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gasic Principles
Mass spectrometry g ¢ _29,1
,‘mund and 1ts clcnf,gn},_‘ ¢ most accuryg
' 2l compogitior 1. meth
1tio . od fo -
.y are positive i Moleculeg " In thig techniq\rl determining the molecular mass of the
h are pes > 1008, Each i are jop; €, molecul g
ot = ; ‘ach ki 10niseq cules are bombarded with a beam
: ; nd of ; €d and
X NOos ; 0 ;
lue) For most fons, the charge is ¢ Fion has 5 partic\ﬁr()ken. up into many fragments, SOme of
ne thus, m/e ratizri;at-lo Olf mass to charge, i.e. m/e ratio
simply the molecular mass of the ion.

qergetic electrons. The

and

Thus, for Neopentane

H.C — C — —e
3C C CII3 —— (C5H12)+ mle =72

CH,
Molecular ion
|_ _[ l Fragmentation
| l
C4H; C3H; C,H; C,H;
57 41 29 7
Relative 4 415 38.5 15.7

intensity

The molecular ion (here C 51—1;;) is called parent ion and is usually designated as M. It is

Msitively charged molecule with an unpaired electron.
daughter ions) are analysed in such a way that a signal 1s

The set of ions (fragment ions Of . : |
tbtained for each value of m/e that 1s represented. The intensity of each signal represents the
tlative abundance of the ion producing the signal. The largest peak in the structure is called the

base peak and its intensity is taken as 100. The intensities of other peaks are represented relative
0 the base peak.

Note. The molecular ion (pare
beek has 100% abundance. Mass P
" the signals at various m/e values- I
“n have exactly similar mas$s SPCCtra].
Moperties of that compoud for revead 1:ompounds.

(@) To prove the identity of B a new comp

(b) To establish the structure © und helps to esta

The mass spectrum O # comp®

§ .
®eral different ways:

nt ion) peak may not be confused vyith the base peak. The base
ectrum of 2 compound is a pl‘ot which represents the intensities
t is highly characteristic of a compound. No two compounds
pectrum is equivalent to dozens of physical

Mass spectra is used In two general ways:

g the structure.

ound.
blish the structure of a new compound in
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(a) .
(b) It can give a molecular formula or it ca

It can give the exact molecular mass. certain structural units in

n reveal the presence of

a molecule.

k#3 Theory
olecule of the substance
A parent ion results when one electron is removed from the parent m

EE ]\/[+ + 2e
M(g) +e —> M (@) cular mass of the compound. In a few

. . le
The m/e value of the parent ion is equal to the mo . . In most of the cases
cases, the parent ion peak may be the base peak and can be easily r ecognised. ’

: . Many elements occur
parent ion peak is not the base peak and is often of very small apundan;i . mas}s’ spectrometer is
naturally as isotopes, out of these the lightest one greatly predominates.

designed to perform three basic functions. These are:
(i) To vapourise compounds of varying volatility.

(if) To produce ions from the neutral compounds in the vapour phase.

(iii) To separate ions according to their mass over charge ratio and to rgcqrd thefm. The plot
of m/e values taken along abscissa and their relative intensities along the ordinate is called the
mass spectrum.

M+(g) — ml+ + m,
or my + szr
Neutral particles, produced in the process of fragmentation (whether neutral molecules or
radicals) cannot be detected in the mass spectrometer.

The mass spectrum of Neopentane is shown as follows:

T setmi e

100 - -
90 - ' m/e 57
00 |
|
gt 70 |
£ e | G
c ~ |
§ 50 | | H C—(I)——CH
. ’ 41, 3 | 3
E |C.H- |
= 40 - + 3%
- | 29| C,H | | CHs
T1 30 | ! | Neopentane
20 | |
:‘ i/ }
10 | 27 'l | | 70
0 - d o7 |
20 s 60 80

—% m/e Values

T .
Fig. 7.0 Mass spectrum of Neopentane.

%] Instrumentation

'he instrument needed to produce the mass spectrum of

aFta- a.co N X .
parts: ompound consists of the following

) urc lhc first and an Important step in oby
the sample under examination. The minimum cnergy r |
g S e o Y requir
-olled ionisation potential. The common technique g

SCC

aming the mass « : o
& the-mass spectrum is to jonise

ed to 1onice apn .
1onise an atom or 3 molecule 18

I for sy :
the production of 10N in maas
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molecules generally lose one
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ions separated by
mass expose film

getron to form a parent ion radical* e
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¢ ! ,j»; i
i t, ele | 5
* ele l } 1
) ! B , ! { To
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, | Acceleration
1 1 :
i —> Potential
Repeller
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Fig. 7.2 lonisatlon of sample and acceleration of ions.é«'

A

esulT;l the followmg types of jons:

SR AR e

The bombardment of electron may r
() AB) +e — BB T
., AB'+2e (most probable)
., AB"H(nt 1).e (least probable)
__, ATtB te
N AT+BT 2e
., AB (electron capture—less probable)
ne electron from the neutral parent molecule is usually
of the parent ion takes

The energy required for rem ving o7 med, i.e. 10 fragmentation
-« around 70 eV, then additional energy 1s

10 V. With thi r
ith this much ene gy, B - nis a
tlace. B of the b"mbardmg electrol = e formation of fragment th
ut if the energy © ¢ fofi. Th . results in the forma ion of fragment ions or the
‘nsumed in fragmentmg aren even electron Of odd electron species is detected
d‘?‘“ghter ions. The posmve jon n (fra sutral MO ol dicals are left undetected.
t

n the eter wherea®
mass spectrom ositively charged ion (P
jysel he P an awcleratlon p

ecules or the ra
arent or {ragment jons) produced in the ion
otential. These ions then enter the mass

basis of their m/e ratio. The positive 10ns

l"\‘ “ ¢ an=
1 A and B. The tons are accelerated

Yamber are accelerated
“alyser, Here the fragm 1}({ “
¢ directed through 2 gli B epe l
ed by the remov | of on¢ €

eptio?

by 2 pp y e diffe rentlated

otential is dpplled betweer

ectron $INCE all organic molecules are even electron

Ton radical is form!
species without exc
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it C. Acceleration :

by applying an acceleration potential, of the order of 8 kV through e o through whop *
is applied between the plates B and C, (see Fig. 7-2): dliie: POSIBE d are separated accordine of
the analyser portion of the mass spectrometer with high velocity an & to
their m/e ratio. itive ions travel in g cj

Dempster’s mass spectrometer is used for the purpose. ,The positive lc(Lar e & is acc;lrcular
path through 180° under a magnetic field H. SuppO‘Se st lon havmf as. £ wiad
through a voltage V. Then the kinetic energy of the ions is expressed as:
lmvz o -(1)
2
where v

velocity of the ions after acceleration
V= potential applied

It may be noted that a massive ion will travel, slowly in a circular path compared to the lighter
fragment.

. o .
In a magnetic field H, any ion will experience force Hev. It produces an acceleration of v2/, in
a circular path of radius r,

",
N
AN
\ \
%
\)
-\
Accelerated l ], Collector

lons “‘“.“‘r““J

| Ampiifier i i

Spectrum
Fig. 7.3. Dempster’s mass spectrometer.

Hence, from Newton’s second law of motion

2
_ myv
Hev = " ok
Squaring both sides
2.4
Hy & = Y
”
2.2
22 _ m'y
H7e > ~(3)
1
But Emv2 = eV (from 1)
mv’ = 2 eV
Putting the value of mv? in (3)
2 2 4 ) 2
He? = - TCY or H - “‘”T'\i
r /
m _ H?
e 2V
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collector, amplified a cire N Magnet;
and recorq ular path Enetic field strength and accelerating voltage,

e .
j) Changing H ed. T of radius :
(" Changi & 1 at constant v o © Mass Spectrumr. The ions of various m/e values reach
(i) Changing V at constant ' can be obtained either by
e magnetic field is varjeq the
> 1€ Method is

canning when potential is varjeq called ma
a neti - :
t consta gnetic scanning. It is called electric voltage

mitation e Modificatior nt field strength H
The limitation in the above ingt :
1 . nstru ;

fnanslatlongl energy of ion leayi ment 1s that the resolvin < T -

mrough electric field prior to th Ing the source. The probl g power is limited by initial spread

s by placing a slt between the sloct ?problem is overcome by DA% the ions

gefined kinetic energies can b een the electrostatic and ic field effects will cause focussing o

n be th ) magnetic analysers. T i .

quch a system are called Double fl(l,s’ Se}ected prior to mass analysis.S;nsiiumgfltéoinnscgfpglr(zfrlxy

of attaining much higher resolvin cussing mass spectrometers. These instruments are capabli

fistinguish between the ions whichghpower than single focussing instruments. It is possible t0
ave the same integral mass but differ in exact masses. This

ay be possible for i
may 0¢ P r 1sotopes of elements which do not have integral masses

5N AN

A
a |
g A < B
\ ,Esf * —MA /
P £l a‘/-osta‘l\ \ Ma L ~
c® | yse' 1 gnetic f -
ey | Analy . Analyser | Co
o Slit / S/?,ctof

IS\ Sli¢

| Passage through Electrostatic and Magnetic analysers. {

S N S s

lon detector

The ions which are separated by the analyser, are detected and measured electrically or
photographically. The ions pass through the collecting slit one after the other and fall on the
detector. The spectrum is scanned by going up the scale.. The ion currents are a.mpliﬁed using a
direct current amplifier. The spectrum s recorded by using 2 fast scanning oscillograph. In t.his
type of recording, three to five records of the same€ peak are made with galvanometers having
different sensitivities.

(] Mass Spectru™

{tis a record of the ma

tioged fragments formed froﬂ?b ndance
the -pscissa whil ' 'd 1:6 gpectrum:
pear. or the most intens€ P ak
of the total ion current
: _ narent 100 .V usually re
he molecular 108 o7 P2 ith energy 10-15 ¢V usually removes one € _
The electron bombardmcﬂ esults in the formation of molecular
. ompoun bonding electron orbitals on oxygen
mol organi¢ €07
ecule of the org&™ orblwl of bond (two m-electrons) or

ion. The highest occupi® |ose on¢
and nitrogen atoms €@ ily o is asually lost
triple bond (four ﬂ—eleCtrom) L

nds
easier than that of —H bO

ces of the molecular jon and the positively

it by the electron pombardment. The nV/e ratios are taken along
I . ‘

¢ are taken along the ordinate. Base peak is the highest
Relative abundance of an jon means the percentage

relative abundan

ves one electron from the

non-
1 from double

AN electrol
onisaion of C

[n alkanes, the 1 C sigma bonds is



ELEMENTARY ORGANI 2

sample. [n the mass spectrum, it

f the spectrum. The stability of
intensity of the molecular ion
s not formed which means
[t is important to note that
Jar size In the homologous
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['he mass
portant {0 locate the molecular ion at th
ative abundance.

of the parent ion gives the molecular mass of Fhu
e high mass region O
The peak nt
s, parent ion pegk 1
gh for its detection.
molecu

s 1m
the parent (molecular) ion decides its rel
o another. In some cas€
is too hi
creases with the

differ from one compound t
that the rate of decomposition of parent jon

th‘. rate of dccomposition of the molecular jon in ! . e o detection.
series. Larger molecular ion provides more possible reaction p
+
M ¢ 5 M@ T 2e
(8)
oy
Benzene Parent ion

.+
R—O—H —— R—O—H + 2e

Parent i0n
L S e SIS \C_;i_ C/ + 2e
Parent ion

Benzene
Predict the relative abundance of the p

» CIS( arent ion in case Of (i) propane and

(if) n-pentane.
The relative abundance of the propane

The abundance of the molecular ion peak can b
fragment ions by running the spectrum at low ionisation po

molecular ion is more.
e increased with respect to the abundance of
tential, i.e., by bombarding low energy

electrons.
s follows:

rtant features of the parent ion peak

(a) The molecular ion peak in aromatic compounds is relatively much intense due to the

presence of 7-electron system.
(b) Conjugated olefines show more intense molecular ion peak as compared to the

corresponding non-conjugated olefines with the same number of unsaturation. Conjugated olefines

are more stable than the corresponding non-conjugated olefines.
(¢) Unsaturated compounds give more intense peak as compared to the saturated or the cyclic

molecule.
(d) The relative abundance of the saturated hydrocarbon is more than the corresponding
S

branched chain compound with the same number of carbon atoms. For example, the molecular ion
peak for n-pentane is more intense than that of neopentane. ’ B
(e) ?he substituent groups like — OH, — OR, — NH, etc. which lower the ionisatior
potential increase the relative abundance in case of aromatic cc;mp()uxldQ Also thE Tou ( nl];lt“w“
- . . . . . . o i ' ) s ' ‘E )
NO,, — CN etc. which increase the ionisation potential, decrease the relative abui_x’xdqrrl’s l ;tl
s ance ot the

aromatic compounds.

(/) Absc?nce‘ of molecular ion pea'k in the mass spectrum means that the compound under
examination is highly branched or tertiary alcohols. Primary and seconda AP ,urg Hpac
small molecular ion peaks. ry alcohols give very

In cas g » s
](g) case of chloro or Eromo compounds, isotope peaks are also formed )
mo ecglar ion peak. In case of bromo compounds, M" and (M" + 7)' K ned alongwith the
SR . sé6 Af @ <) peaks { in the
intensity ratio 1 : 1. In case of chloro compounds, M' and (M+ +2) r; dl," are formed in the
: eaks are formed i
in the

intensity ratio 1 : 3.
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ad Or o Nasc an o
0 npound ghe 1SS An ey, Id number of nitrogen atoms in the
petermination W that the mol ' Number of nitrogen atoms or absence of
Mecul: B ‘
}J of M0|9Cu|ar E ular mass of the compound must be even.
he MASS Spectrum ¢ ¥ l ormUIa
MOt re
Loment 1ONS) agg ] presen
» NSt their corye Vimi_u the m/e valyes of :
partic le of highest mac« Sponding 5l e o (g (USE 2 el

_ relative ;
) Ccorre ¢ abundances. T .
( straight chain by rresponds to the undances. The peak on the extreme right
. ydrocarbon, ¢ molecula  the origi
<M I') peak which NS, the abundan F el iBs prigHC s
¢ : 0 O ce . is fai ‘
 ound forms peak 1S of 9 9o, abundance ¢ of the parent ion peak is fair and 1t also
(M o S ¢ - % .
| At mie valyee ot compared to the parent peak. Consider that
qght chain alkane because fr S of 100, 85, 71, 57, 43 (100%) Clearly, it 1
(ral} ¢ agme %) etc. Clearly, 1115 @
o hydrocarbon, & peak due t—?\tnt peaks are formed 14 units a ;ft “1; case otystraight
8] '
mula of the compound can be oht (-H' IS most abundant i.e., a baseppeak Thus. a molecular
| . ‘ amed. In case ; e e N
parent pe aks m pairs which are two units o d? organic compound gives fragment as wiell
e vt of e S apart, then
(a) 1f the pair of peaks are in the intensity ratio of | - '
peaks appear in the intensi i
itensity ratio of |

ompound. - 1. then it must be a bromo

et us determine the seular f .
, ine the molecular formula of the compound from the following mass spectrum.

v
b

i e

, 100 — 29
! l
| |
© ﬂ‘ 80 —
O
= \
[\)
o
5
5| 60
< .
Q |
2 1
§ * —4'. 108 | | 110
' '. 79‘ | 8t (’\ \‘\
| | || N
o= _,___,1,4,_3,. .,,_..,,ﬂ___,_’_.i—]—- e sy i ,
S - m/e Values %
Fig. 7.5 Mass spectrum of Ethyl bromide. M;

B

. g8 S
i BRSR_
A

As the pair of peaks are of e‘}llual :tl::ﬁ]sel
ara ; he air on t ¢c

oBr and ,Br. | topthe molecular formula C,HBr. ' ' o
s angement jon peak gives an important clue in the determination

{n some cases, @ Mcla ound. For example, all straight chaip aldehydes cor'ltaining ay-
of molecular formula of the comp o 44 (MCLafferty rearrangement 1+on peak). Also 1n aldehy.des
h-:_,f::ogen atom form a base pe@ at cak) follows 2 less abundant (M- 1) peak. Let us consider
a izirly abundant M’ peak (Pareﬂ /E values at 72, 71, 44 (100%), 43, 29 etc.
4 simple mass gpectrum having “(1)/) s due 10 McLafferty rearrangement ion. This shows that it

10070
Here a signal at ¢ 44 U8 eak

‘;t 72 also accompanies M'-1 peak at 71 and hence the
: . as
s 2 straight chain$ aldehgclz CHBCHzCH2CHO'

formula of the compou?

ty, it is @ bromo compound. The isotopes of bromine
right corresponds 0 M" and (M+ + 2) peaks. The

“otrum correspond
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7.6 Mclafferty Rearrangement

It involves the migration of y-hydrogen atom followed by the cleavage of a B—bond.‘The
rearrangement leads to the elimination of neutral molecules from aldehydes, ketones, amines,
unsaturated compounds, substituted aromatic compounds etc. The rearrangement proceeds through
a sterically hindered six membered transation state. Consider a general compound (ketone).

R' H R H-. H
™~ o I 2 sght S~ +.
1 0 McLafferty :CH ﬁ (})
H Cb Cl Rearrangement q :le &: LEa .
2\/ \ 2 \\\\ /’ \R H C/ \R
CH, R CH, 2
Transition State M.R. ion

Butanal contains a y-hydrogen atom. The McLafferty rearrangement ion formed in this case
1s shown below:

®) H,C 0. OH
" o S
H,C C /C\ + CH,=CH,
p CH, H HZC/ H
o ,

Butanal m/e 44 Ethene
Butanal (MR ion) (Neutral molecule)

Similarly, a large number of organic compounds, viz. ketones, amines, alcohols, esters, acids
which contain a y-hydrogen atom forms a McLafferty rearrangement ion.

Thus, the molecular formula of the unknown compound can be determined from the various
fragment ions and also the parent ion of the mass spectrum.

More examples of McLafferty rearrangement are:

H]+ CH, )+
— 7
' CH, P
1-Pentene ?r/[n/lzig?

CH, ] +

CH ™~CH, CH==CH, ﬁHz

— >
[: ] }'ﬂ f(‘: ©/ +c

+0” Y /N
0T o, HO CH,

. m/e 58
Note. The structural requirement for this rearrangement is a side chain containing at least three

carbon atoms, the last bearing a hydrogen atom and a double bond which may be a carbonyl group,
an olefinic double bond or an aromatic system.

n-propyl benzene shows a McLafferty rearrangement ion peak in large abundance at m/e 92.

— —
H” NN g + HZC—-(’H2

M.R. ion (m/e 92)
AT . farty reafTangement-ion
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also re
ported in corta:
d'in certain ketones. The second hydrogen

iti()n_ As
€condary hydrogen is preferred to a primary

\ - n ll‘"l‘ . 1 \ r() e .h ]
y . O 1

(11) H_\'(h'()gcn tr

ansfer t
0
4-Heptanone.

H
‘l VU + .
2 ? *OH
H ,C C . /é
CH 7 N\
> CH,—CH,CH, H,C'  CH,—CH;— CH,
(M* ion) (M.R. Ton )
4-Heptanone (Enolic -
J'r()H form) .%
| (Ohs Z
C | H) 2
. / \ <—(CH2= CH,) /C
3 CH, H,C CHZ@ CH,
M.R.ion Il (Ketonic form)
m/e 58

[&3 Metastable lons or Peaks
Metastable peaks can be easily determined in a mass spectrum. Some important characteristics

of these peaks are:
(i) They do not necessarily occur at the integral m/e values

* (ii) These are much broader than the normal peaks and

(iii) These are of relatively low abundance.

r that M1+ is the parent ion and m? is the daughter

Formation of metastable ions. Conside | )
i * takes place in the source, then the daughter 1on, n7, may travel the

ion. If the reaction M, — 7, e .. " e
corded as m; 100 On the other hand, if the transition M, to m,

whole analyser region and 18 1€ . R BalE s S
oceurs after the source exisW ector, then m, is called a metgstable ion.
We know that in dddlile focussing mass spectrophotomeFer, there are two ﬁeld free regions. These
are called drift regions. The jons pass through these r.egxons after acceleration. Tbe first field free
. fers to the portion of the ion path :mmediately before the electrostatic analyser. The
oy es between electrosta

1d field free region li tic analyser and magnetic analyser.
secoi

! ‘oé’@\; e e P 4/,1,%/,@ ,
& N 2T Second Field — /~ \\‘9419@”0
2N > Free Region e e
| / /’/,/ 3 \\\ O
First Field 7 N\ .
ee Region 7\
Fr y, E
/ . T
/ A To Collector

\
ield free regions. j

and second f
e ———

A
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hrough a potential, V volts will possess kinetjc

An j ith che - ; ated t
on with charge e after being accelera y equal to eV and thys

CNergy equal to eV. Thus, all ions arriving at A will have translational energ

energy of the ion will be independent of its mass.

Now suppose the reaction, MIL - ”71+ occurs in the second field free region, then the

m : N
daughter ion (m,") will have kinetic energy equal to ;12 eV. Also the neutral particle (M; —m )
1

will have Kinetic energy equal to ———*Ml v It may be noted that the neutral particle is not

detected by the mass spectrometer. ) )

Thus, m]" ion formed in the second field free region will have less kinetic energy than it +wou.ld
have possessed if it were formed in the source. Clearly, the peak for the Qaughter ton (m; ) will
not appear at the normal position for m]+ on the mass scale. Instead, the signal (peak) appear§ at
m} IM,. Hence, we conclude that the position of the metastable peak (7*) due to the reaction
M," — m," occurring in the second field free region is such that

m* = mlz/M1 N

Important notes. 1. It is important to remember that for a reaction M, Tm,, m* (rpetastable
peak) has a distance below m, on the mass scale. The distance is approximately similar to the
distance that m, lies below M.

2. The relative abundance of the metastable peak (m*) is often of the order of 107 or less
compared to the abundance of parent or the daughter ions in 70 eV spectrum.

Consider the formation of metastable peaks in the spectrum of p-aminoanisole.
The parent (molecular) ion appears at m/e 123. Suppose the fragmentation of parent ion into
daughter ion, (due to the loss of methyl radical, i.e., loss of 15 mass units) takes place in between
the electrostatic and the magnetic analysers, i.e., in second field free region. The position of the
metastable peak can be calculated as follows:

1+ +

NH, NH,
— (CH,)
(108)
(123)
OCH, (M) o ()
The position of the metastable peak
= my 108 %108 ~ o4
M, 123 48

We see that the position ‘of metastable peak (94.8) below m,' ton (108) is
same as m, ion is below M, (123) on the mass scale which is linear.

The position of the metastable peak due to the following fra
region can also be determined.

approximately the

gmentation in the second field free
+
NH,

—CO R l,Q.
(‘Sl l()N '

' (80)
(108) G (m,) (mh)
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rhe posthion of metast: i
i “lastable peak py* 80 x 8()
J"" ))‘-' ( ();1\,(/(.’_ ’h(' ]()g\ 59.2.
s are formed. The peak mass spe

Clrum of toluene.

at > ]
ar m/e 9 IS due 1 the

Two s ind at m/
¢ a molecule of acep V0 strong peaks at m/e 91 an

A oL s du formation of tropylium cation (stable) which
° Units) to give gt ‘

ch, !t + SRR

“H, CH,

- l’l +
]
—_—— m . _(Csz) C H5
> 5
+
C-H o+ +
(Toluene ion) T M) (m)

: Benzyl Cation /e 9 m/e 65

Suppose the transition C_H_" (g + e 2l € _
“metastable peak is formed 7Tf1 ( 1)_ tlo CsHy™ (65) occurs in the second field free region, then
~' - 1€ position of the broad metastable peak is determined as:

M 65x65
Mo - 464,

A metastable peak in case of toluene appears at 46.4 in the mass spectrum.
Importance of metastable pe

m* =

| R aks. The metastable peaks in the mass spectrum greatly contribute
n structure elucidation. From the positions of the parent ion and the daughter ion, the position of

the metastable ion is calculated as above and confirmed in the spectrum under examination. In the
spectrum of toluene, the formation of less intense metastable peak at 46.4 lends weight to the
sructure of toluene. It is due to the fragmentation of C;H," ion to C;H," ion in the second field

free region. Similarly, the presence of metastable peaks at the expected positions of the suspected
compounds lends weight to its structure.

Why metastable peaks are broadened. The most likely reason for the broadening of the
metastable peak is the possibility that some of the excitation energy leading to bond capture may
be converted into additional kinetic energy.

iX] The Nitrogen Rule

Many signals (peaks) can be ruled out as possible molecular ions simply on the grounds of
reas0nab1); st%'uctural requirements. The nitrogen rule is often helpful in this regard. It states that
2 molecule of even numbered molecular mass must contain no nitrogen atom or an even

1_numbered molecu

number of nitrogen atomis. An odd numbere B C e rosen, vy, nitogen,
Nitrogen atoms. This rule holds for all compoun ’ ) ’ >
Highar and halogerts. .. yle states that the fragmentation at a single bond gives an odd
An important corollary ol I numbered molecular ion. Similarly, an even numbered ion
Numbered ion fragment from an evend molecular ion. For this corollary to hold, the fragment ion
fragment results from an 0dd numbe:eof the molecular ion. To explain the nitrogen rule, let us
must contain all the nitrogen atom’l‘he signal for molecular ion appears at m/e 123; i.e., at odd
Consider nitro-benzene (Cof_l sNO,)- mpound contains only one (odd number) nitrogen atom. Two
lumbered molecular mass smce the forme d in the mass spectrum of this compound are (i) NO," at
Important jon fragments which afgofh these fragment ions appear at even mass number.
m/e 46 and (if) NO' at m/e 30. two (even number) nitrogen atoms, say 2, 4-dinitrophenol.
Consider a compound con ars at m/e 184. The fragment ions appear at (i) M' — H) j¢..
Its molecular ion (M+) signal agpei o at m/e 155. Thus, we see that the fragment ions containing,
at m/e 183 and (ii) M - H—CO) i€ = ss number. This proves the validity of the nitrogen rule,
both the nitrogen atoms 2P

taining
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EE] General Fragmentation Modes

: ; ility of the i
The relative abundance of the fragment ion formed depends upon (i) the stability of the ion

and (ii) also the stability of the radical lost. The stability of the ion can be JUdgedbbﬁ/tStzgglzitlon
of the charge which depends upon (a) Resonance (b) Inductive effect, (c) Polarisa cli 4 (;n.
The radical site is reactive and can form a new bond. The formation of a new .bon‘ 1s a 'I;Otv)\l/erfm
driving force for ion decompositions. The energy released during bond fqnnatlon is ava(11 a §bor
the cleavage of some other bonds in the ion. Some important fragmentation modes are described
below: ’ Rond Cleavaqes

1. Simple cleavage. This process involves homolytic or R
heterolytic cleavage of a single covalent bond. The homolytic S
cleavage is initiated by a radical site.

(i) Homolytic cleavage. Odd electron ions have an unpaired
electron which is capable of new bond formation. When a bond
is formed, energy is released. The energy released by bond
formation can help offset the energy required for the cleavage
of some other bond in the ion. Homolytic cleavage reactions
are very common and can be classed in the following types:

(@) Mode L This fragmentation mode operates in compounds in which a hetero atom is singly
bonded to a carbon atom. Parent ion is formed by the removal of one electron from the hetero-
atom. A new bond is formed with the adjacent atom through the donation of the unpaired electron
and the transfer of an electron from the adjacent bond.

R—CIH—R’ — > R + R—CH=X"
X
More abundant peaks are formed by the cleavage of carbon-carbon bond which is in the o-
position to the hetero atom in the mass spectra of alcohols, amines, ethers etc.
. CH—R’
R—CH—R' —> R + +||
OH

L™ 3 —p

Hoamaoly i

Homolytic and Heterolytic

+

"OH
+

: +
R— CH,— o@ R' —> RCH,—O=CH, + R’

R—CH—R —> R + R'——CH= NHR"

* NHR”
The mass spectra of three isomeric butyl alcohols are different. Secondary and tertiary butanols
undergo this type of simple cleavage. n-Butanol undergoes elimination to give a peak at m/e 56.
Consider the cleavage in 2-Butanol (2°) and 2-Methyl-2-butanol.

—CH
CH; — CH,—CH— CHy; —— CH,— CH,— CH=O0H /e

+

" OH

59

*oH

T (I: ——CH3 + *
37 '-—CHg > CH;— C=OH m/e 59
CH,

(3%-alcohol) (’HB
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\‘.H;f ’7 \\l - ’
€N a heterg atom ;
N g -

ceferred fragment;
e P siientation mgg,

.'auachcd
to a
Carbon atom by a double bond, a-cleavage

o}l
. + .
R—C=q =k [
This type of |ragmcnlatinn is sho R\C\R' :
‘mpmmds containing C = N ¢ C\g\’n by many COmpour ) R—C=0
= grouy s such as ketones, esters, amides etc.

ificant peaks are obsery psdon .

! ed due ¢ leavage();;ho“{)thls type of fragmentation. In ketones,
¢ , . carbon-carbon bond which is alpha (o) t0
“The eliminati F o T es show ; 1ch 1 apha v~
\,losl_] aldchydes 02 of a bigger alkyl radica i;wo types of peaks since either alkyl group can
ode 11 | » esters and amides Jeq ds to hPreferred. In the same way, the fragmentation
spective Y- the cleavage of C—H, C—O and C—N bond

The presence of amino and h drox ture reduce the
h ydr r é na
ylg oups which are electron donating in t

jive abundance of acylium D
h as nitro and cyano i R—C= O) 10n. The presence of electron withdrawing substituents
i yano increase the relative abundance of the i
ion.

) Mode I11. Be i : .
(l‘eava s of & ca Ezyllc cleavage is an energetically preferred fragmentation mode. It involves
% C g rbon-carbon bond which is beta (B) to the aromatic ring.

It _g +
Tropylium

cation
_ m/e 91

Considerable stabilisation of the tropylium cation is provided by the aromatic-system. Thus,
be mass spectrum of ethyl benzene has a very intense (M."—CH,) ion at m/e 91.

(i) Heterolytic cleavage. It may be noted the cleavage of C—X (X =0, N, S, Cl) bond is
nore difficult than that of a C—C bond. In such a cleavage, the positive charge is carried by the
arbon atom and not by the hetero atom. It can be shown ‘in the fragmenta.tion of alkyl halide. In
he spectra of monohalogenated compounds, hydrocarbon ions are formed in more abundance. As
he size of the halogen atom increases, the C—X bond becomes weak. Accordingly C—X bond

‘ ; . sily broken while alkyl chlorides are less susceptible to
;ag}lq(zl:lt:;zl:lu?;sn_atﬁﬁy ;ogirl(()i;si dzrznzan_gutyl' jodide, simple cleavage 1ialtd§ (tlo the loss of ?zgig_eén
o forms. e abundant even electron ion at m/e 57. In n-butyl chlori ? cleaval%e ?m/ 561
" diéﬁcult h i Stion of HCI by 2 rearrangement procejss gives rise to 'a peak a e S6.
. Thus, elimin __0O bond Jeads to the formation of an alkyl ion rather than an

In ethers, the cleavage of € as a base peak at m/e 43. If the stability of

1 appears
tkoxy ion. In di-n-propy! ethef, p‘ropyl 10nedp§y alkyl substitution, then this fragmentation mode
bon atom 1

Fhe positive charge. at car following compoundS and their fragmentation modes.
§ preferred. Consider the fo . N
> Cl + RCH,

t g R — R" + R—CHO0
R 0— 2 jon is an example of multicentred fragmentation

volves the cleavage of two bonds of a cyclic system
i

o 1%c- . .
" 2. _Retro-Dlel.S .A of C olefines- wrated fragments in which two new bonds are formed.
ich is characteristi® of tWO stable unsa drogen transfer rearrangement. The charge can be

uted or more conjugated fragment

"*sulting in the formatio” any
le system, the charge is carried by

ot accompame tsy The more highly sub§llt
e of the fragmer™ ‘es a charge- In simp

his process is M
jal carr!
jonisation potentlal

Crried by any on
%hich has a lower
4 diene
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HCNCH

® CH,
—= > L o
CH, HQC/

The simplest rearrangement involves the transfer of
e very common in

Hvdrogen trans r rearrangement
a hydrogen atom from one part of the molecule to
mass spectrometry. These involve intramolecular .
hydrocarbons and aromatic compounds. Rearrangements 1nvo
than hydrogen are called skeletal rearrangement processes. Con

ortho position in benzoic acid prior to fragmentation.

another. These processes ar . ‘
hydrogen transfer rearran.gements in aliphaiic
lving the migration of groups heav

sider hydrogen transfer from tac

t

H\O]
0) yz
C// QC\’
N oH No—H

a six membered transition state is formed but

H

In hydrogen transfer rearrangements, generally
other transition states are also common.
x I
P g It

H,C CH,

| @0l
(<|:H2),, CH,
nCc-<H

Elimination reactions operate not only from the molecular ion but also from the fragment ion.
The positive charge generally remains on the carbon containing fragment. Alcohols usually eliminate
a molecule of water from the molecular ion. n-Butyl and n-Pentyl chlorides undergo hydrogen
chloride elimination by the abstraction of c-hydrogen atom by 1, 3 mechanism.

The elimination of ketene (CH, = C = O) is a characteristic fragmentation mode of n-alkyl
amides and O-acetates of phenols.

1 +
(O-fug=o —{ Ot e meme—o
H .
7

CH,

! T
QOQ:O ’@‘OH+H2C=C=O
CH,
HA

In ortho, substituted aromatic compounds or in cis olefines, the substituent and a hydrogen
atom can come in close proximity so as to eliminate a neutral molecule

+ HX

| .

O:/C\C OCH, (:E(‘: o)
oy P + CH,0H
o e B
CH -

CHyve ) ;
= ( ) hTOH |
~"<cn,~H T + H0
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HC ) \” 3.
I = e
HC_ .
\(‘/()('H; T HC‘ + CH,OH
|
O e #°

quch an elimination distinpyichac ¢

_nd from meta and guishes () betWeen ci ; .. ) d
jpoun¢ and para substiyeq is S and trans isomers and (i) ortho substitute
4. MclLa ffer [\ rearr omers.

‘angement iop. Th:
owed by @ Y-hydrogen tra This rearrangement involves the cleavage of a B-bond
s, see page 277).

nSfer. The . X
mechanism Involves a six membered transition state (For

mportant
m] Imp Features of the Mass Spectra of Hydrocarbons
(@) Alkanes (saturated hy

drocarbons). § '
S). Do f
alkanes are as follows: me 1mportant features of the mass spectra O

) The relati i '
(i) ative height of the parent peak decreases as the molecular mass increases in
the homologous series.
(i) Groups of peaks in the mass spectrum are observed 14 mass units apart. The most
abundant peaks correspond to C, HY | ion.

(iii)
(iv)
(v)

The most intense peaks are due to C, and C, ions at m/e 43 and m/e 57 respectively.
There is no preferred charge stabilisation site to favour any specific cleavage.

The pfaks corresponding to C H,, ,, ions are also accompanied by C, H,, and
C, H,, ,1ons in much less abundance.

The mass spectrum of dodecane (C,,H,) is shown below:

100 { -

90 - c f_{‘i 479 | CHg (CHy)1CHg
§ 80 - 37 Dodecane
S 70 -
S an )
_<Q( 60 71 N
© 50- CsH11
E 40- 35H+
e 30 - 29 613

10 A | [ll‘ il . 1 o L ;

50 40 60 80 100 120 140 160 180 i
——» m/e Values
Fig. 7.7

- that relative abundance of the ion (fragment ion) formed depends
u It is very important t(; n‘_)t; formed and also (ii) the stability of the radical which is lost.
Pon the (j) stability of the 10

ati as the order
Note. The stability of the carbocation has the

iyl i rimary -~ | |
allyhc>temary> secondary ~ P bt chain since it allows greater dispersal of the odd electron
i s gt 2 Stralfgodd clectron, greater is the stability of the free radical. n-buty|
e diSperSal Otable than n-pmpyl free radical. Greater the stability, easier the
i i e S
free radical is mor

formation.

methyl. The stability of the free radical lost depends upon:
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b s of fragmentation and elimination processes g .
this rule. Taes fou examaple, the fagmentatons nomally ocey,
most stable possible cations and tert-butyl ¢ tion of tert-b r:lalss SPectmm
gives a large peak at m/z = 57 due to the format;lo ! ert utyl catio,, !
charge easily ends up on tert-cation than on p ce neganvé Chloy
(Scheme 6.2). The M*" from cyclohexene UnAergoes a retro Dieg_

. : .
reaction (Scheme 6.2, see also Scheme 6.7 and Fig. -6-17) to give C 4H;j
C,H, in preference to C,;Hs + C;Hj™ since the lonisation energy o L3,

butadiene is 9 eV and that of ethylene is 10 V. It must _however, be admjt.
ted that predicting fragmentation is not always that straightforwarq Dugt,
high energy which is available plenty of bond cleavage may occur. Regy,
rangements are also common, particularly when 2 stable ion can b
reached e.g., toluene gives tropylium ion (e.g., see Figs. 6.18 and 6.19)

64 DETECTION OF THE ISOTOPES OF THE ELEMENTS AN
THE RECOGNITION OF MOLECULAR ION PEAK — USE of
HEAVIER ISOTOPE PEAKS

Mass spectra often contain peaks of significant intensity that are attributeq
to the presence of isotopes. Two of these are called the M + 1 and M +2
peaks, where M is the mass of the parent ion (M* ") and 1 and 2 represent

mass increases due to the heavier isotopes of 1 or 2 mass units. Thus, the
M™" peak is not the peak of highest m/z value. The molecular ion peak,

therefore, must be of largest mass in the spectrum, apart from the natural
isotope peaks due to the presence of *C, etc. Most elements occur natu-

rally as severa! 1sotopes and generally the lightest of these predominates
while the heavier ones occur to lesser cxtent. In Table 6.2 the percentages

- . +
Element M M+ | M+2
hydrogcen 'H 100.0%
: 12
carbon L 98.9¢9 13
' o 289% C (1.1%
nitrogen 99.6¢ 15 ’
5 6% N 0.4%
oxygen 0 99.8%, 156 0.2%
32
S
sulfut 5 95.0% g 0.8% g 4.2%
chlorinc 79C| 75.5%, 301 24.5%
brominc Br 50.5% 9
L 127 ’ *'Br 49.5%
iodinc 1 100.0%,
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‘he mass spe :

{l h(; alswilar lf)o r‘i:lmfg.Ofmetha.ne (Fig. 6.2) is shown in both bar graph as
well as which explains some of these points. The most intense
peak (the base peak) represents the molecular ion (m/z 1.6)

G u.nusual fegtum found in the mass spectra of typicz.ﬂ organic com-
pounds, 15 found, in the spectrum of methane as well (Scheme 6.3). This
fcatgrg 1S the presence of a small (1.1 per cent) monoisotopic peak m/z =
17; it is designated (M + 1) or (M*"+1) . How is it possible to have a mole-

cular ion present that has an extra mass unit ? The answer lies in the fact

that carbon is not isotopically pure. About 1.1 per cent of natural carbon 18

the 1C isotope (Table 6.2), giving rise to the additional peak.
fragment results from molecular ion that contains a *C instead of
Thus in the mass spectrum of methane the m

intensity of the m/z = 16 peak.

Hydrogen, too, has a naturally occ
with about 0.015 per cent abundance.
deuterium is normally ignored when mass spec
The probability of finding two 13C atoms in a
that M + 2 peaks due to the
Thus for most compounds the
pounds containing chlorine bro
substantial. Whereas fluorine a

CH, + e —» [CH,]" + 2?/—
M+' m/z 16

(CH,' —» CH;" + H -/
m/z 15

[CH,]" —» CH;* + H*/

m/z 1
J

CH;* —» [CH;,]’f + H-
m/z 14

[CH,)'—» CH* + H’
m/z 13

CH+—p [C]T + H
m/z 12

+
(CH,]} —» CH, + [Hz]
m/z2

/z = 17 peak has 1.1% of the

urring higher isotope; deuterium,
This proportion is SO small that
tral patterns are considered.
typical molecule is so low

carbon isotope are often not important.
M + 2 peak is small, however, for com-
mine or sulphur the M +2 isotopic peak is
nd iodine are isotopically pure, chlorine

The most intense (the base peak) is the
molecularionM** m/z=16.

The peaks at m/z =15, 14, 13 and 12
arise by the successive losses of
hydrogen atoms.

The small peak at m/z =17 is the (M**+1)
peak which is shown by methane
molecules which contain “C.

The first C-H bond is cleaved readily to
give the peak at m/z = 15 which is 86% of
the abundance of the molecular ion.

The breaking of additional C-H bonds is
more difficult and relative abundances of
the species as shown by the height of the
peaks is a good indication of their relative
formation.

Often an ion may eject an jonized
hydrogen molecule to give a weak
peak at m/z=2.

The [M + 1]
l2c_

.

Fragmentation of
Methane in the Mass
Spectrometer

Scheme 6.3

-
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© ey Reli

© - m/z ative

LL]100 - i g é /——%
2 i 1 04
= = s 02
% L 8% 12 238
g 80 g 9 13 8.0
‘ - 14 16.0
E a0} 2P 15 86.0
™ 16 100.0
20 - M? + 1 peak (47 1.11

% . A .*, at miz 17 |

(¢ R | T
o 5 10 15 20 Tabular form
m/z
Bar graph

The mass spectrum of methane
Fig. 6.2

and bromine are not, therefore, e.g., compounds containing one bromine
atom display in their mass spectra pairs of peak of roughly equal intensity
separated by two mass units. This is due to almost equal abundance of the
two isotopes, i.e., 1:1 mixture of ”Br and *'Br (Table 6.2). As a conse-
quence, the mass spectrum of, e.g., methyl bromide (Fig. 6.3, compared
with that of methane) shows two very intense peaks at m/z 94 and 96 which
are theM™" and M + 2 peaks (in fact one should say that the mass spectrum
shows two molecular ions).

By the same token, the spectra of monochloroalkanes show two mole-

cular ions, two mass, units apart for R*CJ and R¥C], but in this case in?
3:1 ratio; because of the dj

fferent isotopic ¢ ition of this elemer!
(Fig. 6.3a). pic composition o

The characteristic doublets 0
pounds containing chlorine
diagnosing the presence of
per cent) of the S jsot
of sulphur containing

bserved in the mass spectra of CO”];.
and bromine are an excellent way ©
these elements. Similarly, the contribution th

Opetothe M + 2 peak, is of help in the idemiﬁcatio”
¢ompounds.

lodine i :

in th: S}l)r:::tlrsl;zc?[‘iriléssld by the presence of the iodonium ion I*, at 7/ 12;
. L 1 1 .o +) 0d

in the spectrum corrasmn.. s O 0Ied with a characteristic 127 (unit) &

With no sulfur, chlor; bromine 13’

:iﬁglllrhfhz Il\/lpiazk andkap “Ven smaller M + 5 p;::k (I); lango(r)rrlpound contam;

the M** peak. If cgfc?rinlz et than the M + | pea;k — about 4 per a Oc
' IS . [

as the M™" peak. If b present, the M + peak is about a third s Iqrit

Present, the M+ and M + 2 jons have @
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Alkyl halide T
- .
100 ] CH, _79Br‘f
80 |- 2 94 [:> CH’—Ng}t
] M* <:] m/z 96
‘2 60:— CH;* 81Br: + M? je.,a
= P
240 m/z 15 m/z 81 M
ool 79B:r:+ {}
B m/z79 |L
0 11'1'1'1'1'1'1
20 40 /7 60 80 100

methyl bromide

CH, "791:3:1'3 —y CH, —'793:{‘: CH, _—81]:3:1-; - °-' 'CH, __31}:3:;

m/’_ﬂ m/z 96
»e + .o ‘+
CH;JC’; Br:— ° CH, ™Br
m/z 94 m/z79
CH, 71 Br" —» CH D:Io
m/z 96 m/z 81
o + not charged, does not
CH,<Br- —» CH, :Br <:jappe:r ingthe mass spectrum

m/z94 orm/z 96 m/z15 bromine atom

Fig. 6.3

100 — . [—
i *Im 3 & — 1. Most distinctive M+2 peaks appear
80~ O 5 G | when bromine of chlorine is present in 3
A g molecule.
N T 3:ff’ g — | 2. With the presence oggbromine half of
J N O V oz | the molecules contain Br and half
40 - & & =, | #'gr . A pair of peaks with almost same
g r k i :L intensity appear separated by two
. r mass units. ,
é '§ E 3. With chlorine 3507C=3/1, the M+2
0 t peak is about a third as large as the M+
20 % 60 | peak. |

Mass spectrum of methyl chloride

Fig. 6.3a
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