiol

sulfate, K + 2 2 (M - H)- , (M + K - mr
Glucose-e-sulfate , K + I 1 (M - H)-
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MS) interface U-!". Here a solution of both the sample and a volatile salt (e.g., am­
monium acetate) is forced through a jet at the rate of I ml/rnin. Thermal coupling
with the solution evaporates the solvent from the droplets in the jet spray. Complete
desolvation can lead to ionization of volatile samples by chemical ionization pro­
cesses. Involatile middle molecules, very polar compounds and organic ions are con­
sidered to be ejected as preformed ions from the increasingly small droplets!", Fol­
lowing the theory of Iribarne and Thompson 19,20, the ions in the solution will be
distributed through these drops with the probability of net positive or negative
charges on some drops. High local fields in these charged drops will facilitate ejection
of ions , including ionized sample molecules . This ionization mechanism works best
with high concentrations of buffer salts . Typically 0.1 M ammonium acetate is used.
Generally (M + H)" and (M - H)- molecular ions are observed. As in FAB, positive
and negative anions appear to be formed in about equal amounts!", The spectrum
of a tetradecapeptide renin substrate is shown in Fig. 92 1 , certifying applicability of
the thermospray technique to middle molecules. Fig. 10 illustrates another aspect of
this and also the FAB and electrohydrodynamic ionization solution techniques. Posi­
tive ion current is reconstructed for an equimolar mixture of three glucuronides elut­
ing from the liquid chromatograph. Sensitivity is clearly different for each of the
three compounds.

Excluding inductively coupled plasma and supercritical fluid chromatography
most of 'the techniques for desorption of solids from solutions have many features
in common. These techniques include FAB, electrohydrodynamic ionization , elec-

RE NIN SUB ST R ATE
H - ASP - ARG - VAL - TYR - ILE - HI S - PRO-P HE - HIS - LEU -VAL - TYR - SER -O H
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6 1642
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Fig. 9. Thermospray spectrum of renin- ' . (With permission from the American Chemical Society.)



IONIZATION OF MIDDLE MASS MOLECULES

(2)

(3)

II

50
2:0!5

10 0
4118

-----,-'4- "'~
2:50 3~a

Hh25 12:30

Fig . 10. Reconstructed mass chromatogram of an equimolar mixture of three glucuronides analyzed by
thermospray LC-MS22 . Column = 15 ern Ultrasphere ODS. Eluent = methanol-a.05 M ammonium
acetate (20:80); flow-rate I mljmin . Peaks: I = p-nitrophenyl-p-D-glucuronide; 2 = 4-methylumbellifer­
yl-ji-n-glucuronide; 3 = 8-hydroxyquinine-tJ-D-glucuronide.

trospray techniques, field desorption, thermospray and ion evaporation. First, sol­
ution chemistry strongly influences the nature of the ions formed and analyzed and
thus the nature of the spectrum. Secondly, solutions assist desorption. They provide
ionization of the sample in solution. They provide charge separation by solvation,
lowering the energy required for desorption. Ofcourse, the solution also plays various
special roles in each of the different techniques, e.g., replenishing sample at the surface
in FAB, providing salts to increase the probability of charged droplets in thermo­
spray and providing a conducting medium for electro hydrodynamic ionization.

In conclusion, there are at least three major reasons to continue to develop
techniques for desorption of middle molecules from solutions. Middle molecules are
easier to handle in solutions. Solution techniques are compatible with introduction
of the sample by liquid chromatography. And lastly, the desorption process is facil­
itated by solution chemistry.
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SUMMARY

A chromatographic column is a separation and a dilution unit. Normally it
would be expected that each component of a mixture will elute separated from the
others, each of them being about one order of magnitude more dilute in the mobile
phase than it was in the original mixture. Complete separation is not always possible,
especially with unknowns, with which liquid chromatography-mass spectrometry is
mainly concerned. In gradient elution, the composition of the mobile phase is con­
tinuously changing, but the dilution is reduced. Some times the compounds eluted are
more concentrated than they were in the original sample. Typical chromatographic
zones are a few seconds to a few minutes wide and contain from I mg to less than I fg.
The chromatographer wants to know the identity of all compounds eluted from the
column and seeks very low detection limits (10-100 fg for most compounds would be
excellent), reasonably good quantitative results (10 %) and a wide range of linearity
(up to 100 pg). He also desires some information regarding overlapping peaks and
requires the mass spectrometer to accept the column effiuent with a very simple,
trouble-free interface that will have a very small transit time, so as to contribute as
little as possible to the remixing of zones separated by the column. With the present
equipment the main problems are probably the sensitivity and linear dynamic range.

INTRODUCTION

The problems of interfacing a liquid chromatograph to a mass spectrometer
(LC-MS) stem from the relative incompatibility between the dilute solution eluted
from the chromatographic column and the low-pressure gas plasma inside the source
of the mass spectrometer, which makes this coupling much more difficult than that
between a gas chromatograph and a mass spectrometer, which is now quite conven­
tional ':". These problems have often been discussed , but most reviews have so far
focused on the interface itself, whereas here we want to consider the main constraints
introduced by the chromatographic process and the minimum requirements that any
interface should meet to have a chance of being competitive and to suggest the main
compromises acceptable from the chromatographic point of view.

Chromatography is a separation process; the components of the sample are

0378-4355 /83/S03.90 © 1983 Elsevier Science Publishers B.Y.
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eluted as bands ha ving a profile more or less similar to a Gaussian curve , provided
that the column is not overloaded, and which are disengaged from each other with a
certain degree of resolu tion. In chromatography the resolution is the ratio of the
distance between band maxima and the half-sum of the bandwidth at their base (i .e.,
four times the standard deviation of the Gaussian curve).

As this process occurs in spontaneous, i.e.. irreversible. conditions from a
thermodynamic point of view, the decrease in entropy arising from this separation is
more than compensated for by an increase in entrop y due to dilution in the mobile
phase. Accordingl y, elution chro mat ography is also a dilu tion process. Possible ex­
ceptions may occur with temperature programming [in gas chromatograph y (GC)] or
in gradient elution [in liquid chromatography (LC)], provided th at the gradient is
steep, the retention of the corresponding compound is very large under the initial
conditions and a large enough sample is injected , so the entire cross-section of .the
column is loaded with sample", These conditions are relati vely rare and are en­
countered mainly in the ana lysis of trace impurities in a simple matrix, such as in air
or water pollution analysis".

The main problems to be encountered will thus be the compat ibility of flow­
rates, the resolution and the contribution of the mass spectrometer to band broaden­
ing and the detect ion limits and the dynamic linear range.

NA TU RE AN D FLOW VELOC ITY OF T HE MO BILE PH ASE

The number of solvents current ly used in liqu id chroma tography is relat ively
sma ll (Ta ble I), although in most instances mixtures of these solvents are used and a
large num ber of possible add itives can be incorporta ted. From our point of view, only

TAB LE I

GASEOUS VOL UME AN D VAPOR IZATION EN THALPIES OF COM MON LC SO LVE NTS

V. = Volume of vapour at boiling point ( I atm) or at 20'C (pil) obtained by vapourizatio n of 1ml of liquid solvent ;
T; = boiling poin t. tJH = vaporization enthalpy.
- " --- .. - - - _. . - - - -

Chromatography Solvent p V. T.(°C) pO tJH (caljg )
[gl cmr } (mbar)

q125°C at T.
- - - '-- -

No rma l-phase n-Pe;:nlane 0.626 407 220 36 512 87
II-Hepta ne 0.684 3630 208 98.4 46 87
Benzene 0.879 2900 326 80.1 95 104
Toluene 0.867 8200 296 III 28 99
Meth ylene chloride 1.335 870 404 40 436 80.5
Chloroform 1.492 1550 342 61.2 197 62

Re versed-ph ase Wa ter 1.0 56 · 10' 1700 100 23.8 583
Aceto nitrile 0.786 5270 554 80 84 204
Ethano l 0.789 493 78.5 na
Met hanol 0.79 1 685 65 na
Propanol-2 0.785 380 82 na na
Telrahydrofuran 0.888 341 64 na na
Dioxane 1.034 360 101 na na
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non-volatile additives need be considered. These are mainly salts: buffers used to
adjust the pH of the mobile phase or ions used in ion-pair chromatography, tetraal­
kylammonium, alkylsulphates or alkylbenzenesulphonates, with cr or Na + as
counter ions".

Whatever the LC-MS interface selected, the use of a non-volatile buffer seems
prone to generate considerable troubles. The liquid-liquid extraction scheme studied
by Karger et a/. 6 is a possible solution, although its contribution to band broadening
is significant even with 4 mm LO. columns" . Ammonium acetate, trifluoroacetate,
formate and chloride can be used as buffers to some extent and a number of volatile
acids or bases are available (Table II), but it is nearly impossible to do without the
traditional compounds used in ion-pair chromatography. In view of the increasing
importance of this method in biochemical analysis, some investigation of this prob­
lem is clearly necessary. A solution could come from the use of organic ions that
would decompose rapidly in the gas phase. As pre-formed ions seem to be trans­
ferred easily through some interfaces'' -: 10 from the introduced solution to the source,
the ideal solution would be for the mass spectrometrist to use the conventional LC
ion-pair reagents in the source to perform some useful reaction.

TABLE II

pK, VALUES OF SOME VOLATILE ACIDS AND BASES

Compound pK" Compound pK"
. --._---.---- ~ ---------~----- --
Ammonia 9.25 Acetic acid 4.75
Aniline 4.58 Benzoic acid 4.2
Diethylamine II Chloroacetic acid 2.85
Diisobutylamine 10.7 Cyanoacetic acid 2.45
Hydrazine 8.5 Dichloroacetic acid 1.48
Hydroxylamine 6 Formic acid 3.75
Pyridine 5.3 Phenol 9.9
Quinoline 4.8 Picric acid 0.40
Hydrocyanic acid 9.3 Thioacetic acid 3.33
Hydrogen sulphide 7.0

- ".------."- ._-_._~-- -- ~-- --" -- -

Although gradient elution is much talked about in liquid chromatography, it is
more rarely used. In many instances it does not provide a significant reduction in
analysis time compared with isocratic elution II. When it does. a step gradient or a
small number of successive analyses carried out under different conditions can replace
it, so it is not really necessary that an LC-MS interface can accommodate a rapid
change in solvent composition, which with most interfaces would certainly be the
source of serious difficulties .

The flow-rate of solvent through a chromatographic column is proportional to
the product of the column cross-section and the flow velocity. This velocity is chosen
as an optimum compromise permitting the achievement of a reasonable efficiency and
an acceptable analysis timc'". The column diameter depends on the technology
available, as both very narrow and very large columns are difficult to pack and
operate. At present, columns between I and 10 mm 1.0. are available with com­
parable performances. The choice is a matter of convenience: if one wants to use a
large sample or to reduce the importance of equipment contributions to band broad-
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ening, a wide column is preferred, whereas when a low flow-rate is desired or only a
small sample is available, a narrow column is preferred, although the importance of
equipment contributions to band broadening may then be a source of major dif­
ficulties .

The column efficiency is independent of the volumn cross-section over a rea­
sonable range, provided that a good packing technique is used 13. It depends only on v,
the reduced velocity of the solvent:

(I)

where u is the actual solvent velocity, dp the average particle size and D m the diffusion
coefficient of the solute analyzed in the mobile phase.

For well packed columns, the column efficiency is usually a maximum for a
value Vo of the reduced velocity around 3. It decreases only slowly with increasing
velocity 1 2 . The decrease in efficiency is approximately 10% at twice the optimum ve­
locity, 2vo, 25% at 4vo and 50% at IOvo. Because of this slow trend, most analysts
tend to operate the columns at relatively high values of the reduced velocity, e.g .,
around 8. Larger values are precluded in most practical cases because the inlet pres­
sure increases in proportion to the velocity and pressures much higher than 100 atm
are a voided , and because a rapid analysis reduces the actual time bandwidth and
makes accurate recording of chromatograms and peak integration impossible when
the bandwidth becomes smaller than about 10 sec without the use of a microcomputer.
Accordingly, the flow-rate, F, across the column is

vDm d~
F = - - ·£n· -

dp 4
(2)

where £ is the porosity of the packing, usually around 0.7-0.8 (ref. 5), and de is the
column diameter. We can rewrite eqn . 2, using reasonable values for the constants
(v = 8. f; = 0.75). as

(3)

The recent trend towards the use of small particles (7, then 5, now 311m)
results in an increase in the flow velocity in proportion to the inverse of the particle
size, but it is important to realize that the analysis of high-molecular-weight com­
pounds and the use of viscous eluents (necessary for the separation of many large
peptides which lose bioactivity in water-methanol or water-acetonitrile mixtures but
not in water-isopropanol mixtures) also result in a marked decrease in the flow ve­
locity. The diffusion coefficient can be estimated from the Wilke and Chang!" equa­
tion:

D = 7.4 . 10-10 . T.j;i.i
m '7111.6 (4)

where T is the temperature (OK), 1/1 the viscosity of the solvent, M its molecular
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weight, ({J an association constant (2.4 for water, 1.7 for methanol and I for non ­
associated solvents) and V2 the molar volume of the solute. Eqn. 4 is only approx­
imate.

In methanol-water mixtures light compounds such as phenol and polymethyl­
phenols, often used to calibrate columns and measure their efficiency, have diffusion
coefficients around 1 .10- 5 cm2jsec, whereas a compound with a molecular weight of
2000 has a diffusion coefficient between I · 10- 6 and 2. 10- 6 cm2/sec. To achieve the
same efficiency, the flow velocity should be reduced by a factor of about 6. A com­
promise involving the use of a larger velocity to achieve a shorter analysis time and
some loss of efficiency will usually be found 12 . Some numerical data are given in
Table III.

TABLE [II

TYPICAL FLOW-RATES IN LC COLUMNS
---------

dp(;un) Dm(cm
2(sec) dJmm) F( ullmin}» ut cmisec)

(eqn.3)

5 1 .10- 5 4 900 0. 16
2 225
I 56

5 .10- 6 4 450 0.08
2 112
I 28

2. 10- 6 4 180 0.032
2 45
1 11

3 5. 10- 6 4 750 0.13
2 188
1 47

* v = 8.

There is enough flexibility in the parameters of LC columns to optimize sep­
arately the flow velocity for maximum efficiency, or for any separation/analysis time
compromise, and the volume flow-rate to accomodate the MS requirements. The
remaining constraint depends on whether the sample size avai lable is very small, in
which event the column used must be narrow. This is often the case in clinical analy­
sis.

RESOLUTION AND EQUIPMENT CONTRIBUTION

The separation of the components of an unknown mixture is a difficult oper­
ation. The remixing of the bands at the column exit should be carefully limited. It may
occur as a result of axial diffusion or convexive mixing or simply because of the
parabolic flow profile in empty tubes used for connections.

Although the volume of the ionization source of the MS is extremely large
compared with the cell volume of any other LC detector, and the diffusion coefficients
under reduced pressure are very large, the residence time in the source is very short
and this, more than the volume, is the critical parameter controlling zone remixing.
As is well demonstrated in GC-MS, the ion source itself contributes negligibly to
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band broadening. It is essential, however, that the volume of the connecting tubes be
kept to the minimum, that if the effluent is nebulized there is no turbulence inside the
droplet cloud to mix them and that if the effluent is placed on a belt prior to solvent
vaporization it does not flow on that belt. Convective mixing may be promoted in the
last instance by too rapid a vaporization, leading to various forms of instability of the
liquid film.

It does not seem too difficult to design and build direct liquid interfaces whose
contribution to band broadening is negligiblev!". With belts this contribution is also
small with the condition that vaporization of the solvent proceeds smoothly, but
liquid-liquid extraction is very difficult to miniaturize? A more important contri­
bution arises from the response time.

The mere direct comparison of chromatograms obtained for a given mixture
on the same column, using MS and a conventional chromatographic detector, shows
considerable decrease in resolution for the MS trace. This is because usually only one
spectrum is recorded every few seconds and mass chromatograms are recalculated
from these stored spectra.

This long time between two successive mass spectra stored during a chromato­
graphic analysis stems from two reasons, both of which have now become obsolete.
First, the cost of a computer memory was large: the typical 3-5 sec interval is a
compromise between measurement frequency, memory size and the time during
which spectra corresponding to one analysis can be stored. The recent development of
cheap, 10-60 Mbyte disks and ofrapid microprocessors has made possible both on-line
data reduction and large-scale storage. Second, magnetic instruments cannot be
scanned very rapidly, because of the important self-induction of magnetic coils. Thus
a significant time is required to scan the spectrum by exponential decay of the current
and then to restore the magnetic field to the starting conditions. The fastest scanning
speed was about 1-2 sec per mass decase, and still is on many instruments used for
LC-MS coupling: this means that it is difficult to store more than one spectrum every
4-5 sec. Advanced magnet technology has now made it possible to record one mass
spectrum every 1 sec (for one mass decade; faster speeds are possible for narrower
ranges) .

Increasingly often quadrupole instruments are being used, however, and these
can be scanned much faster. It is possible and useful, however, to spend a longer time
on each mass and to jump from mass to mass unit, assuming the analyst knows the
exact masses of the ions (within ca. 0.1 dalton) and the decimal position is the same for
all the ions he is looking for. Current value acquisition for a few milliseconds on each
mass requires about 1 sec to scan a range of 500-1000 daltons. On the other hand, a
negligible time is necessary for restarting. Thus magnetic and quadrupole instruments
offer comparable performances from the scanning time point of view. The quadrupole
permits shorter scan times, however, if necessary by reducing the time spent on
each mass, with a correlative decrease in the signal-to-noise ratio. It would be possible
to store one spectrum every 0.1 sec, which is the requirement for the accurate analysis
of a typical LC band as discussed below.

Finally, magnetic instruments offer a relatively wide scan range , exceeding
several thousand daltons on many current instruments, while mass spectrometers
with a capability considerably exceeding 10.000 daltons art: under development
Although obvious problems of scan range frequency and sensitivity have to be solved,
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these instruments will be timely for the generation of LC-MS systems de voted to
protein and polynucleotide a nalysis. On the other hand, it does not seem that the
mass range available to quadrupole instruments will significan tly exceed 2000 in the
near future. barring a po ssibl e breakthrough in the design of high-frequency. high­
voltage power supplies. The time, 1, during which ions ofa given mass are collected with
a magnetic instrument (continuous scan with exponential decay) is

tID l i Dt = --::;:; 0.43--
R InlO R

(5)

where 1i o is the scan time for one mass decade and R the resolution (MS definition).
For t lO = I sec and R = LOOO, this time is 0.43 msec , while it can be 2.6 times longer
with a quadrupole scanning masses of 1OO-LOOO in 1 sec with the same resolution. This
advantage in terms of sensitivity may not be very significant, apart from offsetting the
discrimination of the quadrupole against ions of larger masses.

It is important to increase the frequency of data acquisition above 1 Hz, espe­
cially for the early peaks of the chromatogram, because it has been shown that in
order to observe a decrease in column efficiency smaller than 10% (and hence a
decrease in band resolution smaller than 5 %) due to data acquisition speed, it is
necessary to have a detector with a time constant smaller than one fifth of the time
standa rd deviation of the peak . This standard deviation , a, is related to the analysis
time. IR and the column efficiency, N, by the conventional equation

(6)

Mo st LC analyses are now carried out using 10-25 cm long columns with an efficiency
between I . 104 and 2.5· 104 plates. W ith a velocity of 0.05 em /sec , the elution time of
th e first compo nents is between 200 and 600 sec, corresponding to sta ndard dev i­
ations between 2 and 4 sec. As can be seen in Table III, thi s is a low velocity and most
often the first component has a width of I sec. Less drastic . specificat ions can be
accepted for the first compounds, which are rarely the most interesting, but for mo st
compounds the peak width will be between 4 and 20 sec. Consequently, it seems
necessary to store more than one spectrum every 1sec, preferably one every O.1-0.5 sec.
Otherwise, resolution is lost , and quantitative analysis and identification made more
difficult because cross-contamination between the spectra of separated compounds is
created by the data system (Fig. I )*. A considerable loss of valuable information
results. At a distance from peak maximum of2 standard deviations (Fig. 2), the signal
height is about 15 %of the maximum, so in many instances the signal is still large
enough to be used. If two compounds of similar concentration are separated by 0.1
standard deviation (resolution 0.025), the ratio of their relative concentrations on the
ta iling and leading edges of their common peak, at a distance from the maximum of
+La and - 2a, will be 0.80 and 1.20, respectively, which should result in an ob­
servable difference between the two mass spectra. At a distance of ±a these ratios are
st ill 0.90 and 1.1 I, respectively. On the other hand, to obtain a complete separa tion of
these two compounds (R = I) a column 1600 times longer should be used , as th e

.. See " Note added in proof" on p_ 25.
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Fig. I. Upper trace: concentration profile at column outlet; two successive identical injections. Lower
trace : reconstrncted mass fragmentogram derived from mass spectra recorded at a frequency of one per
standard deviation (left) and one per 2 standard deviations (right) .

resolution increases only as the square root of the column length . To observe signifi­
cant band broadening by coelution with an authentic compound, the bandwidth at
half-height must increase by at least 10 /~, which requires a resolution of about 0.40
between two bands of equal size, 16 times more than the resolution at which a
significant difference between the mass spectra of the two wings can be observed.

This illustrates the kind of sensitivity at which the purity of a band could be
checked, at least if the signal-to-noise ratio is large enough, provided that spectra can

Fig. 2. Concentration profiles of two solutes (I and 2) at column exit. Resolution: 0.025 . The chromato­
gram recorded is profile 3, slightly wider than profiles I and 2 which are identical but shifted by 0.1 x (J.
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be recorded with a small enough time constant. Admittedly, one data point per
standard deviation would be sufficient for this application .

DETECTION LIMITS

It is usual to consider two classes of chromatographic detectors, those which
respond to changes in concentration of solutes in the eluent, such as op tical detectors
(UV photometers, refractive index detectors, etc.), and those which respond to chang­
es in the mass flow of the solute, such as destructive detectors16 . The mass spectrom­
eter belongs to the latter class . The main properties are as follows : (i) if the eluent
stream is switched off the signal falls to zero exponentially; (ii) if the eluent is diluted in
a stream of scavenger, the signal is unchanged, as the solute mass flow rate remains
constant; (iii) if the velocity of eluent through the column increases, the maximum
peak height increases constantly; and (iv) the peak area remains independent of the
flow-rate. These properties assume that within the range of solvent velocities con­
sidered, the r~spqnse factor, i.e., in this instance the ionization efficiency, remains
independent of the eluent flow-rate. In GC-MS this seems to be reasonable assump­
lion over a sufficiently large range to be practical. In LC-MS this is more ques­
tionable. In interfaces where the solvent is eliminated before the solute enters the
ionization source. the response factor remains constant provided that the solvent flow­
rate does not overload the interface. When the whole column effluent , or a constant
aliquot of it, is injected into the source, the density of vapour in the source will be a
function of the flow-rate, whose changes may affect the response. In such a case the
total flow-rate of solvent and/or reagent gas or vapour to the source must be opti­
mized separately. For this reason, the use of ammonia or another chemical ionization
reagent in the DLI has also the advantage of eliminating the influence of flow-rate
oscillations due to pulsations of the pump! ". It also makes the response factor in­
dependent of solvent flow-rate, within some limits, and permits the use of properties
(ii) above, which is interesting when using very narrow bore packed columns or
capillary columns, and (iv), which is important because it provides for good quanti­
tative results.

The detection limit of a chromatographic detector is defined as the mass of
compound that generates a signal equal to twice the noise . This definition can be
extended straightforwardly to the mass spectrometer working with single ion moni­
toring, as the signal obtained is identical with a classical chromatogram. We note in
passing that in such a mode hardly any problem arises because of too large a time
constant, even with magnetic instruments. In good conditions the detection limit is of
the order of a' few picograms, unless the corresponding compound has an unusually
large ionization yield, as happens, for example, to haloaromatics in electron-capture
ionization and negative-ion detection, a case in which the detection limit can be
several orders of magnitude smaller! B.

The chromatographer is always surprised by the low ionization yield of the
mass spectrometer, E, the number of ions collected on the MS detector per molecule
introduced into the. source. For this reason, it is worth reviewing briefly the various
sources of losses!":

(i) To detect a signal on a given mass and calculate the coord inates of its
maximum, i.e., the corresponding molecular weight, we need about 100 ions at the
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detector entrance slit; practically all ions reaching this slit are detected.
(ii) The object and image slits are rectangular. Because of the scanning the

convolution product of these two slits, assumed to be identical, is a triangle and we
require 200 ions to enter the analyser. Losses in the analyser are assumed to be
negligible.

(iii) The extraction yield of ions from the source to the analyser across ion
optics (focusing of ions) is about 10 %. We need to make 2000 ions in the source.

(iv) To obtain a spectrum useful for identification purposes, the previous figure
must be applied to ions accounting only for small peaks in the mass spectrum. Peaks
that are 10 % of the base peak should be detectable as described in (i) above. We need
to make at least 2 . 104 molecular ions during the time when the corresponding mass is
scanned.

(v) The ionization yield varies widely with the ionization method used and the
particular compound being analysed. Although it can be close to I for electron
capture by haloarornatics, it can also be as low as 10-4 for electron impact. Assuming
an average value of 10- 3 means that 2· 107 molecules should be present during the
scan.

(vi) The scan of one mass lasts about I msec. The introduction of sample
molecules into the source must proceed at a speed of 2 . 1010 molecules/sec.

The maximum concentration of the Gaussian band of a solute of retention
volume VR and efficiency Nis

(7)

where m is the sample mass. If the column capacity factor is k' and the liquid cross­
section of the column is s, we have

m INCM = _ .----'------,=

S L(I + k')$
(8)

where Land u are the column length and the solvent velocity, respectively. The ma ss
flow-rate of sample to the MS source is then the product CMF, where F( = Su) is the
solvent flow-rate. With a splitting ratio r, the mass flow-rate of sample to the source is

dm = eM h . = m u r .IN
dt . L(l + k') $

Comparing eqn. 9 with the condition (vi) above, we must have

my_j. .JN .N' = 2.1010

ML(l + k')$

(9)

(10)

where M is the molecular weight of the solute and N' is Avogadro's number. With L
15 ern, N = 1.5 · 104 plates, U = 0.05 em/sec, r = I , M = 500 and k' = I, we have

m = 2.10 - 10 = 0.2 ng. This is in agreement with the specifications of modern
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instruments". which give a detection limit of [00 pg of methyl stearate (M = 298,
hence m = [20 pg), although the specifications may not have been calculated with the
rather favourable chromatographic conditions selected above: narrow peaks with
small retention give lar ge maximum concentration .

The sensitivity in this scanning mode is diffucult to define as we are not looking
for a thresho ld above which the detector signal corresponds to the elution of a band,
but for a more complex set of information . "Chemica l noise" resulting from column
bleeding, minor sample constituents or other sources of eluent pollution contributes
significantly to the detection limit, and in some instances makes sample "clean-up"
mandatory. The definition of thi s sensitivity and its measurement are clearly the mass
spectrometrist' s problem. In mo st instances it does not seem that the detection limit is
below I ng.

If there is no scanning but MS is working in a true single-ion monitoring (SIM)
mode, a smaller amount of sample is necessary : with a I sec time constant, 1000 t imes
less, ar ound [ pg. The values are similar for a magnetic instrument or a quad rupole .
The only possi bility of imp roving them markedly is to use a very efficient ionization
techn ique, which exp lains why ha loaromatics such as polych lorodioxins can be de­
tected at the femtogram level in GC-MS with negative ions.

To be meaningful these figures must be compared with the sample size that can
be accomodated by the column. With a 4 mm J.D . column it rarely exceeds a few
milligram s. In other words, the current state of the art permits in most instances the
identifica tion of impurities at the ppm level and thei r det ection at the ppb level,
assuming the to tal effi uent wou ld be injected into the ion source. With I mm LD.
co lumns these figures become [6 times larger, i.e., identification of compounds above
10-20 ppm and a detection limit in SIM above 20 ppb.

These figures must be reduced further by up to one order of magnitude, some­
times more, beca use the column doe s not always accept such a large sam ple. The
solubility of some compounds in the eluent is very low and the solutions injected must
be more d ilute than a saturated solution if the equil ibrium isotherm correspond ing to
the chromatographic mechanism used is to be linear. Otherwise, the band profile is
not Gaussian, but unsymmetrical and broader and the resolution is poor, although
sometimes the profile of trace component bands which are well reso lved from the
main compounds is still acceptable.

For all of the above reasons, it is hoped that mass spectro metrists will find
ionization mechanisms permitting a reduction in these detection limits by one or,
better, two orders of magnitude, un less speciali sts in ion optics find a more efficient
design for the extraction and focusing of the ions that are formed but escape co llec­
tion.

If these figures seem demanding , they can be compared with the specificat ions
that we can draft for a mass spectrometer to be coupled to an LC capillary co lumn. It
is easy to calcu late that in order to be competiti ve with present pack ed LC columns,
such capillary colum ns should ha ve an inner diameter smaller than 10 Ilm l l . The
resolving power of these columns, which will probably be used in some ad vanced
laboratories with in a few years , would be tremendous, as are the equipment problems
which they prod uce. The max imum sample size is of the order of lO ng at most
(volume flow-rate ca. 7 . 10 - J Ill/min). To detect an impurity at the ppb level, we have
to be ab le to obtain a signal with fewer than 12,000 molecules. Thi s is a challenge and
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probably requires new approaches, such as the use of cross-collision molecular
beams.

The linearity is the last important property of the MS detector to be discussed.
It is usually represented by the dynamic linear range, which is the ratio of the sample
size for which the deviation from a linear response is 10% to the detection limit l 6

. A
large dynamic linear range is required in chromatography as the concentration of a
given compound in a series ofsamples can vary over several (3--4) orders of magnitude,
while the range ofconcentration investigated during one analysis can vary from almost
I %for the main component (column overloaded) to less than 10 -10 %.This quality is
required from the mass spectrometer especially when it is used in single-ion monitoring.
In many instances it permits the quantitative analysis of incompletely resolved or non­
resolved compounds. The degree of resolution necessary for the use of another, non­
selective, detector would be such that the analysis time would be so long and the
dilution so great that the analysis would become impossible. Alternatively, selective
extraction and enrichment must be used, which are tedious, time consuming and
increase the risk of sample pollution, alteration and errors. The use of a detector with
a dynamic linear range of 100-1000 is still possible if it is sensitive enough, using
dilution and an internal standard, although tedious. The narrow dynamic linear
range of the mass spectrometer, although smaller than that of other LC detectors, is
the last complaint of chromatographers.

CONCLUSION

Up Lo now most work on LC-MS coupling has been instrumental and has
focused on interfaces that permit the transformation of the sample solution into a
vapour mixture at a pressure low enough for the proper functioning of more or less
conventional ion sources">'. Some work has been done to adapt LC instruments with
this aim, but little to modify MS instruments, although advantage has been taken of
the recent progress in ionization methods and instrumentation.

Now that the feasibility of LC-MS coupling has been amply demonstrated, it
may be time to develop an LC-MS instrument which would be integrated.

Among other features it is important that this instrument should permit the
scanning of mass spectra up to large masses (several thousands), as the elution of
large peptides, small proteins, polynucleotide sequences, etc., is now possible, if not
always easy, easy adjustment of this mass range and the scanning frequency up to at
least 10 Hz, true single-ion monitoring on a number of masses simultaneously, flex­
ible adjustment of the composition of gases and vapours making up to source plasma
and an improved ionization yield.

The choice of interface is difficult. A direct liquid interface must be used ,
because it permits the ionization of heavy, complex, sensitive molecules, the direct
transfer of pre-formed ions and the use of complex reactions leading to ionization. It
gives spectra with few characteristic features, however. Often only the quasi-molec­
ular ion and a few aggregate ions with solvent molecules, the composition of which is
not easily predictable, are observedF . With large molecules some fragments are also
recorded. This does not permit easy identification, assuming that for molecules of
that size there is an easy way. Possibly for smaller molecules, in the 100-300 to 500
dalton range, electron impact spectra may provide enough useful information to
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warrant the design and use of a multi-interface instrument. Electron impact spectra of
large molecules are often too complex to be useful, however.

At any rate the development of digital electronics will permit the design of
more flexible, easier to use instruments.

NOTE ADDED IN PROOF

In a discussion at the meeting, Dr. Henneberg pointed out that we look upon
the mass spectrometer as an LC detector and demand from it the same performance
as that given by other LC detectors, in spite of its cost and complexity. Dr. Henne­
berg showed that with a frequency of one data point per standard deviation, sufficient
information is obtained to decide whether a band ispure or not -the essential use ofthe
mass spectrometer. This is true, but then we need another detector to obtain the chro­
matogram and to see for which bands the purity should be checked. This does not make
the design of the interface easier. Perhaps we need to be able to use the MS instru­
ment for performing both tasks and to choose a compromise for each analysis between
the scanning rate (i.e., response time) and the signal-to-noise ratio.
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SUMMARY

Laser desorption mass spectrometry is shown to be very suitable for a mech­
anized off-line combination with liquid chromatography. In the procedure described,
a simple mechanical device provides fractionwise collection of the chromatographic
effluent at flow-rates up to 0.5 ml/min. The peak broadening effect of this module is
very low because of the particular design of the sample holder used. Up to 30 chro­
matographic fractions have been monitored by mass spectrometry, the fraction sizes
being in the order of one half of the peak standard deviation.

INTRODUCTION

The combination of different analytical unit operations requires, in general, a
mutual adjustment of their individual operating conditions and this compromise can
lead to a loss in performance. For optimum results the integrity of the unit operations
involved should be maintained as far as possible . The question of whether or not to
couple different unit operations in real-time (provided modes are technically feasible)
is depend ent on their time compatibility which should be evaluated before any ex­
perimental approach to coupling.

As to the combination of chromatography and mass spectrometry (MS) , it is
necessary not only to minimize extra-column sample dispersion effects, restrictions
in the choice of phase systems and ionization modes, etc., but also to maintain the
full range of tractable compounds. With liquid chromatography (LC)-MS, in con­
trast to gas chromatography (GC)-MS, the limiting factor is the mass spectrom­
etry because of its low (or even zero) sensitivity for many substances that can be
handled by LC, especially macromolecules. In order to cope with non-volatile and
thermolabile compounds and, in consequence, with low ion currents (signal/noise
ratios) , large mass ranges , etc., the MS measurement should not be limited in time,
particularly when not only structural confirmation is required and more sophisticated

" Permanent address: Department of Inorganic and Analytical Chemistry, Medical Academy , Lu­
blin, Poland.
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and time-consuming techniques such as high-resolution scanning and MS-MS have
to be used. In this analytical situation, which may be classified as "non-routine", the
MS measurement should be independent of the chromatographic speed.

Based on such considerations, an off-line LC-MS system is proposed in which
the linking steps, namely (i) collection of the LC effluent and (ii) MS measurement,
are mechanized. A multi-sample holder specially designed for quantitative laser de­
sorption mass spectrometry! is used for localized storage of the LC fractions. In this
paper the performance of the set-up is reported with emphasis on its extra-column
peak broadening effect using a microbore column. Microbore packed columns are
increasingly applied for on-line LC-MS coupling", especially with direct liquid in­
troduction":", and offer several advantages such as low flow-rate, low sample dilution,
etc .

As a model problem for the evaluation of the proposed off-line LC-MS cou­
pling, the separation and detection of L-3,4-dihydroxyphenylalanine (L-DOPA) and
dopamine (DA) was investigated mainly because of the possibility of using electro­
chemical detection as a references-? which is known to give negligible peak broad­
ening!" .

EXPERIMENTAL

Microbore high-performance liquid chromatography (HPLC)
The chromatographic conditions for the liquid chromatographic separation of

L-DOPA and DA were as follows: high-performance liquid chromatograph (Model
S-I 01; Siemens, Karlsruhe, G.F.R.); stainless-steel column (200 x 1111111), packed with
1O-,um octyl silica (LiChrosorb RP-8; E. Merck, Darmstadt, G.F.R.); mobile phase,
0.1 N aqueous HN03 + NaOH to pH 2.8, flow-rate 5-30 ,ul/min; room temperature;
injection device, pneumatic sampling valve (Model 60 AH; Valco Instruments, Hous­
ton, U.S.A.) with 0.5-,u1 loop, injection solvent 0.1 N aqueous trichloroacetic acid;
reference detector, modified electrochemical detector with glassy carbon electrode
(Model LC-2A; Bioanalytical Systems, West Lafayette, U.S.A), as described!":

Laser MS
Mass spectrometric detection was carried out on a magnetic sector instrument

(MS 902; AEI-Kratos, Manchester, Great Britain) adapted for pulsed laser desorp­
tion!2,!3. The measurement conditions and procedures for quantitative work were
as described earlier" . The indented stainless-steel rod used as sample holder is shown
in Fig. I . Each indentation is loaded with a fraction of the chromatographic effluent.
The indentations were designed for two particular tasks; (i) to allow laser desorption
or related surface ionization techniques; (ii) to enable localized deposition of liquids.
Depending on the surface tension of the liquid it is possible, for instance, to overload
an indentation having a volume of 1 mm' as listed in Table 1.

The laser desorption spectra of L-DOPA and DA exhibit mainly pseudomo­
lecular signals such as [M + alkali] +, [M - H + alkalis] + and [M + H] +. The intensity
ratio of protonated vs. cationized species is highly dependent on the chemical en­
vironment and pretreatment of the sample. Calibration experiments were made with
compounds dissolved in the LC eluent. Due to the acidic pH of 2.8, a [M + H] +/[M +
Na]+ ratio of about 10 was observed in this case.
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Fig. I. Indented sample holder.

For detection, measurements were performed in scanning and in selected ion
monitoring modes (using accelerating voltage alternation). Since a pulsed ion source
is involved, both types of operation are equivalent and have to be pulse-synchronized.
For details see ref. 13.

Mechanized fractionation
The mechanized discontinuous (fractionwise) collection of LC effluent requires

two simultaneous, but independent, operations; (i) shift of the storage device; (ii)
actual sampling. In the mechanized apparatus shown in Fig. 2 these operations are
both made by means of a screw rod (RI)driven by a motor (M). The periodic de­
position of effluent is effected by the helical motion of rods R I and R2 (onto which
the sample holder S is mounted excentrically). Each turn thus brings a new inden­
tation into the chromatographic outlet where the liquid (droplet accumulated since
the previous indentation) is collected . The appropriate shift along direction Z is de­
termined by the indentation of the sample holder (see Fig. 1) to which thread T
corresponds. The time interval, Lllr, between collections is independently regulated
only via the speed of the motor.

TABLE I

CORRELATION BETWEEN SURFACE TENSION, yMM) , AND MAXIMUM VOLUME, LlVm , ,,

ACCOMMODATED PER INDENTATION FOR DIFFERENT SOL VENTS

(a) Manu al loading (from syringe); (b) mechanized loading (from chromatographic outlet) at sampling
rate of 20 min" :

Solvent

Water
Water-methanol ( 1:1, v/v)
Water -acetonitrile ( I: I, v/v)
Acetonitr ile
Met hanol

y20.C Ll Vm, ,(pl)
[dynicm)
(ref 14) (a ) (b )

73 13 5.8
35 8 4.5
31 7 3.8
29 5 2.9
23 1.5 1.4
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Fig. 2 Apparatus (or automated storage of LC fractions : M = motor; Rl = screw rod; R2 = rod
connected to R I; T = thread; S = sample holder; LC = chromatographic outlet; Z = rotation axis.

In this way the chromatographic effluent is gradually stored in the indenta­
tions, i.e., in one sample holder or in a number of them placed in series (on R2),
which can then be transferred to the mass spectrometer. The solvent is usually re­
moved just after deposition. If necessary, e.g., in case of labile compounds, the frac­
tions may be kept in solution until insertion into the spectrometer.

For measurement, the sample holder(s) were attached to the direct probe and
manually inserted into the mass spectrometer as described 1.

RESULTS AND DISCUSSION

Fraction size
The size of the effluent fractions collected, i.e., their volume, A Vr, or duration,

Atr, has to be optimized with respect to the chromatographic and MS integrity as
mentioned earlier. In this context it is useful to relate these parameters to the chro­
matographic scale, namely to the volume or time standard deviations, O"v or O"t, of
a peak, and to employ a relative fraction size, a = A Vr/O"y = At.]«; It was
shown that a has to be in the order of 0.5 if no information is to be lost 15, which
will happen if a, is larger, whereas in the case of smaller values only redundant
information may be gained. The MS information content, on the other hand, is
mainly affected via the signal/noise ratio which depends on the sample level and
therefore increases with relative fraction size, a. Due to the nature of the chroma­
tographic process, a» and O"t are functions of retention volume and retention time,
respectively. In order to keep a constant, the fraction size (A Vr or Atr) has to be
increased in the course of a chromatogram. This can be done by programming the
motor of the mechanized fraction collector shown in Fig. 2. If only a limited number
of chromatographic fractions are to be investigated (see Fig. 3), the size of the frac­
tions may remain unchanged.

The working conditions for mechanized fractionation have to be adjusted to
the chromatographic flow-rate, w, in such a way that the sampling rate, 1/Atr =

motor revolutions per minute, is greater or equal to w/A Vmax- The values of A Vma.
were determined for various liquids and are given in Table I. So far, sampling rates
up to 60 min? have been used which corresponds to a maximum flow-rate of almost
0.5 nil/min for aqueous effluent (see Table I).

In Fig. 3 the results of electrochemical and MS detection are contrasted. The
selected mass profiles (histograms) refer to the [M + H] + ions of L-DOPA and DA
(m]z 198 and 154, respectively). As can be seen from the mass profile, L-DOPA also
shows a weak signal at m]z 154 resulting from the loss of CO 2 •



COMBINATION OF MICROBORE HPLC AND LASER MS

l-DOPA , ,/ DA
\

v

EICD --"- - - - - - --- -------- --- --

I I I I min
32 34 36 38

31

/15
mlz 154.09

1'15 mlz

5 10 15 20 25 f ract ion no.

Fig. 3. Electrochemical (EICD) versus MS peak profiles for L-DOPA and DA (100 ng each).

Peak broadening
As with any other part of a chromatograph, the evaluation of the mixing

characteristics of the MS detector has to be based on an analysis of the peak variance.
The variance, a2 , of a recorded peak is the sum of different contributions

(1)

where a~ = variance of the sample volume and sampling device, a~ = variance
of the chromatographic column and ate = variance of the detection system.

The peak variance, a~c in volume units, caused by the chromatographic col­
umn is given byl 6

(2)

in wh ich em = fraction of the column volume filled by the mobile phase, m,
A = cross-sectional area of the column, H = theoretical plate height of the column
describing its mixing characteristics, L = length of the column and K = capacity
factor describing the retardation of the analyte. It can be seen from this equation
that the contribution of the chromatographic column to the peak variance decreases
proportionally with the cross-sectional area of the column. Therefore the extra-col­
umn contributions, a~s and atD' to the peak variance are crucial for the use of
microbore columns.

On the other hand, microbore columns exhibit a high mass sensitivity since the
peak height is given by!?
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Ci,max = Q/(2rr)"lav
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(3)

where Ci, max = concentration maximum of the peak in the detector, Q amount
of analyte and av is described by eqns. I and 2. In addition, microbore columns
have a low flow-rate which is favourable for MS.

In LC-MS the detection system consists of the interface and the spectrometer.
The contribution of the described off-line interface plus the mass spectrometer to the
peak variance can be calculated by means of eqn. I.

Due to the extremely low dead-volume of the electrochemical detector and its
low time constant it may be assumed that its contribution, a5, to the total peak
variance is negligible. Assuming that the contribution of sampling, a~, is constant,
it follows that the volume standard deviation for MS detection, (aVOhlS' is given by

(4)

where (a~)MS and (a~)EICO are the total volume variances of the peaks for MS and
electrochemical detection, respectively.

It is evident from eqn. I that a~c and a~s should be kept as small as possible
when determining (aVO)MS' This implies high chromatographic performance (low
theoretical plate height, low sample volume, low dead-volumes of injector and con­
necting lines) and low K values of the investigated peaks. The av (Ill) data given
in Table 11 were obtained for the L-DOPA peak separated at two different flow-rates
with K = 2.15 . For MS detection the [M + H]+ ion (mjz 198) was monitored.

The results listed in Table II indicate negligible peak broadening for the off­
line MS detection. Independently of the experimental conditions (flow-rate, fraction
size), the observed peak standard deviation only increases by 0.1-0.2 III when ap­
plying off-line MS instead of electrochemical detection . The greater extra-column
effect at low sample level (200 ng) clearly results from the reduced precision of quan­
titation (standard deviation ca. 25%). The actual detector contribution, (aVO)MS
calculated according to eqn. I, is given in column 6 of Table II and amounts to about
1.5 Ill.

TABLE IJ

PEAK WIDTH OBTAINED WITH ELECTROCHEMICAL (EICD) OR OFF-LINE MASS SPEC­
TROMETRIC (MS) DETECTION UNDER DIFFERENT CONDITIONS

Theoretical plate height: 34 and 62 pm at flow velocities of 0.27 and 0.83 rum/sec. Precision of the mean
value of the peak standard deviation by off-line MS calculated from five measurements: 0.2 III for I
ug; 0.5 pI for 0.2 pg.

Flow-rate Floll' Amount ex Mean value ofpeak Contribution of
(Ill/min) velocity injected standard deviation (Ill) MS detection

(rnmlsec ) (Ilg ) ((JYDhIS (pi)
(UVh'CD (uyhIS

8.7 0.27 1.0 0.24 4.6 4.7 0.9
0.48 4.6 4.8 1.4

0.2 0.48 4.6 5.7 3.3
28.0 0.83 1.0 0.31 6.1 6.3 1.7
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