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Figure 8.21 A commercial rellectron TOF mass analyeer, the Pegasus I Ivom LECOL The ana-
wer 35 shown with sample introduction Irom a GO, [Dagram couresy ol LECD Comporation
fwww Jeco.com)

The rapid colloction of the cntire mass spectrum made possible by the TOF makes it
ideal for interfacing with a choomatograph. [ is especially use ful when combined with fast
(1, which requires the rapid collection of hundreds of mass spocita. For example, the
LECO Pegasus 40 GC-TOFMS collects the entire mass range from | to [0 Da in
I70 ps and collects up to 500 mass spectrafs (A detailed description of this instrument
can be found at www leos.com. )

QEI3 uerdrupele Mass Analvzer

The quadrupole mass analyzer docs not use a magnetic held fo scparate jons. The
quadnipole scparates ions inoan clectric Aeld {the quadnpole ficld) that is vaned with
time. This ficld is creatod using an oscillating radio frequency (RF) voltage and a constant
dircct cument {30 voltage applicd to a setof four prociscly machined paralle] metal rods
{Fig. 9.22%. This results inan AC potential superimposed on the DC potential. The ion
bheam is dinected axially between the four mods.

The opposite pairs of rods A and B, and C and [, are cach conmected to the opposite
cnds of a O spurce, such that when C and [ are positive, A and B are ne gative. The pairs
of clectrodes ane then connecied to an electrical source oscillating at BFs. They ane con-
nected i such a way that the potentials of the pairs are continwously | 807 out of phase with
cach other. The magnitude of the oscillating voltage is greater than that of the D source,
esulting in a rapidly oscillating feld. The BF voltage can be up to 1200 % while the O
voltage is wp to 200 V. The rods would ideally be hyperolic instead of circular in ¢npss-
section to provide a more wniform field. Under these conditions, the potential at any point
hetwoen the four poles is a function of the DC valtage and the amplitude and feguency of
the BF valtage. The shape of the nods varies with different manufacturers: cheaper cincular
cylindrical rods are often wsed instead of hyperbolic rods.
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Figure 8.32 @) Transmision quadrupale mass spectrometer. Rods A and B are tied wgether elece
trically, as are Rodks © amel DL The two pairs ol meds, AB aml CD, are comnected bath 1o a source ol
dlirect patential and a variahle RE excitation such that the BF volages are 1807 outof phase. {b) The

peomedry o the rads.

Ancion introduced into the space between the rods s subjocted to a complicated
latcral motion duc to the DO and BF felds. Assume that the x direction is the line
through the midpoint of the cross-sections of reds A and B the v direction is the line
through the midpoint of the cross-sections of reds O and [, as shown in Fig, 9.22b).
The forward metion of the ion in the 7 dircction {along the axis between the mods) is
mot affected by the Aeld. The following cquations describe the lateral motion of the ion:
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where Ve is the voltage of the D signal; Vg, the amplitude of the voltage of the RF
field; f, the frequency of oscillation of the RF field {rad/s); r the half the distance
bhetwoen the inner edges of opposing poles such as A and B as shown in Fig, 9.2k,
and r,the time.

The maotion is complex because the velocity in the x direction is a function of the
position along v and vice versa. In order for an ion to pass through the space between
the four rods, every time a positive ion is atiracted 10 8 negatively charged rod, the AC
clectric Aeld must be present to push it away; etherwise, it will collide with the rod and
bhe lost. The coordination between the oscillating (AC) feld and the time of the ion's
arrival at a red surface overthe fixed disance between the reds is critical toan ion's maove-
anvael Jeeoue e e gpuaich wpmole., Aoy sesull ol Deing, altensocly stz aned pepe e Dy e
rods, the ions follow an oscillating or “corkscrew™ path through the quadrupole to the
detoctor. For a given amplitude of a fixed ratio of DO to BF at a Axed frequency, only
ions of a given s value will pass through the quadrnupole. If the mass-to-charge ratio
af the ion and the freguency of escillation Gt Egs. (% 14) and {9.15), the ion will oscillate
toward the detector and eventually reach it. If the myfz value and the frequency do not meet
the conditions required by Egs. (9. 140 and 9.1 5), these ions will escillate with an incrneas-
ingly wide path until they collide with the rods or are pulled out by the vacuum system. In
any case, the jons will not progress 1o the detector. Only a single m /2 value can pass
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through the quadrupole ata given sct of conditions, Inthis respect, the quadnipolk: acts like
a filter, and is often called a mass filter.

The separation of ions of different sz can be achicved by several methods. The
frequency of oscillation of the BF fcld can be held constant while varying the potentials
af the DO and BF ficlds in sucha manmer that their matio is kept constant. [ can be shown
mathe matically that the best resolution & obtained when the ratio Ve Vyr & equal to
(. 16G8. IF the ratio is greater than this number, a stable path cannot be achicved for any
mass number; if the ratio is lower than this number, resolution is progressively lost,

The resolution of the system is dependent on the number of oscillations an ion
undergoss in the drifi chamber. [ncreasing the rod lengths, thene fore, increascs esolution
and extends the use of the system to higher molecular weight compounds. [ncreasing the
frequency of the BF ficld can bring about this same improvement. The rod diameter is also
importand. IF the diametor is increased, the sensitivity is greatly incressed, but then the
mass range of the system is decreased. The manufaciurer must come 1o a COmMpromise
with these factors when designing an instrument for analytical wse. The resolution achiev-
ahle with the quadnipole mass spectrometer is approximately 1000; the /2 range for a
quadmnpole mass analyzer is |- 1000 Da. As with other mass spectrometers, the sample
st be available in the gas phase and must be jonized.

Oueadrupaole mass analyzers ane fpund in mest commercial ICP-MS instrumemns, in
meat GO-MS instruments (Chapter 120 and in many LC-MS instruments {Chapter 13).
Ouadrupaoles are also used in MS-MS syvastems as mass analyzers and ion lenses, This
e will be described in Section 9.2.3.4.

Adthough the quadmpole mass aalyzer docs ot kave the range or eselution of
magnetic scciorn instruments, it is very fast. It can provide a complete mass spectmum in
bess than 1{0 ms. This propery and its wide angle of acceptance make it suitable for
ocoupling to transicnt signal sources such as those from chromatography or laser ablation,
In addition the gquadmpole mass analyzer is incxpensive, compact, and rugged. Most
CGO-MS and LC-MS instruments with quadnpoles are small cnough to At on a benchtop.
Cuadmpoles ane the mest commaon mass analyzer in commerncial use. The term trans-
mizsion quadrupele mass spoctrometer & sometimes wsed for this mass analyzer 1o
avpid confusion with the quadrupoele ion trap mass spectrometer disoussed in Section
9235

GX34d MEME and M3 bisrronenss

Many analytical questions require the mass spectromeinst o obtain moere information
about the strectune of fragment ions or abput ion—malecule reactions than canbe obtained
from the initial ionization of an analyie. In such cases, the wechnigue of MS-MS, also
clled tandem MS may be wseful. MS-MS is a mass spectral techmigue that wses two {or
e ) stages of mass analysis combined with a process that causes a change in mass of
the ion of interest, such as disspciation into lighter fragment ions by collision with an
inen gas of conviersion into a heavier ion by reaction with a newral molecule.

The stages of mass analysis may be performed by twoe physically separste mass ana-
lyzers, such as two gquadnipeles coupled in series; this type of amangement for M5-MS is
clled "tandem in space™. Figure 9.23 shows a quadmpole MS-MS instrument with three
quadmnpoles for “tandem inspace™ analysis, Altematively, ion traps, discussed in Sections
9235 and 9236, may be used to perform MS-MS experiments within the same mass
analyzer: this type of MS-MS cxperiment is called “tandem in time™.

Using Fig, 9.23, we will leok at a simple MS-MS experiment. For example, an
analyte may be ionized as usual by the jon source. One ion of a panticular myfz value is
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Figure 9.23 A commercal quadrupole tandem M5-ME insrument. [Couesy ol Therms
Electran Comporation (www thermercomi]

of interest. This ion is called the precursor ion, The precurser ion is selected by the first
quadmnpole, which is operating as a mass analyzer. The precursor ion emers the second
quadnipole. This sccond quadnipole is the reaction region and acts as a collision cell
and ion kens, met a5 a mass amalyzer, An inert gas may be added in this region to causc
collizion-induced fragmentation of the procursor ion into lighter product ions or a reactive
eagent gas may be intreduced to form heavier product ions through ion—molecule neac-
tions, The second quadmupole also scrves to focus the product ions; that is:
- M;H]m.t
where the precursor and product jons have different w2 values. The product jons then
wndergo mass analysis & uwsual in the thid quadmpole. This type of design, where the
first and third guadmpoles are wsed for mass analysis and the center quadrupole is wsed
fior collision and focusing, is often abbreviated as a OQgl) design, to indicate that them
are only two stages of mass analysis symbolized by the capital Q.

[f wi had an instrument with three mass analyzers, the frmgmentation process could
b repeated before final analysis. A precursor ion is selected, fragmented, a given product
i is ackected and fragmented again before mass analysis of its product ions; that is:

=
MF.'I.IE.I.IC

et M;.uluu: B M;Muu: 2
where all three ions have different iz values. This is an example of MS-MS-MS or MSY,;
the number of steps canbe increased 1o give an MS" experimend. It is not practical o build
“tanddem in space™ instruments with large numhbers of mass analyzers; thaee or four is the
upper limit. Commerncial MS-MS instruments ane limited to two mass analysis stages, lon
trap instrume nis are used for higher onder cxperiments. Ingeneral, & = 7Tor #is a practical
upper limit in ion trap instnments.

Tandem mass spectrometers have boen built with three quadmpoeles as shown in
Fig. 9.23, and with ather combinations of sector and TOF mass analyzers. Electric and
magnetic sector analyzers have been combined with quadnupoles and with TOF analyvzcrs,

+
MF.'I.IE.IK
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QXA (uwlripode Ton Trap

An jon trap is a device where gascous jons can be formed andfor stored for periods of
time, confined by electric andfor magnetic fields. There are two commercial types of
i fraps in use in MS, the gueadrigade fove trap (QIT) and the fow cvelorran re sammies
trap (IR,

The OQIT mass spectrometer is alsocalled a Paul ion trap or mone commaenly, just an
i trap. This analyzer wses o guadnepole ficld to separate ions, 0 " quadmnpole™ is wed in
the name to distingwish this system from the ICR trap discussed inothe nesxt section. The
OIT is shown schematically in Fig. 9.24. A ring-shaped electrode and two end cap elec-
mdes, one abovie and ane below the nng-shaped clecimsde, ane used (o Tam a 400 held.
A fixed frequency BRF voltage is applicd to the ring electrode while the end caps anm
cither grounded or wnder BF or DC voltages, Tons ane stored in the trap by causing
them 1o move in stable trajectorics between the eloctrodes under the application of the
fizld. This is dome by vanying the potentials, sothat just before an ion collides with an elec-
trode the potential changes sign and repels the jon. lons with a very broad range of m 2
values can be stored simultaneously in the ion irap.

[onization of the sample cantake place ouiside of the ion storage anea of the ionirap:
awchextemal ionization is reguired for LO-MS using anion trap and may be used for GC-
M5, Altematively, ionization can take place inside the ion storage arca; this intemal ion-
ization approach can be used for GC-MS. Inent gas may be introdweod into the frap after
imitial ionization for MS-MS cxperiments using collision-induccd dissociation.

[ons anc extracted from the trap by changing the amplitude of the ning clecinsde RF.
A the amplitlude increases, the trajectory of jons of increasing iz becomes unstable.
These ions move towarnd the end caps, one of which has openings leading 1o the detector.
lons of a given myz value pass through the end cap sequentally and are detected.

The wse of vanous BF and DO waveforms on the end caps allows the ion trap to
sclectively stone precursor ions for MS-MS experiments or to selectively store analyie
wons while climinating ions from the matrix. This can result in improved detection limits
in analysis, The ion trap has limitations. Because the stoned ions can interact with cach
ather {a space —charge effiect), therehy wpsetting stability of trajoctones, the conce mration

LE“'ELW.“
I W Fog and cap
|f|> <:3. A o

o
A —
J % Bt s ca.
k Eleciron
lipli
lTurI:||:| purnp! Lo

Figure 8.24 ros-section of a quachupale ion trap mass specirometer. This schematic shows a
= phase sample imtroduced from a2 G0 and sonooed inside the trap by electrans Irom the lilament.
{Froan Miessen and van der Greel, used with permosxmn. )




