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Preface

The ongoing success of the earlier versions of this book motivated us to prepare
a new edition. While modern techniques of nuclear magnetic resonance spectros-
copy and mass spectrometry have changed the ways of data acquisition and greatly
extended the capabilities of these methods, the basic parameters, such as chemical
shifts, coupling constants, and fragmentation pathways remain the same. However,
since the amount and quality of available data has considerably increased over the
years, we decided to prepare a significantly revised manuscript. It follows the same
basic concepts, i.e., it provides a representative, albeit limited set of reference data
for the interpretation of I3C NMR, 'H NMR, IR, mass, and UV/Vis spectra. We also
added a new chapter with reference data for !°F and 3P NMR spectroscopy and, in
the chapter on infrared spectroscopy, we newly refer to important Raman bands.

Since operating systems of computers become outdated much faster than printed
media, we decided against providing a compact disk with this new edition. The
limited versions of the NMR spectra estimation programs can be downloaded from
the home page of the developing company (www.upstream.ch/support/book_down-
loads.html).

We thank numerous colleagues who helped us in many different ways to com-
plete the manuscript. We are particularly indebted to Dr. Dorothée Wegmann for her
expertise with which she eliminated many errors and inconsistencies of the earlier
versions. Special thanks are due to Prof. Wolfgang Robien for providing us with
reference data from his outstanding !3C NMR database, CSEARCH. Another high-
quality source of information was the Spectral Database System of the National
Institute of Advanced Industrial Science and Technology (http://riodbO1 .ibase.aist.
g0.jp/sdbs/), Tsukuba, Ibaraki (Japan).

In spite of great efforts and many checks to eliminate errors, it is likely that some
mistakes or inconsistencies remain. We would like to encourage our readers to con-
tact us with comments and suggestions under one of the following addresses: Prof.
Ern6 Pretsch, Institute of Biogeochemistry and Pollutant Dynamics, ETH Ziirich,
CH-8092 Ziirich, Switzerland, e-mail: pretsche @ethz.ch, Prof. Philippe Biihlmann,
Department of Chemistry, University of Minnesota, 207 Pleasant St. SE, Minne-
apolis, MN 55455, USA, e-mail: buhlmann@umn.edu, or Dr. Martin Badertscher,
Laboratory of Organic Chemistry, ETH Ziirich, CH-8093 Ziirich, Switzerland,
e-mail: badertscher@org.chem.ethz.ch.

Ziirich and Minneapolis, November 2008
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1 Introduction

1.1 Scope and Organization

The present data collection is intended to serve as an aid in the interpretation of
molecular spectra for the elucidation and confirmation of the structure of organic
compounds. It consists of reference data, spectra, and empirical correlations from
IH, 13C, I9F, and 3!P nuclear magnetic resonance (NMR), infrared (IR), mass, and
ultraviolet—visible (UV/Vis) spectroscopy. It is to be viewed as a supplement to
textbooks and specific reference works dealing with these spectroscopic techniques.
The use of this book to interpret spectra only requires the knowledge of basic prin-
ciples of the techniques, but its content is structured in a way that it will serve as a
reference book also to specialists.

Chapters 2 and 3 contain Summary Tables and Combined Tables of the most
relevant spectral characteristics of structural elements. While Chapter 2 is orga-
nized according to the different spectroscopic methods, Chapter 3 for each class
of structural elements supplies spectroscopic information obtained with various
techniques. These two chapters should assist users less familiar with spectra inter-
pretation to identify the classes of structural elements present in samples of their
interest. The four chapters with data from 13C NMR, 'H NMR, IR spectroscopy,
and mass spectrometry are ordered in the same manner by compound types. These
cover the various carbon skeletons (alkyl, alkenyl, alkynyl, alicyclic, aromatic, and
heteroaromatic), the most important substituents (halogen, single-bonded oxygen,
nitrogen, sulfur, and carbonyl), and some specific compound classes (miscellaneous
compounds and natural products). Finally, a spectra collection of common solvents,
auxiliary compounds (such as matrix materials and references), and commonly
found impurities is provided with each method. Not only the strictly analogous
order of the data but also the optical marks on the edge of the pages help fast cross-
referencing between the various spectroscopic techniques. Because their data sets
are less comprehensive, the chapters on 19F and 3P NMR and UV/Vis are organized
somewhat differently. Although currently UV/Vis spectroscopy is only marginally
relevant to structure elucidation, its importance might increase by the advent of
high-throughput analyses. Also, the reference data presented in the UV/Vis chapter
are useful in connection with optical sensors and the widely applied UV/Vis detec-
tors in chromatography and electrophoresis.

Since a great part of the tabulated data either comes from our own measurements
or is based on a large body of literature data, comprehensive references to published
sources are not included. Whenever possible, the data refer to conventional modes
and conditions of measurement. For example, unless the solvent is indicated, the
NMR chemical shifts were normally determined with deuterochloroform. Likewise,
the IR spectra were measured using solvents of low polarity, such as chloroform or
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carbon disulfide. Mass spectral data were recorded with electron impact ionization
at 70 eV.

While retaining the basic structure of the previous editions, numerous reference
entries have been updated and new entries have been added. Altogether, about 20%
of the data is new. The chapter on !°F and 3P NMR is entirely new, and the section
on IR spectroscopy now includes references to important Raman bands.
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1.2 Abbreviations and Symbols

al

alk
alken
ar

TFA
THF
TMS
vic

aliphatic

alkyl

alkenyl

aromatic

asymmetric

axial

combination vibration
doublet

IR: deformation vibration
NMR: chemical shift
1,1-difluoro-1-(trimethylsilyl)methylphosphonic acid
dimethyl sulfoxide
equatorial

molar absorptivity
fragment

skeletal vibration
geminal

halogen

in plane vibration
coupling constant
liquid

molecular radical ion
mass to charge ratio
wavenumber

out of plane vibration
shoulder

stretching vibration
symmetric
trifluoroacetic acid
tetrahydrofuran
tetramethylsilane
vicinal
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2.1 General Tables

2.1.1 Calculation of the Number of Double Bond Equivalents from
the Molecular Formula

General Equation
double bond equivalents = 1 + %2 ¥n; (v; - 2)

n;: number of atoms of element i in molecular formula
v;: formal valence of element i

Short Cut

For compounds containing only C, H, O, N, S, and halogens, the following steps
permit a quick and simple calculation of the number of double bond equivalents:

1. O and divalent S are deleted from the molecular formula

2. Halogens are replaced by hydrogen

3. Trivalent N is replaced by CH

4. The resulting hydrocarbon, C_ H,, is compared with the saturated hydrocar-
bon, C H,, ,,. Each double bond equivalent reduces the number of hydrogen
atoms by 2:

double bond equivalents =% (2 n + 2 —x)
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2.1.2 Properties of Selected Nuclei

Isotope Natural Spin Frequency Relative Relative  Electric
abundance quantum [MHz] at sensitivity sensitivity quadrupole
[%] number,I 2.35Tesla of nucleus atnatural moment
abundance [e x 10-24
cm?]
'H 99.985 12 1000 1 1
’H 0.015 1 154 9.6x103 1.5x10°  2.8x1073
H 0.000 1/2 1067 12 0
10 19.58 3 10.7 20x102  39x103  74x102
1ig 80.42 3/2 32.1 1.6x101  13x10°!  3.6x1072
13¢c 1.108 12 25.1  1.6x102 1.8x10*
14N 99.635 1 73 10x103  1.0x103  1.9x102
I5N 0.365 12 10.1 1.0x103  3.8x10°
170 0.037 52 13.6 29x102  1.1x10°5 -2.6x102
19 100.000 12 94.1  83x10!  8.3x10!
3p 100.000 12 40.5 6.6x102  6.6x102
333 0.76 32 7.6 2.3x103  1.7x10°  -6.4x102
1178n 7.61 172 35.6 45%x102  34x103
1198 8.58 12 373 52x102  4.4x1073
195p¢ 33.8 12 21.5 99x103  3.4x1073
199Hg 16.84 12 17.8 5.7x103  9.5x104

207ph 22.6 1/2 20.9 9.2x103  2.1x10*
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2.2 13C NMR Spectroscopy

Summary of the Regions of Chemical Shifts, é (in ppm), for Carbon Atoms in
Various Chemical Environments (carbon atoms are specified as follows: Q for
CH;, T for CH,, D for CH, and S for C)

240 220 200 180 160 140 120 100 80 60 40 20 Oppm

H3C—C:~ H3C“é:X H3C‘CEX

H;C-S—

~C-CHy-C-

~Echs

SC.pupr /!
=c-CH ¢

H;C-COX; X: C,0O,N

—C=C—

CH,Cl

=Corry o
ZCCHS

H:C-N”
AN

=C.aC=
EC'c‘CE

~C-CH,COX: X: C,0.N

ig:CHcox; X:C,0,N

;C\c,COX; X:C,ON
=C" T C=

H3C*0~

=C.A-NZ
EC’C‘CE

=Coppr
ZoeHl

H;C-NO,

240 220 200 180 160 140 120 100 80 60 40 20 Oppm
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240 220 200 180 160 140 120 100 89 60 40 20 Oppm

—C-CHy-O-

=Coppr
ZCHO

~C-CH,~NO,

.Cl
C=

=C.
\C,c

=C-cH-No,

=C’
-0O—

=C.
ECVC\CE

=C...NO,
=cCc=

H\ ~
e=cl

X\i .
N /C*H; X: any substituent

>c=c

.O—
0—

ple

<\— /C~X; X: any substituent

~=CX
N C X:any substituent
el

—C=N
= X
N, X: any substituent
! '
C= .0O—
>C=N >C=N

o,B-unsat. COX; X: O, N, Cl

o,B-unsat. COOH

~C-COX: X: O,N,Cl

—C-COOH

o,B-unsat. COH

~C-CSX: X: O.N

N
o,fB-unsat. €=0
7

~C-CHO

=Cipm_
= €0

=C.p_
=c €S

240 220 200 180 160 140 120 100 80 60 40 20 0 ppm
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13C Chemical Shifts of Carbonyl Groups (d in ppm)

R R-CHO R-COCH; R-COOH R-COO~
-H 197.0 200.5 166.3 171.3
—-CHj 200.5 206.7 176.9 182.6
—-CH,CH, 202.7 207.6 180.4 185.1
—-CH(CHy), 204.6 211.8 184.1

—C(CHjy); 205.6 2135 1859 188.6
-n-CgH 4 202.6 207.9 180.7 183.1
—-CH,CI 1933 200.1 173.7 1759
—-CHCl, 193.6 170.4 171.8
-CCl, 176.9 186.3 167.1 167.6
—cyclohexyl 204.7 2094 182.1 1854
-CH=CH, 1944 197.5 171.7 174.5
—-C=CH 176.8 183.6 156.5

—phenyl 1920 196.9 172.6 177.6
R R-CHO R-COCH; R-COOH R-COO~
-H 161.6 167.6 158.5

—-CHj 171.3 1734 167.4 1704
—-CH,CH, 1733 1772 170.3 174.7
—-CH(CHy), 1774 172.8 178.0
—C(CHjy); 178.8 180.9 173.9 180.3
-n-CgH 4 1744 176.3 169.4 173.8
—-CH,Cl 167.8 168.3 162.1 167.7
—-CHCl, 165.1 157.6 165.5
-CCl4 162.5 154.1

—cyclohexyl 1753 1773 176.3
-CH=CH, 166.5 168.3 165.6
—-C=CH 1534

—phenyl 166.8 169.7 162.8 168.0




10

2 Summary Tables

2.3 'H NMR Spectroscopy

Summary of the Regions of Chemical Shifts, d (in ppm), for Hydrogen Atoms

in Various Chemical Environments

1413121110 9 8 7 6 5 4 3 2 1 Oppm
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H
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HoCl ™
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1413121 10 9 8 7 6 5 4 3 2
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0 ppm
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14 13121 10 9 8 7 6 5 4 3 2

1

0 ppm
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HClg_
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QCHZ—Q

heteroaromatic NH
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2.4 IR Spectroscopy

Summary of the Most Important IR Absorption Bands (V in cm1)
35‘00 ‘ 3090 ‘ 2590 ‘ 2000 1500 1000 500 cm™!
N—H, R—H st — -
=C—H st T
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-C—H st I:.:]
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]
I
]

X=Y=Z st
P—H st
Si—H st
C=0st
C=N st
C=C st
N=0 st
NO, st
N—H &
B—O st
C—N st
C—F st
S=0 st
C—O st
P=0 st
C=S st
P—O st
N—O st
:C—H 3§
COOH § I
S—O st -

3500 3000 2500 2000 1500 1000 500 cm’"
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Summary of IR Absorption Bands of Carbonyl Groups (v in cm1)
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2.5 Mass Spectrometry

2.5.1 Average Masses of Naturally Occurring Elements with Masses
and Representative Relative Abundances of Isotopes [1-3]

Element Element
Isotope Mass Abundance  Isotope Mass Abundance
H 1.007944%  (in water) F 18.998403

'H 1.007825  100¢ 19 18.998403 100

2H 2014102 00115

Ne 20.1797¢ (in air)

He 4.0026024 (in air) 20Ne 19.992440  100¢

3He 3.016029 0.000134 2INe 20.993847 0.38

4He 4002603 100 22Ne 21991385  10.22
Li 6.9414 Na 22.989769

6Lj 6.015123 8.214 23Na 22989769 100

TLj 7016005 100

Mg 243050

Be 9012182 24Mg 23985042 100

9Be 9012182 100 Mg 24985837  12.66

26Mg 25982593  13.94

B 10.811¢

10 10012937  24.8¢ Al 26.981538

1B 11.009305 100 27A1 26.981538 100
C 12.01074 Si 28.0855¢

12¢ 12.000000 100 288 27976927 100

3¢ 13.003355 1.08 298i 28.976495 5.080

30si 29.973770 3.353

N 14.00674

14N 14.003074 100 P 30.973762

ISN 15.000109 0.365 3p 30973762 100
0) 15.99944 S 32.0654

160 15.994915 100 328 31.972071  100¢

170 16.999132 0.038 338 32.971459 0.79

6] 17.999161 0.205 348 33.967867 447

363 35.967081 0.01
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Element Element
Isotope Mass Abundance Isotope Mass Abundance
Cl 35.453 Cr 51.9961
35¢1 34968853  100°¢ 50Cr 49946044 5.186
3¢y 36.965903 320 52Cy 51.940508 100
53Cr 52.940649  11.339
Ar 39.9482 (in air) S4Cr 53.938880 2.823
36Ar 35.967545 0.3379
38Ar 37.962732 0.0635 Mn 54.938045
40Ar 39.962383 100 5Mn 54938045 100
K 39.0983 Fe 55.845
39K 38.963707 100 54Fe 53.939611 6.370
40K 39.963998 0.0125 S56Fe 55.934938 100
41K 40.961826 72167 5TFe 56.935394 2.309
S58Fe 57.933276 0.307
Ca 40.078
40Ca 39.962591 100 Co 58.933195
42Ca 41.958618 0.667 9Co 58.933195 100
43Ca 42958767 0.139
44Ca 43.955482 2.152 Ni 58.6934
46Ca 45.953693 0.004 58Ni 57.935343 100
48Ca 47.952534 0.193 ONi 59.930786  38.5198
6INj 60.931056 1.6744
Sc 44955912 62Nj 61.928345 5.3388
458¢ 44955912 100 O4Ni 63.927966 1.3596
Ti 47 867 Cu 63.546¢
46Tj 45952632  11.19 63Cu 62.929598 100
474 46951763  10.09 65Cu 64927790 4461
48Tj 47947946 100
49T 48.947870 7.34 Zn 65.409
50Ti 49.944791 703 647Zn 63.929142 100
667n 65926033  57.96
A% 50.9415 67Zn 66.927127 8.49
S0y 49.947159 0.251 687n 67.924844 3941

Sty 50.943960 100 70Zn 69.925319 1.31
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Element Element
Isotope Mass Abundance  Isotope Mass Abundance
Ga 69.723 Rb 85.4678
9Ga 68.925574  100° 85Rb 84911790 100
71Ga 70.924701  66.36 87Rb 86.909181  38.56
Ge 72.64 Sr 87.624
0Ge 69.924247  55.50 845y 83.913425 0.68
2Ge 71922076 7437 865y 85.909260  11.94
3Ge 72923459  21.13 87Sr 86.908877 8.48
T4Ge 73921178 100 885y 87.905612 100
76Ge 75921403  21.32
Y 88.905848
As 74.921597 89y 88.905848 100
T5As 74921597 100
Zr 91.224
Se 78.96 907 89.904704 100
74Se 73.922476 1.79 Nzr 90.905646  21.81
76Se 75919214  18.89 927r 91.905041 3333
77Se 76919914  15.38 947r 93906315  33.78
788e 77917309 4791 967r 95.908273 544
80Se 79916521 100
82Se 81916699  17.60 Nb 92.906378
93Nb 92.906378 100
Br 79.904
T9Br 78.918337 100 Mo 95.94
81Br 80916291  97.28 9ZMo 91906811  61.06
949Mo  93.905088  38.16
Kr 83.798 (in air) 9SMo 94905842  65.72
8Kr 77.920382 0.623¢ 96Mo 95904680  68.95
80K r 79.916379 4011 9Mo  96.906022  39.52
82Ky 81.913484  20.343 98Mo 97.905408 100
83Kr 82914136  20.180 100Mo 99907477  39.98

84K ¢ 83911507 100
86K ¢ 85.910611 30.321
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Element Element
Isotope Mass Abundance  Isotope Mass Abundance
Ru 101.07 In 114.818
96Ru 95907598  17.56 131n  112.904058 4.48
98Ru 97.905287 5.93 USIn 114.903878 100
99Ru 98.905939  40.44
100Ry 99904220  39.94 Sn 118.710
10IRy  100.905582  54.07 128y 111.904818 298
102Ry  101.904349 100 1148y 113.902779 203
104Ru  103.905433  59.02 115Sn  114.903342 1.04
116sn 115901741  44.63
Rh 102.905504 178n 116902952  23.57
103Rh  102.905504 100 118Sn 117901603  74.34
119sn  118.903309  26.37
Pd 106.42 1206n  119.902195 100
102p4  101.905609 3.73 1226n 121903439 1421
104pd  103.904036  40.76 12480 123905274  17.77
105pd  104.905085  81.71
106pd  105.903486 100 Sb 121.760
108pd  107.903892  96.82 121Sh  120.903816 100
10pd  109.905153  42.88 1238b 122904214  74.79
Ag 107.8682 Te 127.60
107Ag  106.905097 100 120Te  119.904020 0.26
109Ag  108.904752  92.90 122Te  121.903044 748
123Te  122.904270 261
Cd 112411 124Te 123902818 1391
106Ccd  105.906459 435 125Te 124904431  20.75
108Cd  107.904184 3.10 126Te 125903312  55.28
10cd  109.903002 4347 128Te 127904463  93.13
Hlcd 110904178  44.55 130Te 129906224 100
12cd 111902758  83.99
13Cd 112904402 4253 I 126.904473
14cd  113.903359 100 1271 126.904473 100
16Ccd 115904756  26.07
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Element Element
Isotope Mass Abundance  Isotope Mass Abundance
Xe 131.293 Nd 144242
124xe  123.905893 0.354¢ 142Nd 141907723 100
126Xe  125.904274 0.330 143Nd 142909815 449
128Xe  127.903531 7.099 144Nd 143910087 875
129%e 128904779  98.112 145Nd 144912574 305
130Xe 129903508  15.129 146Nd 145913117 632
131Xe  130.905082  78.906 148Nd 147916893 210
132Xe  131.904154 100 I50Nd 149920891 206
134Xe 133905395  38.782
136Xe 135907219 32916 Sm 150.36
1449m 143911999 1148
Cs 132.905452 147Sm 146914898  56.04
133Ccs 132905452 100 148Sm 147914823  42.02
1499m 148917185  51.66
Ba 137.327 150Sm 149917276  27.59
130Ba  129.906321 0.148 1526m 151919732 100
132Ba 131.905061 0.141 154Sm  153.922209  85.05
134Ba  133.904508 3371
135Ba  134.905689 9.194 Eu 151.964
136Ba 135904576  10.954 ISTEy  150.919850  91.61
137Ba 136.905827  15.666 IS3Ey  152.921230 100
138Ba  137.905247 100
Gd 15725
La 138.90547 152Gd  151.919791 0.81
1382 137907112 0.090 154Gd  153.920866 8.78
139La  138.906353 100 155Gd 154922622 5958
156Gd 155922123  82.41
Ce 140.116 157Gd  156.923960  63.00
136Ce 135907172 0.209 158Gd  157.924104 100
1383Ce  137.905991 0.284 160Gd  159.927054  88.00
140Ce  139.905439 100
142Ce 141909244  12.565 Tb 158.925347
159Tb  158.925347 100
Pr 140.907653
l41pr 140907653 100
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Element Element
Isotope Mass Abundance  Isotope Mass Abundance
Dy 162.500 Hf 178.49
156py  155.924283 0.20 I740f  173.940046 0.46
158Dy 157.924409 0.34 I7T6Hf  175.941409  14.99
160Dy 159.925198 8.24 I77THf  176.943221  53.02
16Ipy  160.926933  66.84 I8Hf 177943699  77.77
162Dy 161.926798  90.15 I799f  178.944816  38.83
163Dy 162928731  88.10 I80Hf  179.946550 100
164Dy 163.929175 100
Ta 180.94788
Ho 164.930322 180Ta  179.947465 0.012
165Ho  164.930322 100 181Ta  180.947996 100
Er 167.259 w 183.84
162Er  161.928778 0.41 180w 179.946704 0.39
1645 163.929200 4.78 182y 181.948204  86.49
166 165.930293 100 183w 182.950223  46.70
167Er  166.932048  68.26 184y 183.950931 100.0
168Er  167.932370  80.52 186w 185954364  92.79
IT0Er  169.935464  44.50
Re 186.207
Tm 168.934213 185Re  184.952955  59.74
19Tm  168.934213 100 187Re  186.955753 100
Yb 173.04 Os 190.23
168yb  167.933897 041 18405 183.952489 0.05
170yh  169.934762 9.55 18605 185.953838 3.90
Tlyb 170936326  44.86 18705 186.955751 481
172yb 171936382  68.58 1880s  187.955838 3247
I73yb 172938211  50.68 1890s  188.958148  39.60
174yp  173.938862 100 1900s  189.958447  64.39
176yp 175942572 40.09 19205 191.961481 100
Lu 174.967 Ir 192217
175Lu 174940772 100 Ol 190960594  59.49

176y 175.942686 2.66 1931y 192.962926  100.0
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Element Element
Isotope Mass Abundance  Isotope Mass Abundance
Pt 195.084 Tl 204.3833
190pt  189.959932 0.041 203T]  202.972344  41.88
192p¢  191.961038 2311 205T1 204974428 100
194p¢ 193.962680 97.443
195p¢ 194964791 100 Pb 207.24
196p¢ 195.964952 74.610 204ph  203.973044 2.7
198p¢ 197.967893 21.172 206pp  205.974465 46.0
207pp  206.975897 422
Au 196.966569 208pp  207.976653 100
197Au  196.966569 100
Bi 208.980399
Hg 200.59 209Bi  208.980399 100
196Hg  195.965833 0.50
198Hg  197.966769 33.39 Th 232.038055
199Hg  198.968280 56.50 232Th  232.038055 100
200Hg  199.968326 77.36
201Hg  200.970302 44.14 U 238.02891
202Hg  201.970643 100 24y 234.040952 0.0054¢
204Hg  203.973494 23.01 235y 235.043930 0.7257
238y 238.050788 100

@ Natural variations in the isotopic composition of terrestrial materials do not allow
to give a more precise value.

b The mole ratio of 2H in hydrogen from gas cylinders was reported to be as low as
0.000032.

¢ Commercially available materials may have substantially different isotopic
compositions if they were subjected to undisclosed or inadvertent isotopic
fractionation.

d Materials depleted in ©Li are commercial sources of laboratory shelf reagents and
are known to have °Li abundances in the range of 2.0007—7.672 atom percent,
with natural materials at the higher end of this range. Average atomic masses
vary between 6.939 and 6.996; if a more accurate value is required, it must be
determined for the specific material.

¢ Materials depleted in 235U are commercial sources of laboratory shelf reagents.
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2.5.2 Ranges of Natural Isotope Abundances of Selected Elements [3]

Element Range  Element Range  Element Range
Isotope [atom %]  Isotope [atom %]  Isotope [atom %]
H Si Sr
TH  99.9816-99.9974 285j 92.205-92.241 84Sy 0.55-0.58
’H 0.0026-0.0184 29Si 4.678-4.692 86y 9.75-9.99
30si 3.082-3.102 87Sr 6.94-7.14
He 88Sr 82.29-82.75
3He  4.6x108-0.0041 S
4He 99.9959-100 32§ 94.454-95281 Ce
338 0.730-0.793  136Ce 0.185-0.186
Li 348 3.976-4.734 138Ce 0.251-0.254
OLi 7.225-7.714 36§ 0.013-0019 140Ce  88.446-88.449
TLi 92.275-92.786 142Ce 11.114-11.114
Cl
B 35¢1 75.644-75.923 Nd
10 18.929-20.386 37Cl 24.077-24356 142Nd 26.80-27.30
g 79.614—81.071 143Nd 12.12-12.32
Ca 144Nd 23.79-23.97
C 40Ca 96.933-96.947 145Nd 8.23-8.35
12c 98.853-99.037 42Ca 0.646-0.648 146Nd 17.06-17.35
3¢ 0.963-1.147 “43Ca 0.135-0.135 148Nd 5.66-5.78
44Ca 2.082-2.092 150Nd 5.53-5.69
N 46Ca 0.004-0.004
14N 99.579-99.654 43Ca 0.186-0.188 Pb
I5SN 0.346-0.421 204pp 1.04-1.65
A% 206pt 20.84-27.48
0] S0y 0.2487-0.2502 297pb 17.62-23.65
160 99.738-99.776 SV 99.7498-99.7513 208pp 51.28-56.21
170 0.037-0.040
180 0.188-0.222 Cu U
63Cu  68.983-69.338 234U 0.0050-0.0059
Ne 65Cu  30.662-31.017 235U 0.7198-0.7207
20Ne 88.47-90.51 238U 99.2739-99.2752
2INe 0.27-1.71

22Ne 9.20-9.96
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2.5.3 Isotope Patterns of Naturally Occurring Elements

The mass of the most abundant isotope is given under the symbol of the element.
The lightest isotope is shown at the left end of the x axis.

H He Li Be B C
1 4 7 9 11 12
N (0] F Ne Na Mg
14 16 19 20 23 24
1 1l
Al Si P S Cl Ar
27 28 31 32 | 35 40
K Ca Sc Ti A\ Cr
39 40 45 48 51 52
Mn Fe Co Ni Cu 7Zn
55 56 59 I 58 | 63 | I 64
Ga Ge As Se Br Kr
| 69 74 5 (], %0 79 84
1h ully ull
Rb Sr Y Zr Nb Mo
85 88 89 90 93 | || 98
| " il L]
Ru Rh Pd Ag Cd In
102 103 106 107 114 115
i 1IN il
Sn Sb Te 1 Xe Cs
| 120 | 121 | 130 127 | 132 133
111 1l 1 I 1
Ba La Ce Pr Nd Sm
138 139 140 141 I| Lo |||| |152
il L L
Eu Gd Tb Dy Ho Er
153 || 158 159 164 165 | 166
Tm Yb Lu Hf Ta W
169 || | 174 175 || 180 181 | 184
L 1
Re Os Ir Pt Au Hg
| 187 | 192 | 193 195 197 | |, 202
Ll | LT o
Tl Pb Bi Th U
| 205 208 209 232 238
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2.5.4 Calculation of Isotope Distributions

The characteristic abundance patterns resulting from the combination of more
than one polyisotopic element can be calculated from the relative abundances
of the different isotopes. The following polynomial expression gives the isotope
distribution of a polyisotopic molecule:

{r, A0+p. A(mi2'mil)+p_ AT L W
{pA+p A(2m+p A(mﬂm }Jx{

where p;, is the relative abundance of the xth isotope of element i, m;, is the mass of
the xth isotope of the element i, and the exponent #; stands for the number of atoms
of the element i in the molecule. The expansion of this polynomial expression after
inserting the p;, and m;, values for all the isotopes 1,2, 3, ... of the elements i, j, ...
of a given molecule yields an expression that represents the isotope distribution:

wOA0+err+wsAS+tht+...

where the values of wy, w,, wg, w,, ... are the relatlve abundances of M*', [M+r]*",
[M+s]t, [M+]71,... respectlvely The use of A"ix ") allows to determme the
values of r, s, t,... s1mp1y by expanding the general polynomial. A numerical value
for A, which has no intrinsic meaning, is never needed.

For example, for CBr,Cl,, the above equation gives rise to the following
expression:

0 M3 - Moc)
{plch +p13CA C c’} x
P2, A+ Pe1 A81g, M795,) 12 %
r T

{p35Cl A

0 (mzy  -m3s )2
+p37ClA al cr}

For sufficient resolution, (m;, - m;;) and (mJ - m; 1) differ from one another. This
results in very complex 1sotope patterns even for Very small molecules. Thus, owing
to the occurrence of 12C, 13C, 7Br, 8!Br, 35Cl, and 3Cl, there are 18 signals for
CBr,Cl,. However, the limited resolution of many real life experiments can make
many pairs of (m;, - m;;) and (m;, - m; l) indistinguishable within experimental error,
thereby reducing the number of] separate peaks. For example, at unit resolution, one
obtains (5 c” mlzc) =1and (m31Br m79Br) (m3 o1~ M35 Cl) 2. Consequently,
the expression for CBr,Cl, becomes:
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0 1 0 2.2 0 2.2
{plch +p13CA }X{p79BrA +p813rA b ><‘{"’35ClA +p37c1A 3=
2 2 0
{p12Cp79Br p35Cl}A +
2 2 1
P13 Prog, Pased &4 F
(D) Poo. Do Do +D) Poo. Pae Do A
12c 798y © 81Br " 351 12c5 798y “35¢1" 371

2 2 3
{p13Cp79Br Poig. P35y Y P13cProp, PaseyP31¢y PATH

( 2 2 L, . 22y A
Pioe Pyig, Pascy 7 PracProg, Psig, Pasci P31c) T P12 Prog, P31y

2 2 2 2 5
{P13e Psig, Pasey T4 P13eProg, Psig, PascyP3rey t PiacProp P

2 2 6
(P Prog, Psig P31 T PiacPsig, PisePare d 4 F

( 2, 2 v A7
P13 P9, Psig, P31cy T P13 Psig, PaseiPa1c

> 2 8
{pIZCPSIBr p37c1}A +

> 2 9
P13 Py, Paret &

This shows that at unit resolution, CBr,Cl, gives rise to only 10 peaks (M*,
[M+1]F, [M+2]*, ... [M49]*") rather than 18 peaks, as they would be expected for
very high resolution. Moreover, the contribution of isotopes of low abundance can
often be neglected without sacrificing much precision. For example, the effect of
2H on isotope patterns is usually insignificant. Also, 13C is often negligible when
focussing on peaks of the series [M+2n]*", which then results in patterns that are
characteristic for halogens, sulfur, and silicon. In large molecules, however, iso-
topes of low abundance cannot be neglected. For example, in the case of buckmin-
ster fullerene (Cg), not only M*" (relative intensity, 100%) and [M+1]*" (64.80%),
but also [M+2]*" (20.65%), [M+3]* (4.31%), and even [M+4]*" (0.66%) are quite
significant ions.

With the above algorithm, typical isotope patterns can be readily calculated man-
ually by applying the general equation and neglecting isotopes of low abundance.
The outlined procedure can also be easily implemented and evaluated with generic
computer software that allows simple calculations. Dedicated and user-friendly pro-
grams that already contain the necessary isotope abundances and masses are avail-
able. Incidentally, because the use of the above equation for systems with 1000 or
more polyisotopic atoms results in excessive calculation times, more efficient but
somewhat more complicated algorithms have been developed for implementation in
dedicated programs [4]. Typical isotope patterns are given on the following pages.
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2.5.5 Isotopic Abundances of Various Combinations of Chlorine, Bro-
mine, Sulfur, and Silicon

Ele- Mass Relative |Ele- Mass Relative |Ele- Mass Relative
ments abun- ments abun- ments abun-
dance dance dance
Cl, 35 100 Br 79 100 S, 32 100
37 31.96 81 97.28 33 0.80
34 452
Cl, 70 100 Br, 158 51.40
72 63.92 160 100 S, 64 100
74 10.21 162 48.64 65 1.60
66 9.05
Cl; 105 100 Bry 237 3427 68 0.20
107 95.88 239 100
109 30.64 241 97.28 S, 96 100
111 3.26 243 31.54 97 2.40
98 13.58
Cly 140 78.22 Bry 316 17.61 99 0.22
142 100 318 68.53 100 0.61
144 4794 320 100
146 10.21 322 64.85 S, 128 100
148 0.82 324 15.77 129 3.20
130 18.12
Cls 175 62.53 Brg 395 10.57 131 043
177 100 397 51.40 132 1.23
179 63.92 399 100
181 2043 401 97.28 Ss 160 100
183 3.26 403 4732 161 4.00
185 0.21 405 9.21 162 22.66
163 0.72
Clg 210 52.15 Bry 474 543 164 2.05
212 100 476 31.70 166 0.09
214 79.90 478 77.10
216 34.05 480 100
218 8.16 482 72.96
220 1.04 484 28.39
222 0.06 486 4.60
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Ele- Mass Relative |Ele- Mass Relative |Ele- Mass Relative
ments abun- ments abun- ments abun-
dance dance dance
Siy 28 100 Si, 56 100 Siy 84 100
29 5.08 57 10.15 85 15.23
30 3.35 58 6.95 86 10.82
59 0.34 87 1.03
60 0.11 88 0.36
Cl,Br; 114 7738 |ClyBr, 193 4414 |CLiBry; 272 26.51
116 100 195 100 274 85.85
118 24.06 197 69.23 276 100
199 13.35 278 48.46
280 7.80
ClBr, 351 1445 |Cl,Br; 149 62.03 |Cl,Br, 228 38.69
353 60.84 151 100 230 100
355 100 153 4491 232 88.68
357 79.42 155 6.16 234 31.09
359 29.94 236 3.74
361 4.14
CLBr; 184 5177 |Cl3Br, 263 3207 |ClBr; 219 44 .42
186 100 265 93.14 221 100
188 64.15 267 100 223 82.47
190 17.12 269 49.27 225 32.28
192 1.64 271 11.34 227 6.11
273 0.99 229 0.45
Cl;S, 67 100 CLS, 99 100 Cl,S, 102 100
68 0.80 100 1.60 103 0.80
69 36.48 101 41.01 104 68.44
70 0.26 102 0.58 105 0.51
71 1.44 103 3.10 106 13.10
108 0.46
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Ele- Mass Relative |Ele- Mass Relative |Ele- Mass Relative
ments abun- ments abun- ments abun-
dance dance dance

Cl,Si; 63 100 Cl,S1; 98 100 Cl;Si; 133 100

64 5.08 99 5.08 134 5.08

65 3531 100 67.27 135 99.23

66 1.62 101 3.25 136 4.87

67 1.07 102 12.35 137 33.85

103 0.52 138 1.56

104 0.34 139 4.29

2.5.6 Isotope Patterns of Combinations of Cl and Br

The signals are separated by 2 mass units. The mass for the most abundant
signal is shown under the symbol of the element. The combination of the
lightest isotopes is given on the left side of the x axis. See Chapter 2.5.5 for

exact abundances of many of these combinations.

Signals Br Br, Br, Br, Br
d ;
separate 79 160 239 320 399
by 2 units | | I | | | |
[ T 1 L 1
Cl CIBr ClBr2 ClBr3 CIBr4 CIBr5
35 116 195 276 355 436
I ] | 1 | | | | L | |
Cl, CLBr CLBr, CLBr, CLBr, CL,Br,
70 151 230 311 390 471
. | LLLL 11 i i
ClL CLBr CLBr, CLBr, CLBr,
105 | 186 | 267 346 427
| . AL d
Cl4 Cl4Br C14Br2 C14Br3 C14B1r4
142 221 302 381 462
| 1 | I N I | L | 1 L | I N
Cl CLBr CLBr, CLBr,
177 | 256 337 | | 418
| | 1 | I N L ]
Cl, cl, Cl, Br, By
212 319 426 480 718
| 1 | | 1 | | L | | N 1 | |
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2.5.7 Indicators of the Presence of Heteroatoms

In low-resolution mass spectra, one often observes characteristic isotope patterns,
specific masses of fragment ions, and characteristic mass differences (Am) between
the molecular ion (M*") and fragment ions (frag*) or between fragment ions. High
resolution mass spectra can be used to confirm the elemental composition provided
that the resolution is sufficient to discriminate alternative compositions. Moreover,
tandem mass spectrometry (also called MS/MS) may be used to identify character-

istic losses of heteroatoms from parent or fragment ions:

Indication of O:

Indication of N:

Indication of S:

Indication of F:

Am 17 from M*", in N-free compounds

Am 18 from M*

Am 18 from frag®, particularly in aliphatic compounds
Am 28,29 from M*" for aromatic compounds

Am 28 from frag* for aromatic compounds

m/z 15, relatively abundant

m/z 19

m/z 31,45,59,73, ... + (14),

m/z 32,46,60,74, ... + (14),

m/z 33,47,61,75, ... + (14), for 2 x O, in absence of S
m/z 69 for aromatic compounds meta-disubstituted by O

M+ odd-numbered (indicates odd number of N in M*")
Large number of even-numbered fragment ions

Am 17 from M*" or frag*, in O-free compounds

Am 27 from M*" or frag®, for aromatic compounds or nitriles
Am 30, 46 for nitro compounds

m/z 30,44,58,72, ... + (14),, for aliphatic compounds

Isotope peak [M+2]*" = 5% of Mt

Am 33,34, 47,48, 64, 65 from M*

Am 34,48, 64 from frag*

m/z 33,34, 35

m/z 45 in O-free compounds

m/z47,61,75,89, ... + (14), unless compound with 2 x O
m/z 48, 64 for S-oxides

Am 19, 20, 50 from M*

Am 20 from frag*

m/z 20

m/z 57 without m/z 55 in aromatics
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Indication of Cl: Isotope peak [M+2]*" = 33% of M*
Am 35, 36 from M*
Am 36 from frag®
m/z 35/37,36/38,49/51

Indication of Br: Isotope peak [M+2]*" = 98% of M*’
Am 79, 80 from M*
Am 80 from frag*
m/z 79/81, 80/82

Indication of I:  Isotope peak [M+1]* of very low abundance at relatively high
mass
Am 127 from M*
Am 127, 128 from frag*
m/z 127,128,254

Indication of P:  m/z 47 in compounds without S or 2 x O
m/z 99 without isotope peak at m/z 100 in alkyl phosphates
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2.5.8 Rules for Determining the Relative Molecular Weight (M,)

The molecular ion (M*") is defined as the ion that comprises the most abundant
isotopes of the elements in the molecule. Interestingly, the lightest isotopes of most
elements frequently occurring in organic compounds and their common salts (H, C,
N,O,F,Si, P, S,Cl, As, Br,I,Na, Mg, Al, K, Ca, Rb, Cs) are also the most abundant
ones. Notable exceptions are B, Li, Se, Sr, and Ba.

M is always accompanied by isotope peaks. Their relative abundance depends
on the number and kind of the elements present and their natural isotopic distribution.
The abundance of [M+1]*" indicates the maximum number of carbon atoms (C
according to the following relationship:

Crax = 100 x intensity((M+1]*") / {1.1 x intensity(M*)}

max)

[M+2]*" and higher masses indicate the number and kind of elements that have
a relatively abundant heavier isotope (such as S, Si, CI, Br). Note that, in analogy
to the calculation of C,,,, the ratio of the intensities of [M+2]* and M*" for a
compound with 7 silicon, o sulfur, p chlorine, or ¢ bromine atoms can be approxi-
mated with quite high accuracy from n x 3.35%, 0 x 4.52%, p x 31.96%, or g x
97.28%, respectively (see also Chapters 2.5.4 to 2.5.6).

The mass of M* is always an even number if the molecule contains only
elements for which the atomic mass and valence are both even- (C, O, S, Si) or both
odd-numbered (H, P, F, Cl, Br, I). In the presence of other elements (e.g., 14N) and
isotope labels (e.g., 13C, 2H), M** becomes an odd number if they are present in an
odd number.

The molecular ion can only form fragment ions of masses that differ from that
of M* by chemically logical values (Am). In this context, chemically illogical
differences are Am = 3 (in the absence of Am = 1) to Am = 14, Am = 21 (in the
absence of Am = 1) to Am =24, Am = 37, 38, and all Am less than the mass of an
element of characteristic isotope pattern in cases where the same isotope pattern is
not retained in the fragment ion.

M+ must contain all elements (and the maximum number of each) that are shown
to be present in the fragment ions.

If ionization is performed by electron impact, M*" is the ion with the lowest
appearance potential.

If a pure sample flows into the ion source through a molecular leak, M** exhibits
the same effusion rate as can be determined from the fragment ions. The abundance
of M*" is proportional to the sample pressure in the ion source.

For polar compounds, [M+H]* is often observed in mass spectra obtained not
only with fast atom bombardment and atmospheric pressure chemical ionization but
also with electron impact ionization. In this latter case, the abundance of [M+H]*
changes in proportion to the square of the sample pressure in the ion source.

In the absence of a signal for M*", the relative molecular weight must have a
value that shows a logical and reasonable mass difference, Am, to all the observed
fragment ions.
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2.5.9 Homologous Mass Series as Indications of Structural Type

Certain sequences of intensity maxima in the lower mass range and the masses of
unique signals are often characteristic of a particular compound type. The intensity
distribution of such ion series is in general smooth. Therefore, abrupt changes (max-
ima and minima) are of structural significance. The ion or ion series most indicative
of a particular compound type is set in italics.

Mass Elemental Compound types
values, m/z composition

12+ 14n  CH, , alkenes, monocycloalkanes, alkynes, dienes,
cycloalkenes, polycyclic alicyclics, cyclic alcohols

13+14n  CH,, alkanes, alkenes, monocycloalkanes, alkynes,
dienes, cycloalkenes, polycyclic alicyclics,
alcohols, alkyl ethers, cyclic alcohols, cyclo-
alkanones, aliphatic acids, esters, lactones, thiols,
sulfides, glycols, glycol ethers, alkyl chlorides

C.H,, 50 cycloalkanones
14+14n  CH,, alkanes, alkenes, monocycloalkanes, polycyclic
alicyclics, alcohols, alkyl ethers, thiols, sulfides,
alkyl chlorides
C.H,,.,0 cycloalkanones
I5+14n  CH,, alkanes, alkenes, monocycloalkanes, alkynes,

dienes, cycloalkenes, polycyclic alicyclics,
alkanones, alkanals, glycols, glycol ethers, alkyl
chlorides, acid chlorides

C.H,, 0 alkanones, alkanals, cyclic alcohols, acid chlorides
16 +14n CH,,0 alkanones, alkanals
C,H,,,»N alkyl amines, aliphatic amides
C,H,,NO aliphatic amides
17 + 14n C.H,,.10 alcohols, alkyl ethers, aliphatic acids, esters,
lactones, glycols, glycol ethers
C.H,,.10, aliphatic acids, esters, lactones
18 +14n  CH, 0, aliphatic acids, esters, lactones
19+ 14n CH,, 30 alcohols, alkyl ethers
C.H,,,,0, aliphatic acids, esters, lactones

C.Hy,110, glycols, glycol ethers
C.Hy, 1S thiols, sulfides

20+ 14n  CgHg +C H,, alkylbenzenes
C,H,,,,0, glycols, glycol ethers
C,H,,.»S thiols, sulfides
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Mass Elemental Compound types
values m/z  composition
21 + 14n C,H; + C H,, alkylbenzenes
C,H50 aryl ketones
CH,Cl alkyl chlorides
C,H,,COCI acid chlorides
22 + 14n CgHgN + C H,, alkylanilines
C.Hy, 6 polycyclic alicyclics
23 + 14n C,Hy, 5 polycyclic alicyclics
24 + 14n C.Hy 4 polycyclic alicyclics
25 + 14n C.Hy, 3 alkynes, dienes, cycloalkenes, polycyclic
alicyclics
39,52+1, C.H 4 alkylbenzenes, aromatic hydrocarbons, phenols,
64+1,76+2,

91+1

aryl ethers, aryl ketones
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2.5.10 Mass Correlation Table

Note: As long as it makes sense chemically, CH,, CH,, CH;0, and O, in the
formulae of the second column may be replaced by N, O, P, and S, respectively.

Mass Ion Product ion Substructure or compound type
(and neutral
particle lost)

1 [M+1]*, [M-1]~ particularly in FAB spectra, in which
M1 occurs even for moderately
basic and acidic compounds, but
intensive M** without M1 is unusual

e . . oy

7 Li [M+7]* in FAB spectra in the prgsqnce of Li

(with isotope signal for °Li)
[M-7]~ in FAB spectra of organic Li* salts

12 C+

13 CH*

14 CH,™ N,

N2++, CO++

15 CH;* [M-15]* (CH5) nonspecific; abundant: methyl,
N-ethylamines

16 O*,NH,*, [M-16]* (CH,) methyl (rare)

O, (O) nitro compounds, sulfones, epoxides,
N-oxides
(NH,) primary amines

17 OH*,NH;* [M-17]* (OH) acids (especially aromatic acids),
hydroxylamines, N-oxides, nitro com-
pounds, sulfoxides, tertiary alcohols

(NH;) primary amines
18 H,O0", [M-18]* (H,O) nonspecific; abundant: alcohols,
NH,* some acids, aldehydes, ketones, lac-
tones, cyclic ethers O indicator

19 H;0*, F* [M-19]* (F) fluoro compounds F indicator

20  HF*,Art*, [M-20]* (HF) fluoro compounds F indicator

CH,CN**

21 C,H,O0**

22 CO,**
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Mass Ion Product ion Substructure or compound type
(and neutral
particle lost)

23 Na* [M+23]* in FAB spectra in the presence of
Nat; sometimes strong even if Nat is
only an impurity

[M-23]~ in FAB spectra of organic Nat salts

24 Gy

25  C,H* [M-25]* (C,H) terminal acetylenyl

26 C,H,*",CN*  [M-26]* (C,H,) aromatics

(CN) nitriles
27 C,H;™, [M-27]* (C,H;) terminal vinyl, some ethyl esters and
HCN* N-ethylamides, ethyl phosphates
[M-27]* (HCN) aromatic N, nitriles
28 C,H,*,CO*, [M-28]* (C,H,) nonspecific; abundant: cyclohexenes,
N,*, HCNH* ethyl esters, propyl ketones, propyl-
substituted aromatics
(CO) aromatic O, quinones, lactones,
lactams, unsaturated cyclic ketones,
allyl aldehydes
(N,) diazo compounds; air (intensity 3.7
times larger than for O,*, m/z 32)
29  C,Hg*,CHO* [M-29]* (C,Hs) nonspecific; abundant: ethyl
(CHO) phenols, furans, aldehydes
30 CH,O*, [M-30]* (C,Hyg) ethy'lalkanes, polymethyl 'compounds
CH,NH,*, (CH,0) cyclic ethers, lactones, primary
NO*, C,Hg+, alcohols
BF*,N,H,* (NO) nitro and nitroso compounds
N indicator
31 CH;0t, [M-31]* (CH;0) methyl esters, methyl ethers, primary
CH;NH,*, alcohols O indicator
CF*, N,H3* (CH3NH,) N-methylamines
(N,H;) hydrazides
32 o,*, [M-32]* (O,) cyclic peroxides; air (intensity 3.7
CH;0H*, times smaller than for N,*, m/z 28)
N,H,*, St (CH;0H) methyl esters, methyl ethers
(S) sulfides (with 34S isotope signal)

O indicator
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Mass Ion Product ion Substructure or compound type
(and neutral
particle lost)
33 CH;0H,*, [M-33]*  (SH) nonspecific (with isotope signal for
SH*, CH,F* 343) S indicator
(CH5 + H,O)  nonspe