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PART III:
MASS SPECTROMETRY




Goals of Part (III)

e Use a mass spectrum to determine a compound’s molecular
weight, and propose which elements are likely to be present

e Given a structure, predict the major ions that will be observed
in the mass spectrum from fragmentation of the molecular ion




18. INTRODUCTION TO MASS SPECTROMETRY

« Mass spectrometry (MS) provides the molecular weight and valuable information
about the molecular formula, using a very small sample. The mass spectrum also
provides structural information that can confirm a structure derived from NMR and IR

spectroscopy.

 Mass spectrometry is fundamentally different from spectroscopy. Spectroscopy
Involves the absorption (or emission) of light over a range of wavelengths. Whereas,
mass spectrometry does not use light at all.

* In the mass spectrometer, a sample is struck by high-energy electrons, breaking the
molecules apart. The masses of the fragments are measured, and this information is used
to reconstruct the molecule.



13A. The Mass Spectrometer

* A mass spectrometer ionizes molecules in a high vacuum, sorts the ions according to
their masses, and records the abundance of ions of each mass.

« A mass spectrum is the graph plotted by the mass spectrometer, with the masses plotted
as the x axis and the relative number of ions of each mass on the y axis.

« Electron Impact lonization: In the ion source, the sample is bombarded by a beam of
electrons. When an electron strikes a neutral molecule, it may ionize that molecule by
knocking out an additional electron.

27+ M O — [MT 4+ Ze

When a molecule loses one electron, it then has a positive charge and one unpaired
electron. The ion is therefore a radical cation. The electron impact ionization of methane is

H H
e+ H::H  —  2e” 4+ H:CIH
H H“— unpairad
alactron math anz slectron

M*, radical caton



« The ions of smaller molecular weights are called fragments.

« Bombardment of ethane molecules by energetic electrons, for example, produces the molecular ion and
several fragments. Both charged and uncharged fragments are formed, but only the positively charged
fragments are detected by the mass spectrometer. We will often use green type for the “invisible”
uncharged fragments.
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« Separation of lons of Different Masses: Once ionization and fragmentation have formed a
mixture of ions, these ions are separated and detected. The most common type of mass
spectrometer, shown in Figure 12-16, separates ions by magnetic deflection.

« After ionization, the positively charged ions are attracted to a negatively charged accelerator
plate, which has a narrow slit to allow some of the ions to pass through. The ion beam enters an
evacuated flight tube, with a curved portion positioned between the poles of a large magnet.
When a charged particle passes through a magnetic field, a transverse force bends its path. The
path of a heavier ion bends less than the path of a lighter ion.

« The exact radius of curvature of an ion’s path depends on its mass-to-charge ratio, symbolized
by my/z (or by mv/e in the older literature). In this expression, /m is the mass of the ion (in amu)
and zis its charge in units of the electronic charge.
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13B. The Mass Spectrum

* In the printed mass spectrum, all the masses are rounded to the nearest whole-number
mass unit. The peaks are assigned abundances as percentages of the strongest peak,
called the base peak. Notice that #7e base peak does not necessarily correspond to the
mass of the molecular ion.

« A molecular ion peak (also called the parent peak) is observed in most mass spectra.
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FIGURE 1217

Mass spectrumof 2 d-dirmethylpertane, gren both & a bargraph and in tabular form. &bundances are ghen as percentaces
of the stmrgest peak (the base peakd. Inthis example, the base peak isat m fz43 and the molecular ion peak (paent peak)
isat /e fz 100, Motice that the molecular ion has an ewven mass number, while ozt of the fRgrents are odd.



14. DETERMINATION OF THE MOLECULAR FORMULA BY MASS SPECTROMETRY

14A. High-Resolution Mass Spectrometry (HRMS) TABLE 123
"Exact” Masses of Common
kotopes
« Consider a molecular ion with a mass of 44. This approximate molecular otope  Atomic Mass (amu)
weight might correspond to C;Hg (propane), C,H,O (acetaldehyde), CO,, or = 12000000
CN,H,. Each of these molecular formulas corresponds to a different exact 'H 1007425
mass: g 15994914
T4y 14003050

=Hz O,
A a6, D000 2 24 Q0000 10 12 Q0000 102 12 00000

& H 8.00200 dH 405150 4 H d [ 1a0
10 1399491 20 dl9848s ZN 28 D10
dd. kel dd D02a2 ] 4398983 44, 03740

e If the HRMS measured the exact mass of this ion as 44.029 mass units, we
would conclude that the compound has a molecular formula of C,H,O,
because the mass corresponding to this formula is closest to the observed

value. 10



14B. Use of Heavier Isotope Peaks

Most elements do not consist of a single
Isotope, but contain heavier isotopes in varying
amounts. These heavier isotopes give rise to
small peaks at higher mass numbers than the
major M* molecular ion peak. A peak that is
one mass unit heavier than the M* peak Is
called the M+1 peak; two units heavier, the
M+2 peak; and so on.

Table 12-4 gives the isotopic compositions of
some common elements, showing how they
contribute to M+1 and M+2 peaks.

lodine is recognized by the presence of the
lodonium ion, I*, at m/z =127

TAELE 12-4

Isotopk Composition of Some Common Elements

Elem onit
hydrogsn
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(0.2 %
4.2 %
245 %
455 T

Recopmizable elemerntis 1 if1e mass specirum

Br
|
I
N
5

M+2 as large as MT

W+2 a third as large as M'

It at 127; large gap

odd M, some even fragments
W+72 larger than usal (4 % of M)
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The following spectra show compounds contaimn g sulfur, chlorine, and bromine.
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15. FRAGMENTATION PATTERNS IN MASS SPECTROMETRY

An electron with a typical energy of 70 eV (6740 kJ/mol or 1610 kcal/mol) has far more energy than
needed to 1onize a molecule. The impact forms the radical cation, and it often breaks a bond to give a
cation and a radical. The resulting cation iIs observed by the mass spectrometer, but the uncharged
radical is not accelerated or detected. We can infer the mass of the uncharged radical from the amount

of mass lost from the molecular ion to give the observed cation fragment.

This bond breaking does not occur randomly; it tends to form the most stable fragments. By knowing
what stable fragments result from different kinds of compounds, we can recognize structural features

and use the mass spectrum to confirm a proposed structure.

Tonization

E:E°

Fraementation
[R-RTt

e — [R-ETY  +  Ze-
fadical cation
(ool ar 1om)
— E+ + R
cation fragment ralical fragment
pioheer seed) (niot oheerved)



15A. Mass Spectra of Alkanes

'z of the charged
fragment on this side

of the broksn bond ~57

[CHZCHZCHZCHzlﬂHl-!CHz] ’ — CH,CH, CH, CH, + +CH,CH,
hey ane radicsl cation 1-tmiyl cation athyl radical (25)
bt B8 detectzd a md 5T not deteactzd

The mass spectrum of hexane (Figure 12-19) shows several characteristics typical of straight-chain
alkanes. Like other compounds not containing nitrogen, the molecular on (M*) has an even-numbered

28 43 aT Tl
mz—mz:l‘mz:l‘CHz CHz:I‘mz

1o

I-2%

Tl 413 47 CHg—CHz—CHz—CHz—CHQ—CHg

w0 A3 hixans

% &0
M-57
M+

£ 40 il w8

0 115

‘ T1 FIGLIRE 12-19
0 \ .|| ! (111 . Mass spectrum of kexare. Groups of

00 20 30 40 50 60 70 80 ' 90 100 110 120 130 140 130 160  jors comespond to loss of one- tuo,

miz three-, and fourcarbon fragments.

mass, and most of the fragments are odd-numbered. The base peak (//z = 57) corresponds to loss of an
ethyl group, giving an ethyl radical and a butyl cation. The neutral ethyl radical is not detected, because it
IS not charged and is not accelerated or deflected.
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25
[CI—I;CI—IQCI—IQCI—IQLCI—IECI—IZ]T —s  CHCH,CH,CH,-  +  *CHCH,

T1
hesans radical cation 1-tnrt yl radical (37} sthyl caticn [CH;CH, U H, CH,C I—IszHSI—IE] * — CH,CH,CH, CH,CH, + - CH,
M* &5 not detestzd detected at iz 22 hewans radical cation pentl cation methyl radical (15)
M* &5 wweal at sz 71 niot detertad
Symnmetric oleavage of hexane gives a propyl cation and & propyl radical
15 (mot formead)
4 [CH,CH,CH,CH, CH,—CH,]? % CHCH,CH,CH0H, e + *ZH;
[CH,CH,CH,—CH,CH.CH.)? — CH,CH.CH* + -CH,CH,CH, heuane radical cation pentpl radical (71 methyl cation
+
hexanz radical cation fpropyl cation propyl radical (43) M* 26 ot detected (too unstabiz)
Mt 25 deterted at sk 43 not detectad

« Cation and radical stabilities help to explain the mass spectra of branched alkanes as well.
» Figure 12-20 shows the mass spectrum of 2-methylpentane.

» Fragmentation of a branched alkane commonly occurs at a branch carbon atom to give the most highly
substituted cation and radical. Fragmentation of 2- methylpentane at the branched carbon atom can

give a secondary carbocation in either of two ways:

’’’’’

100 -
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70 NIE.ENi [|:H3
” CH; — CH — CHy— CHy— CH; CH,
% ~~~~~~ . 2methylpentane CH,OHCH—TH + -CH,
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21 e R | R p— FM-15 sl 2-pant3l cation mathyl ratical
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oLl I.|.| : |. . ]T|’ : .|.I N : : : : : : Mz B8 \\H\u L
I 20 30 40 50 g YO w20 90 100 110 1200 130 140 150 lad +CI—I—CI—I3 + CHz':HQCHQ'
miz isopropyl cation propyl ratical
mer 43 (hase peals)
FIGLIRE 12-20

M ass spectmot 2-rethylpentane. The base peak coresponds to lss of a popyl mdical to e an
is0propyl cation.
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15B. Fragmentation Giving Resonance-Stabilized Cations

» Fragmentation in the mass spectrometer gives resonance-stabilized cations whenever possible. The most
common fragmentation of alkenes is cleavage of an allylic bond to give a resonance-stabilized allylic
cation.

o --.-“'-1 + +
[R—CH:CH—CHE:|~E‘.’]J'r — [F— CH=CH—CH, — EF—CH—CH=CH] + R
alylic cation

Figure 12-21 shows how the radical cation of frass-hex-Z-ene undergnes allylic
cleavage to give the resonance-stabilized cation responsible for the base peals at mfz 55,

~all ylic position

/ +
H CH3S oy, B H . CH, H CH,
% i Y £
Ne=” R - NeLe —s cto? ¢ CHCH,
H, H

2
¢ CH deave e .7 TH o’ H

methall 9l cation, s 25

100
335
]
frons-hex -2 ens
% &0
2 40 M
- &4 FISURE 12-21
20 The radical cation of
‘ | transhex2-ere ceaves
ol Al 1 | l ) at an alkylic bond to e

0 ™ 30 40 50 &0 IO &0 90 100 1100 120 130 140 150 160 5 resonaree-stahbilized
bl trethallyl sation, e fz 5.
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Compounds containing aromatic rings tend to fragment at the carbon (called a benzylic carbon) next to the aromatic ring. Such
a cleavage forms a resonance-stabilized benzylic cation.

TH2:|~R ! +CH, CH, CH, CH,

( j _— ) - +

benz plic cation

Ethers, amines, and carbonyl compounds can also fragment to give resonance stabilized cations. The oxygen and
nitrogen atoms in these compounds have nonbonding electrons that can stabilize the positive charge of a cation
through resonance forms with octets on all the atoms.

Common fragmentations often cleave the bond next to the carbon atom bearing the oxygen or nitrogen.

Eetones and alfefeopdes Loss of alkyl groups to give acylium ions

o Tt
[R—&j—R] —  R—C=0* + R

miris even acylinm ion (odd s

Ethers: acleavags
[R~|:CH2—D—R’]T #elagE . gro=0—R’ + R
M 18 even stabilized cation (odd sl

or ks af e alipl group
[R—CI—IQ—D:|~R’]T — R—CH=0H + R’
meT 15 even stabilized cation (odd )

Amines: acleavage to give stabilized cations

"
[EN—CH EY — B.N=CH, + -E’
4 2} ] 2 2 17
s odd AT TN TN don (2 wen 0T



15C. Fragmentation Splitting Out a Small Molecule; Mass Spectra of Alcohols

« Mass spectral peaks are often seen corresponding to loss of small, stable molecules. Loss of a small
molecule is usually indicated by a fragment peak with an even mass number, corresponding to loss of
an even mass number. A radical cation may lose water (mass 18), CO (28), CO, (44), and even ethene

(28) or other alkenes.

Alcanols aften lose water, [ LTH3 T
O+ | CHy—CH—CH=—C iz 70
H OH [t [ cH, T 0 [ G B
| | . ~ |+ CH;—CH—CH,—CH—OH |~ H H
— i — ]:, =0 + Ho HO + CH; + /.;L: — /(lj\\
| | CH, 'CH=CH, CH, CH—CH,
allylic cation s 55
SVELL MYT SVELL M T loss of 18 (hase peaks)
0o 55 [ mi-12-15)
] 7
a clecvage of an aloohol Mi-13
g f &l (|:H3
OH + ;:DI—I +H a0 H, — CH — CH, — CH, — 0H
] ] I | 5 3-mthyTnitan- 1-al FIGURE 1222
I — — —i'+ — — + — 2 The rmass spectrum of 3-rrethylbutan-
| | | | | h H Lt 1-ol. The strong peak at m fz 701s
0 iR 11T | il actually the M-18 peak, corresponding

. 10" 20 30 40 0 S0 &0 0 7D B0 GO 100 110 120 130 1400 150 160 4o kose of weater The roolecular ion &
reaonancs -stabdlizad = . )
T not wisible because it loses water easily.



SUMMARY Common Fragmentation Patterns

Thiz sumrmmary is provided for rapid reference to the commeon fagmentation patterns of simple functicnal groups, Some of
these functional groups are discussed in more detail in later chapters,

1. Alkanes: clzavags to give the moost stablz carbocations (Section 12-154)

LI il
R—(|3:|—E” — R—r,|:+ + -R”
H H
T 15 even mr 1z odd
2. Alcofols: loss of water (Secton 12-150C)
H OH |
+
RN
—llj—Llj— — ]:f':_':x] + H.O
M7 is 2ven T 18 2VED
ar @cleavage (Section 12-15C)
2T [ ™
—cFc—| — |[—¢' > —C | + o—
| ' | | |
M7 18 aven iz iz odd

3. Alkenes and aromafics: cleavage to give allylic and benzalic carboc ations (Ssction 12-13B and Ssction 16-13)

"
[R—CH:CH—CH2:|—R’]J: — E—CH=—CH—CH, + ‘E’
all lic: sation (odd s

+
* +

henzylic cation tropylinm ion
w91 miz9l
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4. Amines: o cleavags next 1o the carbon bearing the nitmgen o give stabilived cations (Section 12-156 and 15-800
+
RM—CHrR1* —> RMN=CH, + ‘R’
T s odd ITPITANTY 100 [Ever BT

3. Ethers lozz of analksl gronp (Sectons 12-15B and 14-4)

[R—CE—IE—C):|—R’]T — s R—CH=fH + B
BT 1= even stabilimed cation [odd mf)

ot [R—CH2—0~FR*]T —» R—CH~—0- + "R

iz even allesl canon (odd me)
oy o clegwa e Al o the c@rhon Begring the oy
+
R{cH—o—R]t LEEEE, geo—o—w + R
BT 1S even stahilized catiom (odd w7

6 Eetones and slaefwses: lozz of alksl gronps next to the carbon baanng the oxygen
o mive acylinmm ions (Secton 12-136 and 1 8-3)

(":. s
R—C:I—R’ —s R—C=Q* + R’

AT iz even aeslinrn lan (odd m)

The IvcLaffarty rearrangement 2plite out alkenss (oo verad in Ssction 18-,

:'.}'-hj.dm_gen”:
H T o—H |t B
| e |5 | | NEOP s
R—iZ—0 — =" i =
| | | P Ly 4 ,
i i
|

T 1= even AT 1= even
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Essential Terms

absorption spectrosco py

base peak
conjugated double bonds

electromagnetic spectrum

fingerprint region

FT-IR

fragme ntation
frequency {r)

ges chromatograph (GC)

HRM 5

infrared spectrometer
infrared spectrum

interferometer

IR -active

IR -inactive

The measurement of the amount of light absorbed by a compound as a function of the wavelength.
(p. 556)

The strongest peak in a mass spectrum. (p. 586)

Double bonds thatalternate with single bonds, allowing their pi bonding orbitals to overlap with
gach other. (p. 565)

The range of all possible electromagnetic frequencies from zero to infinity, In practice, it ranges
from radio waves up to gamma rays. (p. 558)

The portion of the infrared spectrum between 800 and 1400 cn™!, where many complex vibrations
occdr, 5o named because no two different compounds (except enantiomers) have exactly the
same absorptions in this region. (p. 561)

{Fourier-transform infrared spectrometer) Infrared light passes through both the sample and a
scanning inter ferometer to give an interference pattern (interferagram). The interferagram
is digitized, and the Fourier-transformed spectrum is calculated. (p. 563)

The breaking apart of a molecular ion upon ionization in a mass spectrometer. (p. 585)

The number of complete wave cycles that pass a fixed point in a second; or the number of
reversals of the electromagnetic field per second. (p. 557

Aninstrument thatwaporizes a mixture, passes the vapor through a column to separate the com-
ponents, and detects the components as thew emerge from the column. hWass spactrometry
iz ane of the methods used to detect the compaonents. (p. 5&7)

{high-resolution mass spectrometer) & mass spectrameter that measures masses very accurately,
usually to 1 partin 20,000, This high precision allows calculation of molecular farmulas using
the known atomic masses of the elements. (p. S88)

A dewvice thatmeasures a compounds absorption ofinfrared light as a function of frequency or
wiavelength, (p. 562)

& graph of the infrared energy absorbed by a sample as a fundion of the frequency i, expressed
as a wavenumber, am™) or the wavelength (4, expressed in um). (p. 558)

The light-measuring portion of an FT-IR spectrometer. The light is split into two beams. One
beam is reflected from a stationary mirror, and the other from a moving mirror. The beams
are recembined to form an interference pattern called an interferogram. Fourier transformation
of the interferogram gives the spectrum. (p. 563)

Aovibration that changes the dipole moment of the molecule and thus can absork infrared light.
(p. 56820

A vibration that does not change the dipole moment of the molecule and thus cannot absarb
infrared light. (p. 562)

21



mass spectrometer

mass spectrum

m/z {formerly m fe):

mobkecular ion, M*T

M +1 peak:
M +2 peak:
ove rtone

photon
redical cation

source {ion source)

wavelkength (i)
wavenumber {77}

Aninstrument that ionizes molecules, sorts the ions according to their masses, and records the
abundance of ions of each mass. (p. 584
The graph produced by a mass spectrometar, showing the masses along the x axis and their
abundance along the i axis, (p. 5&4)
The mass-to-charge ratic of anion, Mostions have a charge of +1, and m/z simply represents
their masses. (p. 585)
(parent ion} In mass spectrametry, the ion with the same mass as the maolecular weight of the
atiginal compound; ne fragmentation has ocaurred. (p. 585)
Anisetopic peak thatis one mass unit heavier than the major molecular ion peak. (p. 588)
Anisotopic peak thatis two mass units heavier than the major maolecular ion peak. (p. 588)
A relatively weak absorptionat a multiple of (usually double) the fundamental vikration frequenay.
Croours withwery strong absorptions, sudh as those of carbonyl (C—C) groups. (p. 562)
Amassless packet of electromagnetic energy. (p. 557)
A positively charged ion with an unpaired electron; commeonly formed by electron impact
ionization, when the impinging electron knodks out an additional electron. (p. 585)
F:R + e~ — |[R-R]* + 2a”
radical cation
The part of @ mass spectrometer where the sample is ionized and undergoes fragmentation.
{p. 585)
The distance between any two peaks (or any two troughs) of a wave. (p. 557)

The number of wavelengths that fit into one centimeter (cm'1 of reciprocal centimetars);

proportional to the frequency. The product of the wavenumber (in cm™") and the wavelength
Cimgemd is 10,000, (p. 558)
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