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SUMMARY

The direct introduction of liquid solutions into the vacuum space of a mass
spectrometer for liquid chromatography-mass specirometry (LC-MS) purposes re-
quires that the vacuum pumping equipment for the apparatus evacuates very high
throughputs of gas resulting from the vaporization of the solvent. Updating and
testing of the vacuum equipment are then the first operations to be carried out before
adapiting a divect liguid introduction (DLI) interface to a chemical fonization mass
spectrometer. The requiremenis of a successful DLI/LC-MS experiment are examined.
The need for a cryopump with a large active surface area chilled at 80°K is em-
phasized.

INTROGDUCTION

Tiie on-line combination of a high-performance liquid chromatograph (HPLC)
t0 2 mass spectrameter (MS) is possible today by utilizing different techniques®. One
of the methods is the direct introduction of a small constant fraction of the output
solution from the liquid chromatographic (LC) column into the ion source of a
chemical ionization (CI) mass spectrometer®. This method is fairly easy to achicve
in practice, and it has already proved to be very effective for on-line ligmd chro-
matography—mass spectrometiry {LC-MS) coupling. In general, a high sensitivity of
detection and informative CI specira from series of non-volatile solute samples, in-
cluding oligopeptides®, underivatized nucleosides® and synthetic drugs® are obtained
by this technique.

Preliminary results obtained when choosing this LC-MS method have pmmpted
us to investigate different possible designs of an interface for direct liquid introduc-
tion (DLI), and the performances and the limits of the method have been evaluated.
The results have a direct bearing on future LC-MS developments.
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In a DLI interface, the solvent serves as the reagent gas for chemical ionizz-
tion inside thz ion source. The use of polar or noa-polar solvents is permitted,
although it 1s often advantageous to restrict the range of solvent systems to polar
eluents such as those frequently used for reversed-phase liquid chromatography
(RPLC), i.e., methanol, acetonitrile or water. Slightly acidic solutions and buffered
solutions containing inorganic volatile salts (e.g., ammonium acetate) have been found
to be suitablz in some instances®.

Most of the previous reports on DLI systems were focused on practical ex-
amples of applications in order to demoasirate the feasibility of the method. How-
ever, details of the operating parameters were not given or not discussed. This paper
is the frst in a series that will cover the different aspects of 2 DLY interface and #ts
associated equipment. Design considerations and operating characteristics are con-
sidered for the vacuum equipment necessary for handling and evacuating the solvent
moleceles that result from the vaporization of the LC solution inside the MS.

EXPERIMENTAL

Two prototype instruments, called Lucie and Carole, were assembled and test-
ed separately. The vesults presented here and in subsequent papers will include data
obtained from both instruments. Their dimensions and their general characteristics
are roughly similar, although different models of vacoum equipment or HPLC pumps
from different manufacturers were sometimes used. Details of the different designs
of DL] ivterfaces will be given in the next paper in the series.

Lucie

In the first LC-MS prototype, desiened and assembled at the Ecole Poly-
technique, the mass spectrometer is a Nermag Model 8Q 156 quadrupole filter,
equipped with a standard CI ion source, clectron multiplier, ion current amplifer
and electronic control units. The vacuum envelope provides differential vacuum
pumping between the source housing and the analyser housing by way of a small
isolating circular slit of 1 em? area.

The vacuum equipment consists of two separate pumping lines. To the source
housing are connected a Varian-NRC Model VHS-1200 oil diffusion pump (Varian,
Orsay, France), backed by an Alcatel Model ZM 2030 rotary forepump (Alcatel,
Montrouge, France). A Varian Model NRC-1200W Cryctrap is installed on top of
the diffusion pomp, and two Vat isolating gate valves, Models 13117P and 13112KF,
{Vat, Haag, Switzerland) are mounted in the pas conmecting lines. To the analyser
housing is attached an Edwards Model 63/150M oil diffusion pump (Zivy, Paris,
France), backed by an Alcatel Model ZM 2015 rotary forepump.

Gas pressures in the source housing and the analysar housing are measured
by two hot-cathode ionization gauges and the forzline pressures are monitored by
two thermocouple gauges. Each set of one ionization gauge and one thermocouple
gauge is conaected to 2 CVC Model GIC-300A controlles (CVC, Plaisir, France).

A special cryopump was designed that consists of a aollow brass half-cylinder,
attached to a high-vacuum flange and chilled with liquid niirogen. It is installed
horizontally inside the source housing and surrounds the CI ion source within a
distance of 2-3 cm. The trap is § cm long and 13 cm in diameter; both the inner side
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of the trap, which is in direct line of sight with the ion source, and the outer side
were extensively machined to increase the active area. The total active surface area
of the cryopump is about 1000 cm?, including 300 cm?® for the inner side. Liquid
nitrogen is supplied to the trap by an Air Liquide assembly (Air Lignide, Le Plessis
Robinson, France) including a Model TC 100 100-1 tank, a Model DS30 ouiput
delivery assembly and a Model RNT liquid nitrogen level controller.

The walls of the vaceum envelope are heated to about 100°C by heating
tapes (Heraeus, Orsay, France).

A schematic diagram of the prototype Lucie is shown in Fig. 1, and the special
cryopump is shown in Fig. 2.

2801L/s 500 L/s
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Fig. 1. Schematic disgram of the prototype Lucic. Top: section of side view. Bottom: top view of
the instrument showing the LC-MS entrance port. 1 = Cryopump (seg also Fig. 2); 2 = liquid
nitrogen feed lines; 3 = ion source block; 4 = quadrupole rods; 5 = electron multiplier mounted
off-axis; 6 = high-vacuum gauges; 7 = analyser DP; 8 = source DP.

Fig. 2. Special cryopump used in the prototype Lucie.

Carole ;
Assembly of the second LC-MS prototype (Carole) was executed at Nermag

Inc. Bt is a2 modified version of a standard GC-MS apparatus, Model R-10-10-B,
equipped with a SIDAR data acguisition and processing system. Details of the in-
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strument can be found elsewhereS. The mzjor modification consists of 2 cryopump
of large capacity and large sarface area mounted vertically on the top flange above
the ion source. The ciyopump consists of 2 hquid pitrogen reserveir to which are
attached thin copper fins closely sucrounding the ion source. The trap is not bolted
to the source housing, but sits on the top flang= and is sealed by a Viton QO-ring.
The entirz eryopump is easily removed or instalied when the soures is at atmospheric
pressare.
A schematic diagram of the prototype Carole is shown in Fig. 3.

280 L/ 700 Lss
7 8
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b D;.l
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Fig. 3. Schamatic diagram of the prototype Carole. Components 1-8 as in Fig. 1; 9 = thin copper
fins attached to the liquid nitrogen reservoir; 1) = connecting line to a gas chromatograph.

RESULTS AND DISCUSSION

The maximum fow rate, @, of liguid solution that can be introduced directly
inside the MS is an important parameter as it is related to the maximum amount
of solute sample that is utilized by the MS for detection and identification. Most
analytical FIPLC systems utilize LC columns of L.D. 2-4 min packed with 5-10-zm
particles. The flow-rate of the ouniput solution is usually 0.25-2 ml/min. The entire
output cannoti be introduced into the MS and @, is only a small fraction, @, of the
L.C output, and consequently the amount of solute used by the MS is 8 times the
total amount injected into the LC columa.

The liguid introduced into the MS is vaporized and produces a throughput
of gas, (0, which is eliminated by the vacuum system. At standard pressure and
temperature, (0, 1s simply related to (), by the equation

0. (STP) = g - 2220 )
where 4 is the density of the lignid and M its molecular weight. If @, is given in
mi/min, then O, is in atm-mi/min.

The maximum value of 0, is determined by the total effective pumping speed
of the vacunm equipment, S,, and by the maximum working gas pressure:

Oy = PSeer @)
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Thus, the highest possible value of S, should be obiained, although the cost
and the physical dimensions of the required equipment set a Hmit.

A guadmpole MS reguires that the gas pressures in critical parts of the in-
strument remain within some given operating ranges’. Of interest to us are the pres-
sure, P,, in the analyser housing which contains the quadrupole rods and the eleciron
multiplier, the pressure, #;, in the source housing which contains the ion source
block and the DLI interface, and the pressure, Py, inside the CI source block. Typical
operating valucs arc as follows (pressurcs cxpicssed in torr):

1-10~% < P, << 5-10-%5;
1-10-5 < P, << 5-107%;
1- 107t < P, << 1.

The flow of solvent molecules is assumed to be molecular inside the source
and the analyser housing, viscous inside the CI ion source and intermediate in the
vicinity of the cryotraps when P, approaches 5-10~*torr. The contribution of the
solute to the total throughput of gas is negligible.

So far only two types of vacuum pumps have been used for DLI/LC-MS:
oil diffusion pumps (DP) backed by rotary pumps (RP), and cryopumps (CP).
Turbomolecular pumps could be avaniageous for replacing oil DPs, but high-speed
turhomolecular pumps are still expensive, which may prevent their use in LC-MS
design. The performances of DPs2nd CPs under different solvent conditions are
examined below. -

Evacuation of solvent vapour by oil diffusion puanps

The maximum pumping speed, Sha;, for 2 vacunm above a DP is proportional
to the area of the intake aperture and to a factor H which depends on the nature
of the gas being evacuated and on the pump design®. The value of H is generally
not known for different substance vapours, and S,.. is usually given for air. To a
first approximation we shall assume that the maximum speed is of the same order
of magnitude for the different solvent vapours which are usually pumped during
LC-MS. In reality, /¥ d=creases slightly as the molecular weight of the molecules
increases.

When the DP is connected to the vacuum envelope, the conductances of the
conpegiions, U, reduce S, to an effective pumping speed S,p, 50 that

1 I, 1

Sa S 1T ®
Thus we would like ¥/ to be as large as possible.

The DPs of the two instruments are connected to the vacuum envelope by
short tubes of length ! and an 1.D. 4, which is roughly equal to the diameter of the
intake aperture of the DP.

; The conductances of the aperture of the connecting tube, U,, and of the tube
itself, ¥7,, are calculated from the following equations:

Ird? RT ’ @

U.=—3 27T
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1 RT 2
AR Y L ©

"where T is the abéolutctcmpemtﬁm of the gas and R the gas constant. If ¥ is in
Ifsec, T in °K and 4, and ! in cm, we obtain

' T

U,=2867- d2 VE , 6)
and

U, = 3.809 - = V A ™M
The combined co_mli‘_;;c_tance, U, is given by the following equations:

oo,
i S A ©
3.809 V— - d?
U=—Fr1334 N

The walis of the vacuum envelope must be maintained at abhout 100-150°C
during LC-MS acquisition in order to prevent the condensation of aa excessive-
amount of solvent molecules on the walls and on the ion optics of the MS, which
results in a loss of MS resolution. The solvent is vaporized inside the heaied CI ion
source, leaves the ion source, and is-pumped away. The temperature of the ion source
is usually 100-250°C. In the following calculations we shall assume that T is 100°C
(373°K): variations in T of a few tens of degrees do not medify significantly the
conductances and the speeds of pumping, as eqns. 4-9 involve the square root of
the absolute temperature. Thus, in practice, eqn. 10 was used for plotting the curves
shown in Fig. 4:

73.56 d? (10)
VM + 1.334)

The difiiculiies posed by the solvent vapour arc dificrent in the source housing and
in the analyser housing, and the two wiil be treated separately.

The Varian DP used in Lucie has rated values of S,,, of 1200 lfsec for air
and 1500 I/sec for helium. Attempts to use the DP alone were unsuccessfilt, despite
the use of a low vapour pressure pump fluid (CVC Convalex 10), resulting in in-
tolerable contaminations of the instrument by back-migration of pump fluid after
only a few days of continuous LC-MS. The problem disappeared afier installing the
NRC cryotrap. The pumping speed on top of the gate vaive above the trap is then
500 ¥/sec for air. The DP used in the source of Carole includes an integral high-
vactum isolation valve and a water-cooled bafile, and is rated at 700 Ifsec for air
with no back-streaming of pump oil being observed after near daily LC-MS runs for
several months. In both prototypes, 4, and [ are 15 cin, and the values of the conduc-

U=
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Fig. 4. Plots of the conductance, U, of tubes of diameter 4 = 7.5, 15 and 30 cm and of lepgth [ for
gas molacunles of four LC-MS solvents of molecilar weights Af = 18, 32, 41 and 60. Vertical heavy
lines refer to our present instruments (I = 7.5, 4 = 7.5 cm on the analyser side; 7 =15, d = 15cm
on the source side) and to the case of 2 possible instnmment equipped with a larger DP attached to
its source (I = 15, 4 = 30 cm).

tance ¥/ can be calculated by using eqn. 10. If we intend to maintain a source pres-
sure P of 1-10~* torr in the source housidg when introducing different solvents, then
we must limit @, to the values listed in Table I which range between 1 and 10 gl
min of liquid. i

If we had iastalled a larger DP in Lucie, for instance a Varian Model VHS-
3500 pump, with matched cryotrap and gate valve, S, would hava beep 1300 Ifsec
for air and d; 30 cm, and we could have kept / at 15 cm. The corresponding values

TABLEI

MAXIMUM FLOW-RATES OF SOLVENT VAPOUR WHICH CAN BE ELIMINATED BY
THE DIFFUSION PUMFP ATTACHED TO THE SOURCE HOUSING OF THE LC-MS

Py = 1-107* torx; (1) Snax = 500 Ifsec (air), d; = 15 cm, { = 15 cm; (2) 5o, = 700 Isec (ain) d, =
15cm, { = 15 cm; (3) Spa. = 1300 Ifzec (2it) 4, = 30cm, f = I5cm.

Parameter Water Methanal Aestomitrilz Propanal
(m = I8} fm =32} {m=41) (m = 60)
I 2 3 i 2 3 I 2 3 7 2 3
I (fsec) 1674 1674 §308 1256 1256 6381 1109 1109 5637 917 917 4650
Serr (Ifsec) 384 495 1127 357 448 1079 344 428 1056 323 396 1016
O, (ml/min) 24 31 7 22 28 67 21 27 66 20 25 630
(STP)

@1 (el/min} 1.9 235 356 40 5 12 50 62 153 &7 82 21
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of O, are also listed in Table I. The maximuom input flow-rate of selvent would be
two to three times higher, but the cost would be trebled, aparst from an increase in
the size of the instrument. ki will be shown below that a cryopump may casily achieve
10 times the vacuum pumping specd of the DP used in both types of apparatus.
Conseguently, the use of a large oil DP or of a high-speed turbomolecular pump
is not recommended.

The conditions for vacuum pumping in the analyser are less demanding than
those in the source, although the gas pressure should be one order of magmitude
lower (1-10~° torr).

If we ignore the leaks of air into the analyser, the throughput of gas, O,, to
be evacuated by the DP is then equal io the throughput of gas, O,,, passing through
the differential pumping slit which isolates the analyser from the source housing. The
value of 0, depends only on the area, 4, of the slit and on the difference in pressure
across the slit, according to the equation

Q:l = Asl 2?;;4— - (Ps ‘_Pa) (Il)

and

0., VM
70.253 (P, — P

Lucie and Carole use the same model of DP to evacuate their analysers, with Sp..
rated at 280 1fsec for air, d, = 7.5¢cm and I = 7 cm. Assuming that the maximum
value of P, is i-107° torr, values of Sy, U, O, and O, are then calcnlated using
eqos. 3 and 10. The results are given in Table II. Assuming that O, = Q,, and using
eqn. 12, we calculatzd the values of A4, that would allow the pepetration into the
analyser of the thronghput @, taking P, = 1-10~* torr and P, = 1-10~* torr. The
resulting values are also given in Table I1.

Ay = (12)

TABLEW

MAXIMUM FLOW-RATES OF SOLVENT VAPOUR WHICH CAN BE ELIMINATED BY
THE DIFFUSION PUMP ATTACHED TO THE ANALYSER HOUSING

P, = 1-1075torr; Spe: = 280 Ysec (@in); . = 7.5cm; | = Tom.

Paramnefer Water Methanol Aestonitrile  Propanol
U (1fsec) 430 I 285 235

Sery (fsec) 170 150 141 128

0O, (ml/min) (STP) 0.105 0.053 0.087 0.079

@, (ul/min) 2.4-10-3 16.8-1072 20.3-10°* 26.3-167%
Ay (eo7%) . 1.03 1.21 1.29 1.41

We observe that in practice a slit area of 1 cm®, which is large enough to
transmit the ion beam from the ion source, impedes the intraoduction of an excess
of solvent vapour into the anpalyser. Small sized vacuum eguipment is then satis-
factory for evacuating the analyser of the LC-MS.

The use of an oil DP alone for DLI/L.C-MS calls for different remarks. With
no modification 1o the vacuum system, about 1-10 plfmin of liquid solution czn be
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introduced directly into most modern quadrupole mass spectrometers designed for
GC-MS. Fig. 5 shows plots of Q(STP) and @, versus M at different Sp,.. Although
this may represent values of @ from 0.1 to 17/ when connecting a conventional ¢ mm
L.D. LC column, successful DLY/LC-MS analyses have been obtained in this manner®.
It is also possible to connect directly narrow-hore LC columns with ontput flow-rates
in this range’.
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Fig. 5. Plats of Q(STP) and £, verszs molecular weight (M) of solvent vapour evacnated by dif-
ferent ofl DPs at P, — 1-10* torr and T == 373°K. Cwrves 1, 2 and 3 refer to DP with So.: =
500, 700 and 1300 lfsce, respectively, and U calculated in Fig. 4.

A chasacteristic feature of oil DPs is that their vacnum pumping speed is
constant for gas pressures at the intake aperture in the range 1079-5-10-2 torr, but
decreases rapidly to zero for pressures above 5-1072 torr, as showa in Fig. 6. The
uncontrolled introduction of an excess of solution shuts off the action of the DP.
Similatly, the DP may also stop if the value of the critical back-pressure at the DP
outlet port is exceeded. The critical back-pressure depends on the throughput of gas
and on the pumping speed of the forepump, and is 0.3-0.5 torr for most diffusion
pumps. In each of the two cases, the inierruntion of the DP does not stop the in-
troduction of additional amounts of liguid, becauvse one side of the DLI is always
nnder liquid pressures of 1-10 bar (see Part II) and the other side is still under
vacuum. Consequently, both P, and P, jump immediately to high values, and some
damage {o the MS may result unless safety switches are triggered by presspre-sensing
devices. When such a failure occurs, the DET must be completely removed from the
MBS, the DPs isolated as they are still hot, and the excess of ligunid solution in the
vacuum space must be eliminated by the forepumps before the DPs may resume
their action. The retum to normal operating conditions may take many minutes.
Similar problems are hatter overcome by wsing cryopumps (see below).
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Fig. 6. Comparison of the maximom pumping speed of a3 ceyopump (top) and a diffusion pump
(bottom) for increasing gas pressures. The fop trace is taken from ref. 11 and the boitom trace
is from the manufaciurer’s Iiterature (VEHS-1200 reference manval, Varian NRC).

No serious degradation of 1:.he DP fluid has been observed after periods of
use of more than 1 year. Only the rotary pump oil needs to be purged frequently
and changed after 1 month of daily LC-MS use.

Evacuation of solvent vapour by cryopumps

A cryopump can achieve very high pumping speeds, at the cost of the re-
frigerant'®*, Another major feature for LC-MS applications is that it is a clean pump
which does not contaminate the vacuum space. The pumping speed of a cryopump
in the free molecular flow region may be calculateds.1%!! gsing the eguation

RT
Smaz == .{i-r W .+ 4 (13)

where @ = 1 — (P./P)), Ay is the active surface area of the trap, P, the vapour pres-
sure of the gas in the vacuum chamber and P, the vapour pressure of the solid
solvent condensed on the trap; a is the sticking coefficient and is & slowly varying
funiction of the solvent moleculs temperature in the vacoom space and of the cryo-
pump temperature. It shoulé be determined experimentally. We shall assume that
a 1s close to unity for the solvents investigated here, at T = 373°K and with the
cryopump cooled at 80°K with liquid nitrogen: this is only a first approximation,
as for instance @ = 0.8 at T= 290°K for water vapours trapped at 80°K*:. The
values of S,,, achieved by the cryopump in Lucie, considering only the inner side
of the trap of 300 cm?, are gven in Table ITI. As the trap is located within a few
centimetres of the ion source, it may be assumed that S,,, is practically equal to
S.rr as the conductance of the space between the ion source and the trap is very large.
Table III shows that the cryopump traps 10 times more solvent vapour in the source

housing than does the oil DP.
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TABLE IIf
FLOW-RATES OF SOLVENT VAPOUR TRAFPED BY A 300cm® CRYOPUMP COQLED AT
20 °K, ASSUMING 2 =1

Parameter Water Methano! Aeetonitrilz Prapanol
Serr #9 Soax (Ifse0) 4970 3728 3293 2722
0, (ml/mizn) (STP) 30.8 23.1 20.4 169
0. (zdljmin) 248 217 476 56.3

I fact, the pumping speed is even greater as the outer side of the eryopump
also traps solvent molecules, and LC-MS equipment bas been run with flow-rates
of acetonitrile of up to 100 gl/min.

Anotiier interesting feature of €Ps for LC-MS is that they show a self-
repulating action against over-pressures in the source housing. Eqn. 13 remains valid
for source pressures in the range 107% < P, << 10~ torr; under these conditions the
pumping speed does not depend on the pressure of the gas. For P, > 5-10~ torr
egn. 13 no longer holds as intermolecular collisions occur with increasing frequency
and S5,,. increases above the value that can be obtained in the frec-molecular flow
regime, as discussed by Davey'l. Fig. 6 compares the pumping speeds of an oil DP
and of a eryopump for increasing gas pressures. Data acgquisition during LC-MS runs
are obtained with Ps between 5-10~% and 2-10~* torr, where the S, values of both
pumps are constant. FThe uncoatrolied introduction of an excess of liguid may tem-
porarily shut the DP, but it will also increase the speed of the CP, and consequently
the pressure in the vacuum space will rapidly return to normal conditions. In no
instance is the CP turned off by the excess of solvent vapony,

There are only a few drawbacks to the use of cryopumps for LC-MS. Fisstly,
they caanot be used alone, and a DP or a small turbomolecular pump must remove
non-condensable molecules (mainly air). Secondly, 2 cryopump cannoi be run con-
tinuously: the accumulation of solid solvents reduces both the pressnure in the vacuum
space and the pumping speed. At pressures of the order of 10~ tormr, the build-up of
condensate is still slow and the pump can be operated for several hours (5-8 h for
most solvents) with no significant deterioration in performance.

The trap can be regenerated in many ways. The least satisfactory method is
to disconnect the liquid nitrogen supply, and to allow the trap to warm to ambicnt
temperature during an overnight partial shut-down of the instrument. The DP should
be preumatically isolated or turned off, because as soon as the cryopump surface
becomes warm the solvent evaporates very rapidly. As about 10-15ml of Liqeid
have besn trapped, rzpid evaporaticn causes a sharp and- high surge of pressure
which remains high (10~*-10-* torr) for 2040 min. The solveat vapour is not com-
pleicly ¢vacuated by the forepumps before 1-2 h, and accumulates in the pump oil.
Hence the fluid must e purged daily by admitting air through the gas ballast of the
rotary pump; in any case, the exhaust port of the forepumps should be routed to
a hood and not to the atmosphere of the laboratory. Although this method is not
recommended, it could be possible to automate the different steps of the regeneration
to save operator time.

Another procedure has been used regularly and satisfactorily by us during 6
months, although the cryopump must be easily removable, as is the case for Carole.
In the procedure, the source and the analyser housings are isolated from the DPs,
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which are kept turned on. Next, a stream of pure nitrogen is introduced into the
apalyser, then into the source through the differential pumping slit. When the pres-
sure is atmosphesic, the trap is simply removed while still cold. The condensed solvent
appezrs as soiid white crystals on the surface, and they are evaporated under a hood,
using a h2at-gun. The trap is then reinstalled. The complete cycle of regeneration
between two consecutive LC-MS rtuns can be as shoit as 15 min. No degradation
of DP or RE pump fluid has been observed, and only occasionally we purged the
RP oil using the gas hallast. The introduction of nitrogen protects effectively the
quadrupole optics and the electron multiplier. Thus the daily interruption of the
vacuum was not found to be detzimental to the MS.

By an appropriate design, the consumption of refrigerant can be kept low.
The cryopump in Carole is 2 pool cryopump with a well isolated feed and exhaust
lines requiring about 5-10 1 of liquid nitvogen per day. The use of a colder but much
more expsasive refrigerant, such as liquid helium, offers nc advantages for LC-MS.

Consequently, the drawbacks of a eryopump for DLEELC-MS can be limited
by careful design of the pump, and they do not outweigh the two outstanding ad-
vantages of such a device. Firstly, a Iarge pumping speed is obizined at moderate
cost and with no increase in the instrument size. The gain in effective pumping speed
is iHustrated in Fig. 7. Secondly, it shows a self-protective effect against liguid in-
troduction failures. For these reasons, we conclude that a cryopump is a necessary
component in a DLI/LC-MS.
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Fig. 7. Plots of S, versus M for DP with S..,, = 500, 700 and 1300 l/sec and coaductance U/ as
i Fig. 4, and for a CP with A = 300 cm® cooled at 580°K. T = 3753°K.

Evacuation of solvent vapour by the combined action of a diffusion pump and a cryo-

A DLI/LC-MS apparatus equipped with both a 300-cm? cryopump and a
500 lfsec DP accepts the direct coupling of about 30-70 gl/inin of most solvents used
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for RPLC, as shown in Fig. 8, with the CP taking nearly all of the solvent Ioad.
For conventional LC columas of 4 mm LD. run at 1 ml/min, this represents 3-72/
of the LC column output. By reducing the column inner diameter to 2 mm, with a
column flow-rate of about 0.2 ml/min, the splitting ratio would be 15-35%. A 1 mm
LD. packed LC column’? can be directly coupled to the DLI with no loss of solate®.

Qy
4% 100,
30
80
70| 70
50 T
50 - 50

M
20 39 40 S0 60 70 80 90

Fig. 8. Plots of 3, (STP) and (@, verszs molecolar weight (M) of solveat vapour evacunated by a 500
Vsec DP and a 300-cm? at P, = 1-10~* torr and T = 373°K.

Under normal LC-MS operations, at P, == 10~* torr, both the DP and the
CP achieve constant pumping spesds (see Fig. 6), so that fairly stable gas pressures
are obtained in the ion source and in the source housing for introduction of liguid
at a constant Aow-rate through the DLL.

The experimental values of O, for different solvents can be measured directly
by using the simple method illustrated in Fig. 9. The micso-pipette is Hilled with.
0.05-0.1 ml of a given solvent and the liquid is then forced into the vacuum system
by the pressure of gas required to obtain the desired reading on the high-vacoum hot-
cathode ionization gavge atiached to the vacuum envelope. A correction factor must
be applied as the reading depends on the nature of the solvent vapour; for instance,
the reading is balf the correct value for water vapour and about correct for ace-
tonitrile. The input flow-rate of liquid into the MS is calculated from the rate of
movement of the meniscus at the rear of the liquid column in the micre-pipetie.

Altematwely, ome can use the LC-MS signal of a solute injected directly i in
front of the DLI, assuming that the volume of liquid between the point of injection
and the ion source is known accurately; for DLI systems using long capillary tubes
this is easily achieved. The flow-rate is obtained from the value of the retention time
of the solute in the interface.

Experimental values for water, methanol and acetonitrile were found fo be
in agreement with calculated values to within 10-2094, which is sufficient in vacuum

equipment design.
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Fig. 9. Sch:mamdmgramufme:xpammlsd-upfutmsmmgthcpcrformamofthcvmm
equipment of the LC-MS for introduction of differenit organic solvents. 3 is 2 source of solvent,
Pr, is a2 resulated pressime of nitrogen, & are shut-off valves. The micro-pipette is first fitled using
S, and is then empticd using Py,

Pressure in the CI ion sowrce

A CI ioa source is a small, closed box with at least two pecessary openings:
the jon exit slit and the clectron beam entrance. Let 4., be the total area of the
different openings. If we assume that the flow of solvent vapour is viscous inside the
ion source, then Py, is related to , by the cquation®

Pya=—Le ’ a®
RT
4k |51
_r_
—1
K r is the ratio P,/P,., then for values of ry << r < 1, with ry ( f_ )? , K is an
expression which is given by y+1
1 ¥—1
ry Vl —r v (15

where y is the heat capacity ratio.

Solvent vapours used in LC-MS at 373°K in the source have values of  in
the ranze 1.33-1.05, and therefore r, = 0.54-0.59.

Foi r << rg, K is 2 constant giver by

F+1

2 ¥t
K=" y(=Fy) (16)
This is the condition which applies to LC-MS as we want r = 1072, The smallest
molecule used as a possible solvent for LC-MS is water, with ¥ = 1.33. Other sol-
vents used have more than four atoms and show smaller values of y, in the range
1.33-1.05. Corresponding values of K are nearly constant: X =— 067 for 3 = 1.33
and E = 0.62 for y — 1.05. Therefore, we can ignore the variation of X for different
solvent vapours and use K — 0.65 in practical calculations. The following equation
assumes that 7'= 373°K:

Q. VM
11454,

Py = an
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For CI, the pressure in the ion source should temain in the range G.1-1 torr. How-
ever, it is not advisable to operate at too high 2 source pressure, as this wonld require
the energy of the clectrons that iopize the solvent vapour to be imcreased above
100 V. A second rezson is that at high source pressures polar solvents tend to cluster
extensively, yielding iops with molecular weights above 120. Consequently, we oper-
ate the ion source at Py, = 0.3 torr, which was found to be satisfactory for LC-
MS, using 100V ionizing clectrons. We can calculate the area, 4., of the openings
info the ion source block by using egn. 17, assuming that P, — 0.3 tosrr and that
the thronghput of gas, O,, equals the values listed in Table ITI. We find that 4., =
0.067 cm?2.

Tie ion source block in both prototypes is the same: it includes a circular
opening of diameter 1.2 mm for the fon exit slit and a circular opening of diameter
0.5 mm for the entrance of the iopizing electron beam. The total combinad area is
0.013 cm?. The source is then too tight, and at the maximum tolerable flow-rate the
pressure P, would he 1.5 torr. A new opening was made by disconnecting the feed
lime which is normally attached to a gas chromatograph for GC-MS operations.
This leaves open a circular hole abaut 3 mm in diameter, and the total area 4, is
then 0.089 cm?®. Consequently, the pressure inside the ion source is 0.2-0.3 torr when
30-70 pl/min of liquid solutton are sampled inside the ion source.

The source block is fairly open in comparison with conventional CI souprces
in commercial CI-MS apparatus. If only a DP is used for cvacuating the solvent
vapour and 1-10 glfmin of liquid are sampled into the ion source, the ion source
block can be the same as that normally used for GC-MS. On the other hand, if the
vacuum pumping speed is increased by adding a CP so that 10 times more solvent
is sampled, some reworking of the ion source block may be necessary in order to
avoi