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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 magmitude more dilute mn the mobile
phase than 1t was n the original mixture, Complete separation 15 not always possible.
especially with unknowns, with which hquid chromatography-mass spectrometry 1s
mainly concerned. In gradient elution. the composition of the mobile phase is con-
tinuously changing, but the dilution 1s reduced. Some times the compounds eluted are
more concentrated than they were 1 the onginal sample Typical chromatographic
zones are a few seconds to a few minutes wide and contain from 1 mg to less than | fg.
The chromatographer wants to know the identity of all compounds eluted from the
column and secks very low detection limits (10100 fg for most compounds would be
excellent), reasonably good quantitative results (10°;) and a wide range of linearity
(up to 100 ug). He also desires some mformation regarding overlapping peaks and
requires the mass spectrometer to accept the column effluent 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 matn problems are probably the sensitivity and linear dynamic range

The problems of mterfacing a liquid chromatograph to a mass spectrometer
(LC -MS) stem from the relative incompaiibihty between the dilute sofution eluted
from the chromatographic column and the low-pressure gas plasma inside the source
of the mass spectrometer. which makes this couphng much more difficult than that
between a gas chromatograph and a mass spectrometer. which 1s 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 constramnts
introduced by the chromatographic process and the mimimum 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 1s a separation process; the components of the sample are
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eluted as bands having a profile more or less similar to a Gaussian curve, provided
that the column 1s not overloaded, and which are disengaged from each other with a
certan degree of resolution. In chromatography the resolution 1s 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 spontaneocus, re.. reversible. conditions from a
thermodynamic point of view, the decrease n entropy ansing from this separation is
more than compensated for by an mcrease m entropy due to dilution in the mobile
phase Accordingly, elution chromatography is also a dilution process. Possible ex-
ceptions may occur with temperature programming [1n gas chromatography (GC)] or
m gradient elution [in liquid chromatography (LC)], provided that the gradient 1s
steep, the retention of the corresponding compound 1s very large under the initial
conditions and a large enough sample 1s 1njected, so the entire cross-section of the
column 1s loaded with sample*. These conditions are relatively rare and are en-
countered mainly 1 the analysis of trace impurities in a simple matrix, such as n air
or water pollution analysis*

The main problems to be encountered will thus be the compatibility of flow-
rates, the resolution and the contribution of the mass spectrometer to band broaden-
ng and the detection hmuts and the dynamic linear range

NATURE AND FLOW VELOCITY OF THE MOBILE PHASE
The number of solvents currently used i hquid chromatography is relatively

small (Table I). although 1n most instances mixtures of these solvents are used and a
large number of possible additives can be incorportated. From our point of view. only

TABLE I
GASEOUS VOLUME AND VAPORIZATION ENTHALPIES OF COMMON LC SOLVENTS

V, = Volume of vapour at boiling point (1 atm) or at 20 C (PY) obtamned by vapourization of 1 mi of liquid solvent,
T, = boiling point 4H = vaporization enthalpy
Chiomatograpi Sohent p v, T, C) p° AH(calig,
fgem®) — T - fmbas )
ar2s C at T,
Normal-phase n-Pentane 0626 407 220 36 s12 87
n-Heptane 0 684 3630 208 98 4 46 87
Benzene 0879 2900 326 80 1 95 104
Toluene 0867 8200 296 111 28 99
Methylene chioride 1 333 870 404 40 436 805
Chloroform 1492 1550 342 612 197 62
Reversed-phase Water 10 56 10° 1700 100 238 583
Acetonttrile 0 786 5270 354 20 84 204
Ethanol 0 789 493 785 na
Methanol 0 791 685 65 na
Propanol-2 0 7KS 380 82 na na
Tetrahydrofuran 0.883 341 64 na na

Dioxane 1034 360 101 na na
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non-volatile additives need be considered. These are mamly salts. buffers used to
adjust the pH of the mobile phase or 10ns used 1n 10n-pair chromatography, tetraal-
kylammonium, alkylsulphates or alkylbenzenesulphonates. with Cl~ 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 e al.® 1s a possible solution, although 1ts contribution to band broadenmg
1s significant even with 4 mm LD. columns’, Ammonium acetate, trifluoroacetate,
formate and chlornde can be used as buffers to some extent and a number of volatile
acids or bases are available (Table 1I), but 1t 1s nearly impossible to do without the
traditional compounds used in 10n-pair chromatography. In view of the increasing
mmportance of this method 1in biochemical analysis, some investigation of this prob-
lem 1s clearly necessary. A solution could come from the use of organic ions that
would decompose rapidly in the gas phase As pre-formed 10ns seem to be trans-
ferred easily through some mterfaces® 1Y from the mtroduced solution to the source,
the 1deal solution would be for the mass spectrometrist to use the conventional LC
10n-pair reagents in the source to perform some useful reaction

TABLE I
pK, VALUES OF SOME VOLATILE ACIDS AND BASES

Compound pK, Compound pK,
Ammonid 925 Acetic acid 475
Amline 458 Benzow acid 42

Diethy lamine 11 Chloroacetic acid 283
Dusobutylamine 107 Cyanoacetic acid 245
Hydrazine 85 Dichloroacetic acid | 48
Hydroxylamine 6 Formic acid 373
Pyndine 53 Phenol 99

Quinohne 48 Picric acid 0.40
Hydrocyanic acid 93 Thioacetic acd 333

Hydrogen sulphide 70

Although gradient elution 18 much talked about in liquid chromatography, 1t 1s
more rarely used In many mstances 1t does not provide a significant reduction n
analysis ime compared with 1socratic eluton’ When it does. a step gradient or a
small number of successive analyses carried out under different conditions can replace
1t, 50 it 1s not really necessary that an LC-MS interface can accommodate a rapid
change 1 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 1s chosen
48 an optimum compromise permitting the achievement of a reasonable efficiency and
an acceptable analysis time'? 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 1 and 10 mm I.D are available with com-
parable performances The choice 1s 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 1s preferred, whereas when a low flow-rate 1s desired or only a
small sample 1s available, a narrow column 1s preferred, although the importance of
equipment contributions to band broadening may then be a source of major dif-
ficulties

The column efficiency 1s independent of the volumn cross-section over a rea-
sonable range, provided that a good packing technique is used?3. It depends only on v,
the reduced velocity of the solvent:

ud,
. i
Vo= ()

m

where u 15 the actual solvent velocity. ¢, the average particle size and D, the diffusion
coefficient of the solute analyzed in the mobile phase.

For well packed columns. the column efficiency 1s usually a maximum for a
value vy of the reduced velocity around 3. It decreases only slowly with increasing
velocity!? The decrease 1n efficiency 1s approximately 10% at twice the optimum ve-
locity, 2vq, 25% at 4vo and 50% at 10v,. Because of this slow trend, most analysts
tend to operate the columns at reiatively high values of the reduced velocity, e.g..
around 8 Larger values are precluded in most practical cases because the inlet pres-
sure increases 1n proportion to the velocity and pressures much higher than 100 atm
are avoided, 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

where ¢ 1s the porosity of the packing. usually around 0.7-0.8 (ref 5), and d. 1s the
column diameter We can rewrite eqn 2. using reasonable values for the constants
(v = 8.¢ =075). as
Dm

Fx 47 4 d* (3)

The recent trend towards the use of small particles (7, then 5, now 3 um)
results 1n an increase in the flow velocity in proportion to the inverse of the particle
size, but 1t 1s 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 1n the flow ve-
locity The diffusion coefficient can be estimated from the Wilke and Chang'# equa-
tion.

o oM

1y Vg e

D, =74 107 4)

where 7 1s the temperature ( K), 1, the viscosity of the solvent, M its molecular
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weight. ¢ an association constant (2.4 for water, 1.7 for methanol and | for non-
associated solvents) and ¥, the molar volume of the solute Eqn. 4 1s 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~ cm? sec, whereas a compound with a molecular weight of
2000 has a diffusion coefficient between 110~ ¢and 2 10~° cm?/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'?. Some numerical data are given in
Table I1I.

TABLE Il
TYPICAL FLOW-RATES IN LC COLUMNS

d,fwmy D, rem? sec) d (mm) Fiul nun Hicm sec)
2gn 3,
b} 110°° 4 900 016
2 225
I 6
510 ¢ 4 450 008
2 [
{ 2&
210 ° 4 180 0.032
2 35
i L
3 510 ¢ 4 750 013
2 188
! 4”
*y =8

There 1s enough flexibility 1n the parameters of LC columns to optimize sep-
arately the flow velocity for maximum efficiency. or for any separation/analysis time
cempromise. and the volume flow-rate to accomodate the MS requirements. The
remaming constraint depends on whether the sample size available 1s very small, in
which event the column used must be narrow. This 1s often the case 1n cliical 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 hmited. It may
occur as a result of axial diffusion or convexive mixing or simply because of the
parabolc flow profile in empty tubes used for connections.

Although the volume of the 1onization source of the MS 1s extremely large
compared with the cell volume of any other LC detector, and the diffusion coeflicients
under reduced pressure are very large, the residence time 1n 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 10on source 1tself contributes neghigibly to
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band broadenmg It 1s essential. however, that the volume of the connecting tubes be
kept to the minimum, that if the effluent 1s nebulized there 1s no turbulence mside the
droplet cloud to mix them and that 1f the effluent 1s placed on a belt prior to solvent
vaporization it does not flow on that beit. Convective mixing may be promoted in the
last instance by too rapid a vaporization, leading to various forms of instability of the
hquid film.

It does not seem too difficult to design and build direct liquid interfaces whose
contribution to band broademng 1s neghigibie?**. With belts this contribution 1s also
small with the condition that vaporization of the solvent proceeds smoothly, but
hquid-hquid extraction 1s very difficult to mmatunze’ A more important contri-
bution arises from the response ume

The mere direct comparison of cnromatograms obtained for a given mixture
on the same column. using MS and a conventional chromatographic detector, shows
considerable decrease 1n resolution for the MS trace. This is because usually only one
spectrum 1s 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 1s a
compromise between measurement frequency, memory size and the time durng
which spectra corresponding to one analysis can be stored. The recent development of
cheap, 10-60 Mbyte disks and of rapid microprocessors has made possible both on-itne
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 1s 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 1s 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 | 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 1s 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 tons (within ca. 0 1 dalton) and the decimal position 1s the same for
all the 1ons he 18 looking for Current vatue 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
neghgible time 1s necessary for restarting Thus magnetic and quadrupole instruments
offer comparable performances from the scanning time pomnt of view The quadrupole
permuts shorter scan times. however. 1If 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 1s 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 are under development
Although obvious problems of scan range frequency and sensitivity have to be solved.
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these mstruments will be timely for the generation of LC-MS systems devoted to
protein and polynucleotide analysis On the other hand, 1t does not seem that the
mass range available to quadrupole instruments will significantly exceed 2000 1n the
near future. barring a possible breakthrough in the design of high-frequency. high-
voltage power supplies. The time, ¢, during which ions of a given mass are collected with
a magnetic instrument (continuous scan with exponential decay) is

o f10

"= &m0 =% &k )
where ¢,, 1s the scan time for one mass decade and R the resolution (MS definition).
For 7,, = 1 sec and R = 1000. this time 1s 0.43 msec. while 1t can be 2 6 times longer
with a quadrupole scanning masses of 100-10001n 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 tons of larger masses.

It 1s important to increase the frequency of data acquisition above 1 Hz, espe-
crally for the early peaks of the chromatogram. because 1t has been shown that in
order to observe a decrease in column efficiency smaller than 109 (and hence a
decrease 1n band resolution smaller than 5°)) due to data acquisition speed. 1t 1s
necessary to have a detector with a time constant smaller than one fifth of the time
standard deviation of the peak. This standard dewviation, g, is related to the analysis
time. t; and the column efficiency. N. by the conventional equation

g = i (6)

Most LC analyses are now carried out using 10-25 ¢m long columns with an efficiency
between 1 10* and 2.5 10* plates With a velocity of 0 05 cm/sec, the elution time of
the first components 15 between 200 and 600 sec, corresponding to standard dewvi-
ations between 2 and 4 sec As can be seen 1n Table IT1. this 1s a low velocity and most
often the first component has a width of | sec. Less drastic specifications can be
accepted for the first compounds. which are rarely the most interesting. but for most
compounds the peak width will be between 4 and 20 sec Consequently. it seems
necessary to store more than one spectrum every 1 sec, preferably one every 0 1-0 5 sec.
Otherwise, resolution 1s lost, and quantitative analysis and 1dentification made more
difficult because cross-contamination between the spectra of separated compounds 1s
created by the data system (Fig 1)* A considerable loss of valuable information
results. At a distance from peak maximum of 2 standard deviations (Fig. 2), the signal
height 1s about 15°; of the maximum. so 10 many mstances the signal is still large
enough to be used If two compounds of similar concentration are separated by 0.1
standard dewviation (resolution 0 025). the ratio of their relative concentrations on the
tailing and leading edges of their common peak, at a distance from the maximum of
+26 and —20. 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 + ¢ these ratios are
still 0.90 and 1 11. respectively. On the other hand, to obtain a complete separation of
these two compounds (R = 1) a column 1600 times longer should be used, as the

* See “Note added in proof” on p 23
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Fig 1 Upper trace concentration profile at column outlet; two successive identical mjections Lower
trace reconstructed mass fragmentogram derived from mass spectra recorded at a frequency of one per
standard deviation (left) and one per 2 standard deviations (nght)

resolution mcreases only as the square root of the column length To observe signifi-
cant band broadenimng 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 1llustrates the kind of sensitivity at which the purity of a band could be
checked. at leastif the signal-to-noise ratio 1s large enough, provided that spectra can

Rq2-0025

Fig 2 Concentration profiles of two solutes (1 and 2) at column exit. Resolution 0025 The chromato-
gram recorded 1s profile 3. shghtly wider than profiles | and 2 which are identical but shifted by 01 x o
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be recorded with a small enough time constant. Admittedly, one data pomnt per
standard deviation would be sufficient for this application

DETECTION LIMITS

It 1s usual to consider two classes of chromatographic detectors, those which
respond to changes in concentration of solutes in the eluent, such as optical detectors
(UV photometers, refractive index detectors, etc.), and those which respond to chang-
es in the mass flow of the solute, such as destructive detectors?®. The mass spectrom-
eter belongs to the latter class. The main properties are as follows (1) if the eluent
stream 1s switched off the signal falls to zero exponentially, (1) 1f the eluent 1s diluted 1n
a stream of scavenger, the signal 1s unchanged. as the solute mass flow rate remains
constant; (1) 1f the velocity of eluent through the column mcreases, the maximum
peak height increases constantly; and (1v) the peak area remains independent of the
flow-rate. These properties assume that within the range of solvent velocities con-
stdered, the respgnse factor, 1 e, 1n this mstance the 1onmzation efficiency, remains
mdependent of the eluent flow-rate In GC MS this seems to be reasonable assump-
tion over a sufficiently large range to be practical. In LC-MS this 1s more ques-
tionable In interfaces where the solvent 1s ehminated before the solute enters the
ionization source. the response factor remains constant provided that the solvent flow-
rate does not overload the mterface When the whole column effluent, or a constant
ahquot of 1t, 1s 1njected nto 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 1omization
reagent 1n the DLI has also the advantage of eliminating the mmfluence of flow-rate
oscillations due to pulsations of the pump!™ It also makes the response factor -
dependent of solvent flow-rate. within some limits, and permits the use of properties
(1) above, which 1s interesting when using very narrow bore packed columns or
capillary columns, and (1v), which is important because i1t provides for good quanti-
tative results.

The detection limit of a chromatographic detector 1s 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 1on moni-
toring, as the signal obtained 15 1dentical with a classical chromatogram. We note n
passing that in such a mode hardly any problem arises because of too large a time
constant, even with magnetic mstruments In good conditions the detection limit 15 of
the order of a few picograms, unless the corresponding compound has an unusually
large 1onization yield, as happens. for example. to haloaromatics 1n electron-capture
1onization and negative-ion detection, a case in which the detection limit can be
several orders of magnitude smaller!®

The chromatographer 1s always surprised by the low 1onization yield of the
mass spectrometer, £. the number of 10ns collected on the MS detector per molecule
introduced into the source. For this reason, 1t 1s worth reviewing briefly the various
sources of losses!?

(1) To detect a signal on a given mass and calculate the coordinates of its
maxmmum, i.e¢ . the corresponding molecular weight, we need about 100 10ns at the
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detector entrance shit; practically all 1ons reaching this slit are detected

(i1} 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 10ns to enter the analyser Losses in the analyser are assumed to be
negligible.

(1) The extraction yield of 1ons from the source to the analyser across ion
optics (focusing of 10ns) 1s about 107,. We need to make 2000 1ons 1n the source

(iv) To obtain a spectrum useful for identification purposes, the previous figure
must be applied to 1ons accounting only for small peaks in the mass spectrum. Peaks
that are 10?2 of the base peak should be detectable as described in (1) above. We need
to make at least 2 - 10* molecular ions during the time when the corresponding mass is
scanned.

(v) The iomization yield varies widely with the 1omzation method used and the
particular compound being analysed. Although 1t can be close to 1 for electron
capture by haloaromatics, it can also be as low as 10~ * for electron impact Assuming
an average value of 1073 means that 2- 107 molecules should be present during the
scan.

(v1) The scan of one mass lasts about [ msec The introduction of sample
molecules mnto the source must proceed at a speed of 2 101° molecules/sec.

The maximum concentration of the Gaussian band of a solute of retention
volume Vg and efficiency N 1s

c, = VN 7

Ve 27

where m 1s the sample mass. If the column capacity factor 1s & and the ligmd cross-
section of the column 1s s, we have
m ‘N
Cy=— (8}
SOL(L + K 2n

where L and u are the column length and the solvent velocity, respectively The mass
flow-rate of sample to the MS source is then the product CyF, where F{= Su) is the
solvent flow-rate. With a sphtting ratio r. the mass flow-rate of sample to the source 1s

N
@ = Cy Fr = _mury . (9)
dr Ll + k') (2=

Comparing eqn. 9 with the condition (v1) above, we must have

mut VE . -
_ MM N 2 g0 (10)
ML + k) 2n

where M 15 the molecular weight of the solute and N' 18 Avogadro’s number. With L
= 15cm. N = 1.5 10* plates,u = 0 05 cmysec. r = 1, M = 500 and ¥’ = 1. we have
m = 2-107'" = 0.2 ng This 1s 1n agreement with the specifications of modern
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instruments®®, which give a detection imit of 100 pg of methyl stearate (M = 298,
hence m = 120 pg), although the specifications may not have been calculated with the
rather favourable chromatographic conditions selected above narrow peaks with
small retention give large maximum concentration.

The sensitivity 1n this scanning mode 1s diffucult to define as we are not looking
for a threshold above which the detector signal corresponds to the elution of a band,
but for a more complex set of information “Chemical noise™ resulting from column
bleeding. mior sample constituents or other sources of eluent pollution contributes
significantly to the detection hmit. and in some nstances makes sample ““clean-up™
mandatory. The definition of this sensitivity and 1ts measurement are clearly the mass
spectrometrist’s problem In most instances 1t does not seem that the detection hmit s
below 1 ng

If there 1s no scanning but MS 1s working in a true single-1on monitoring (SIM)
mode. a smaller amount of sample 1s necessary. with a 1 sec time constant, 1000 times
less., around | pg. The values are similar for a magnetic instrument or a quadrupole.
The only possibility of improving them markedly 1s to use a very efficient 1omization
technique, which explains why haloaromatics such as polychlorodioxins can be de-
tected at the femtogram level in GC-MS with negative 10ns

To be meaningful these figures must be compared with the sample size that can
be accomodated by the column. With a 4 mm I.D. column 1t rarely exceeds a few
milligrams In other words, the current state of the art permits 1n most instances the
identification of mmpurities at the ppm level and their detection at the ppb level,
assuming the total effluent would be njected nto the 1on source With 1 mm I D
columns these figures become 16 times larger. ; e, 1dentification of compounds above
10-20 ppm and a detection himit m SIM above 20 ppb.

These figures must be reduced further by up to one order of magnitude, some-
times more. because the column does not always accept such a large sample The
solubility of some compounds n the eluent 1s very low and the solutions injected must
be more dilute than a saturated solution if the equilibrium 1sotherm corresponding to
the chromatographic mechanism used 1s to be linear Otherwise, the band profile 1s
not Gaussian. but unsymmetrical and broader and the resolution is poor, although
sometimes the profile of trace component bands which are well resolved from the
main compounds 1s still acceptable.

For all of the above reasons. 1t 1s hoped that mass spectrometrists will find
1onization mechanisms permitting a reduction in these detection limits by one or,
better, two orders of magnitude. unless specialists 1 1on optics find a more efficient
design for the extraction and focusing of the 10ns that are formed but escape collec-
tion.

If these figures seem demanding. they can be compared with the specifications
that we can draft for a mass spectrometer to be coupled to an LC capillary column. [t
1s easy to calculate that in order to be competitive with present packed LC columns,
such capillary columns should have an mner diameter smaller than 10 um?!. The
resolving power of these columns. which will probably be used in some advanced
laboratories within a few years. would be tremendous, as are the equipment problems
which they produce The maximum sample size is of the order of 10 ng at most
(volume flow-rate c¢ 7 10 ~° ul:min) To detect an impurity at the ppb level, we have
to be able to obtan a signal with fewer than 12.000 molecules This 1s a challenge and
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probably requires new approaches. such as the use of cross-collision molecular
beams

The hnearity is the last important property of the MS detector to be discussed.
It 1s usually represented by the dynamic linear range. which 1s the ratio of the sample
size for which the deviation from a linear response is 10%, to the detection hmit*®. A
large dynamic linear range 1s required i chromatography as the concentration of a
given compound 1n a series of samples can vary over several (3-4) orders of magnitude.
while the range of concentration investigated during one analysis can vary from almost
12, for the main component (column overloaded) to less than 10 7% % This quality 1s
required from the mass spectrometer especially when 1t is used 1n single-10n monitoring.
In many instances 1t 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 mmpossible Alternatively, selective
extraction and enrichment must be used. which are tedious, tume consuming and
increase the risk of sample pollution. alteration and errors. The use of a detector with
a dynamic linear range of 100-1000 1s still possible if it is sensitive enough. using
dilution and an nternal standard, although tedious. The narrow dynamic linear
range of the mass spectrometer, although smaller than that of other LC detectors, 1s
the last complaint of chromatographers.

CONCLUSION

Up to now most work on LC-MS coupling has been instrumental and has
focused on interfaces that permut the transformation of the sample solution into a
vapour mixture at a pressure low enough for the proper functioning of more or less
conventional 1on sources' 3. Some work has been done to adapt LC mstruments with
this aim, but little to modify MS nstruments, although advantage has been taken of
the recent progress in 1onization methods and instrumentation

Now that the feasibility of LC MS coupling has been amply demonstrated. 1t
may be time to develop an LC-MS nstrument which would be integrated.

Among other features it 1s important that this mstrument should permit the
scanning of mass spectra up to large masses (several thousands), as the elution of
large peptides, small proteins, polynucieotide sequences. etc., 1s now possible, 1f not
always easy, easy adjustment of this mass range and the scanning frequency up to at
least 10 Hz, true single-1on 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 ronization yield

The choice of interface is difficult A direct hiquid mterface must be used.
because 1t permits the ionization of heavy, complex, sensitive molecules, the direct
transfer of pre-formed 1ons and the use of complex reactions leading to 1onization. It
gives spectra with few charactenstic features, however. Often only the quasi-molec-
ular 1on and a few aggregate ions with solvent molecules, the composition of which is
not easily predictable. are observed?* With large molecules some fragments are also
recorded This does not permit easy identification, assuming that for molecules of
that size there 1s an easy way. Possibly for smaller molecules, in the 100-300 to 500
dalton range, electron mmpact spectra may provide enough useful information to
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warrant the design and use of a multi-interface mstrument. 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 mstruments

NOTE ADDED IN PROOF

In a discussion at the meeting, Dr Henneberg poimnted 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 poimnt per standard deviation, sufficient
information is obtained to decide whether a band 1s pure or not —the essential use of the
mass spectrometer This 1s 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 mstru-
ment for performing both tasks and to choose a compromise for each analysis between
the scanning rate (r.e., response time) and the signal-to-noise ratio.
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