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Mass Spectrometry |: Principles and
Instrumentation

Mass apectrometry (M5) is a technigue for creating gas phase ions from the molecules or
atoms in a sample, separating the ions according to their mass-to-charge ratio, m/fz, and
mcasuning the abundance of the ions formed. MS is cumendly one of the most rapidly
advancing Aclds of instrumental analysis, It has developed from an inerganic method
wsed to prove that most ¢lements exist as isotopes of differing masses toone of the comer-
aome tochnigues wsed to clucidaie the structure of Miomolecules, capecially high maolecular
wieight proteins. MS provides the analy st with information as diverse as the struciune of
comple s organic and biomalecules to the quantitative determination of pph concenrations
aof clements and molecules in samples.

M5 is amanalytical techmigue that provides qualitative and quantitative information,
i luing the mass of molecules and atoms in samples as well as the molecular struciune of
arganic and inorganic compounds. M5 canbe used as a gualitative analytical tool 1o ident-
ify and charactenze different matenials of intenest tothe chemist or bioche mist. MS is used
routinely for the quantitative analysis of mixtures of gases, liguids, and solids. MS is used
in many fields in addition to identifying and guantifying organic and biolegical malocules.
These include atomic physics, physical chemistry, and geology.

This chapter will focus on MS principles and instrumentation for both organic and
inorganic analysis. Chapter 10 will cover applications of MS for organic and inorganic
malyacs as well as interpretation of simple mass specira for struciural identifcation of

OIEANIC Compounds,

9.1. PRINCIPLES OF MS

The miass spocinomeior is an insmumcnd that scparatcs gas phase ioniacd atoms, maolecules,
and fragments of molecules by the differcnce in their mass-to-charpe ratios. The mass-
to-charge ratio is symbolized by mfz where the mass i i expressed in unified atomic
s units and 2 i the number of charges on the jon. The statement found in many texis
that M5 separates jons based on swess 5 only tmee when the charge on the ion is 4+ 1) in

this case m,-": is numerically cqual to the mass of the ion, While some MS methods do gen-
crate mostly 41 charged ions, many new technigues generate ions with multiple charges,

The mass of anion is given in unified atoande mass anits, u, One unified atomic mass
it is equal to |12 of the mass of the most abundant, stable, naturally eccuming isotope
of carbon, "*C. The mass of "*C is defined as exactly 12 u. The abbreviation amu, for
HVOINLEC TNASS UniT, 15 now oonsidered obsolene but may S0 be cneoumened in the e ramne.,
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14 Chapter 9

Aosynonym fior the uni fied atomic mass unit is the dalton{ Da); 1w = | Da. Inthe 51 unit of
mass, | o= L6650 = 107 ke, Table 9.1 presents the exact masses for some common
wotopes cncountered in organic compounds.

The term 2 symbolizes the smorber of eleirges o the ion; this number may be posi-
tivie or negative, such as £ 1, — 1, +2, +10, and 50 on. The number of charges is not the
same as the total charge of the ion in coulembs, The total charge § = ze, whemne e is the
magnitude of the charge on the electron, 16 = 107 ™.

For simplicity, the following discussion will fiscus on what happens @0 an organic
malecule in one type of MS experiment. One method of foming ions from sample mal-
wules or atoms is 10 bombard the sample with electrons. This methad is called electron
lnmization {ED:

M4be~ — M™Y42e {@.1)

where M, is the analyte molecule; ¢ ™, the electron; and M*¥, the ionized analyie molecule;
this apocics s called the mslecular ion.

[n many cascs, only ions with a single positive charge ane formed; that is, the number
aof charges on the ion, 2, equals +1. The MS scparates ions bascd on the mass-to-charge
ratio, mfz; for ions with a single positive charge, mfz oquals the mass of the ion in
unified atomic mass units. For a molecular ion, sz s related to the molecular weight
{also called the relative molecular mass) of the compound. The symbol M ™ indicates
that a malecular ion from an organic compound is a radical cation formed by the loss
af one electron, [n mos cases, malecular ions have sufficient energy as a result of the
ionization process to undergo fragmesration o form other jons of lower a2 All these

Table 8.1 Comparison of Alomee Weights and Measuned Acourate [solope Masses lor Some
Commamsom Elemsents in Organic Compoanid s

Element Alammc weight laHape Ml % Abuncdance
Hyelragen 1 AHF4(T) 'H 1IKITH25 o999
? Hfor [y 200410 iTig|
{larhan 1 2 EHIE7{R) I3 12 SEKKER} {elefinecd)y a9
B 130K336 1.1
Milrgen 140K T2} iy 140K13 1 L
i 15011 (i ]
hiy pen 1 5. 95K14{3) Ly 159949 LT
Yoy 1699491 (LK
Mg 17499492 (20
Huarine 15 99540 F FREEN] L]
Phesphams ANSTITH P ALETITH 1K)
Sullur 3201655} 12y 318721 95 112
Ay 2AT1S (k76
I 39679 422
Chlorine 35.453(2) 0 349659 7537
" 369654 323
Rrcmine T A1) Mgy TRAIEI S5
Blpy Ri9163 &5

“sfamy of de motope meses have been desermized by M8 acosrasely w seven of more decimal plices. Hambers
o parengheses e aromi wekghes represent e first wnc amain figare. Aromic welghts based on the valses
o Pare Appl Chewe. DB, 73, S6T-651 o5 mbalited o bepef Sans B m ool ac el feepac oW, Used
wathy [ o sl G
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jons are separated in the mass spectrometer according to their mfz values and the
abundance of each iz measured.

A meagEnetic sector mass spoctrometer is shown schematically in Fig, 9.1, This
imstrument is a sugle-focusy mass spoctrometer. The gas phase molecules from the
sample inlet are ionizcd by a beam of high cnergy {ic., high velocity) clecirons passing
closely among them. The rapidly changing clectric ficld can bsth cjoct clecirons from
the atom or malecule {ionization) and transfor sufficient energy to the malecule 1o
cause its bonds to mpture {fragmentation). The ions ane then accelerated inoan electric
field at & voltage V. If cach ion has a single positive charge, the magnitude of the
charge is equal to + 1L The cnergy of cach ion is equal to the charge 2 times the accelerating
voltage, 217 The ¢nergy acquired by anion on acceleration is kinetic cnergy. It is innpontant
i ot that the kinetic energy of an ion acoelerated through a veltage V depends only on
the charge of the ion and the voltage, not on the mass of the ion. The translational com-
ponent of the kinetic energy is egual to |_|I"-'_.I'HI'1. The kimctic cnergy of all singly
charped jons is the same for a given accelerating voltage; therefore those ions with
amall mazses must travel at higher velocity than ions with larger masses, That is, for
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Figure 8.1 &) Schematc mapnetic seclor mass specirometer. (b Schematic mapnetic seckor mass
spectrometer showing a pas sample reservor with 1l ame inlet valves amd am EM cetector. (o) Forces
amel energies asoced with jons traveling through a mapnetic secior mass s pecinomeier. For an aon 1o
reach the detectorn, Bov st equal JJI'I-'=_|IIJ'.



616 Chapter 9

inns with a single positive charge:
| flm? = 2V 9.0

hence

= {1::1

where m is the mass of the ion; v, the velecity of the ion; 2, the charge of the ionand V), the
acelerating voltage.

Mg o varics, the velocity v changes such that I,-"E.rln.ur1 Emains a constant. This
elation can be cxpressed for two different ions as follows:

12

j {9.3)

2V = 1/ 2myvy {ion 1)
2V = 1/ 2myr] fion 23 9.4)
Lf 2w = 1 20

where sy s the mass of jon 1 vy, the velocity of ion | sz, the mass of ion 2 and vz, the
velocity af ion 2.

The velocity of anion depends onits mass; the velocity is inversely proponiomal to
the squarne msot of the mass of the ion.

Adfter anapplicd voltage has accelerated the charged ions, they entera curved soction
af a magnet of homogeneous magnetic Aeld & and a Axed radius of curvatune. This mag-
netic field acts on the ions, making them move in a circle. The attractive foree of the
magnet equals Brv. The centrifugal force on the ion & equal to s’ /r. where ris the
radius of the circular path traveled by the jon. IF the ion path is to follow the adivs of
curvature of the magnet, these two forces must e egual:

2
it
FCEM EE W R:Ir {95]
r
or
| . B
PR
and
i
F= E {9460

Substituting for v [ Eg. (9.31], we get

m 2
P =—{—)
il

Squaring both sides, we have

2wt 22V w2V
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which can be reamanged to give:

T _Blrl

I v

{98

Theat is, the radius of the circular path of anion depends on the accelerating voltage V) the
magnetic field B, and the ratio mfz. When Voand 8 are kept constam, the radius of the
circular path depends on the mfz value of the ionized molecule. lons of different mfz
ravel in circles with different radii; this is the basis of the scparation by /7. lons with
different paths are shown as the dotted lines in Fig. 9.14a); only one panticular m 7 has
the right r to pass through the mass spectrometor under a given V' and 8. The others, as
shoown, fsllow pathe that cause them to hit the sides of the instrument and be lost. By
varying V or &, we can select which myfz will pass through the system. Voltage scanning
s cheaper and was used incarly instruments with permanent magnets, Scanning the mag-
netic field strength is more sensitive and is casily done with medem clectromagnets. {In
eality, a curved magnet with a path of significant width could accommasdate a range of
different m fz values, and it is the width and position of the exit <lit that determine precisely
which ions finally get through to the detector in a real scanning magnetic sccior mass
Fpecirameter.)

I all mode m magnetic sector mass specirometers, the applicd magnetic ficld 8 of
the clectromagnet is vared while the accelerating voltage Vs held constant. The radius
of curvature of the magnetic sector of a given instrument is 8 constant, so only ions
with a trajectory of mdius v pass through. For a paricular magnetic ficld strength, then,
only ions with an mfz value that satisfies Eq. (9.8) will exit the chamber. Consequently,
fior differemt valwes of 8, jons with different mass-to-charge ratios will pass through the
instrument 19 the detccior and by varying B, we can scan the range of mass-ig-charge
miips of the sample ions and measure their abundance with a detector which cither
coumnds and sums individwal jons or measures a cument produced by their impact on the
detector, A plot of mfz va. abundance is called a mass spectrum. The mass speciral
data can be shown as a plot or as a table. A digitized mass spectrum of benzene, CoHyg,
s shown in Fig. 9.24a); the plot is shown as a histogram. The mest abundant peak in
the apoctmum, called the base peak, is scaled to 1), 50 the v-axis represents the relative
abvundance of the ons of cach g’z value. The nominal mass of the Beneene molecular ion
s cqueal 1o the sum of the nominal masses of the C and H isotopes, so 81204+ 6 1) = TE;
the most abundant peak in this benzene mass spectrum is the molecular ion peak at mfz T8,
A number of fragment ions at lower values of myfz ane also seen inthis spectum. Table 9.2
presemts the same mass spocital data for benzene as shown in the plot. Figure 9.2(h) is a
miass spocinum of cocaine, which cxhibits many fragmemt ions. This cxample shows theat
the molecular ion is not always the moest abundant ion. The hase peak inthe cocaine mass
spectrum s the fragment jon at smefz 82, The sz values and the fragmentation pattern
ciable the analyst to determine the molecular weight and strwcture of organic compounds
by M5, Detailed imerpretation of simple organic mass spectra will be covened in
Chapter 10,

There is a difference between the mass of an atom {or ion) and what chemists ane
wsed to thinking of as the atomic weight or molkcular weight of a apecics. Abomic
weight is the average weight of all of the isotopes of an clement and molecular weight
s calculated from these average atoamic weights, This is the value we would need o

wse if we wished tooweigh out an exact number of moles of a substance whose compone nt
atoms have a distribution of different isstopes, which is uwsually the case. Each stable

ispiope {nuclide) of an clement has an exact mass {more properly called a measwned



