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TO ALL OFOUR ÒO-SPECÓ STUDENTS



This is the fifth edition of a textbook in spectroscopy intended for students of organic chem-
istry. Our textbook can serve as a supplement for the typical organic chemistry lecture text-
book or as a stand-alone textbook for an advanced undergraduate or first-year graduate

course in spectroscopic methods. This book is also a useful tool for students engaged in research.
Our aim is not only to teach students to interpret spectra, but also to present basic theoretical 
concepts. As with the previous editions, we have tried to focus on the important aspects of each
spectroscopic technique without dwelling excessively on theory or complex mathematical analyses.

This book is a continuing evolution of materials that we use in our own courses, both as a supple-
ment to our organic chemistry lecture course series and also as the principal textbook in our upper divi-
sion and graduate courses in spectroscopic methods and advanced NMR techniques. Explanations and
examples that we have found to be effective in our courses have been incorporated into this edition.

NEW TO THIS EDITION

This fifth edition of Introduction to Spectroscopy contains some important changes. The material on
mass spectrometry has been moved closer to the front of the text and divided into two more easily
digested chapters. Material on some newer sampling and ionization methods is included, as are 
additional methods of structural analysis using fragmentation patterns. All of the chapters dealing
with nuclear magnetic resonance have been gathered together into sequential chapters. Expanded
discussions of diastereotopic systems and heteronuclear coupling are included, as is a revised dis-
cussion of solvent effects in NMR.

Additional practice problems have been added to each of the chapters. We have included some
additional solved problems, too, so that students can better develop strategies and skills for solving
spectroscopy problems. The problems that are marked with an asterisk (*) have solutions included
in the Answers to Selected Problems following Chapter 11.

We wish to alert persons who adopt this book that answers to all of the problems are available
online from the publisher. Authorization to gain access to the website may be obtained through the
local Cengage textbook representative.
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ADVICE FOR STUDENTS

Success in working out the solutions to spectroscopy problems comes more easily and is more en-
joyable by following some simple suggestions:

1. Carefully study the solved examples that may be found at the end of each chapter. Do not
attempt to work on additional problems until you are comfortable with the approach that is
being demonstrated with the solved examples.

2. There is great value to be gained in working collaboratively to solve spectroscopy problems.
Try standing around a blackboard to exchange ideas. You will find it to be fun, and you will
learn more!

3. Don’t be afraid to struggle. It is too easy to look up the answer to a difficult problem, and
you won’t learn much. You need to train your brain to think like a scientist, and there is no
substitute for hard work.

4. Work problems concurrently as you study each chapter. That will solidify the concepts in
your mind.

Although this book concentrates on organic chemistry examples, be aware that the study of spec-
troscopy crosses over into many areas, including biochemistry, inorganic chemistry, physical 
chemistry, materials chemistry, and analytical chemistry. Spectroscopy is an indispensible tool to
support all forms of laboratory research.
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Preface vii

Fourth edition chapter
number/title

Fifth edition chapter
number/title Notes

1 
Molecular Formulas and
What Can Be Learned from
Them

1 
Molecular Formulas
and What Can Be
Learned from Them

Section 1.6, A Quick Look Ahead to Simple Uses of
Mass Spectra, was deleted.

(Mass Spectra were moved earlier into Chapters 3
and 4.)

A new Section 1.6 is now titled: “The Nitrogen
Rule.” References were revised/updated.

2 
Infrared Spectroscopy

2 
Infrared Spectroscopy

Section 2.6, the solid samples subsection was
updated to include ATR techniques.

Several figures were revised/updated.

Section 2.21, Alkyl and Aryl Halides, was revised.

Section 2.23, How to Solve Infrared Spectral 
Problems, is a new section. The sections that
followed were renumbered.

Problems were revised. References were revised/
updated.

3 
Nuclear Magnetic
Resonance Spectroscopy 
Part One: Basic Concepts.

5 
Nuclear Magnetic Res-
onance Spectroscopy
Part One: Basic
Concepts.

New Section 5.20

References were revised/updated. New online
resources were referenced and/or updated.

4 
Nuclear Magnetic
Resonance Spectroscopy 
Part Two: Carbon-13 etc.

6 
Nuclear Magnetic Reso-
nance Spectroscopy 
Part Two: Carbon-13
etc.

Section 6.4 introduces a new decoupling notation.

New Section 6.12.

Sections following 6.12 are renumbered.

Several new problems were added. Some spectra 
replaced/improved.

References were revised/updated. New online
resources referenced and/or updated.

5 
Nuclear Magnetic
Resonance Spectroscopy
Part Three: Spin-Spin Cou-
pling

7
Nuclear Magnetic Res-
onance Spectroscopy
Part Three: Spin-Spin
Coupling

New discussion of splitting in diastereotopic
systems.

New discussion of heteronuclear splitting between
1H–19F and S–31P

Addition of solved example problems.

New and revised end-of-chapter problems using cou-
pling constant information and chemical shift calcu-
lations.

References were revised/updated.

6 
Nuclear Magnetic
Resonance Spectroscopy
Part Four: Other Topics in
One-Dimensional NMR

8
Nuclear Magnetic Res-
onance Spectroscopy
Part Four: Other Topics
in One-Dimensional
NMR

New discussion and examples of solvent effects.

Addition of solved example problems.

New and revised end-of-chapter problems.

References were revised/updated.

INTRO TO SPECTROSCOPY FIFTH EDITION SUMMARY OF CHANGES
The order of the chapters was rearranged to better reflect the requests and practices of our users.
Mass Spectroscopy was moved to an earlier position, causing the renumbering.

(Continued )





Once the molecular mass and the empirical formula are known, we may proceed directly to the
molecular formula. Often, the empirical formula weight and the molecular mass are the same. In
such cases, the empirical formula is also the molecular formula. However, in many cases, the empir-
ical formula weight is less than the molecular mass, and it is necessary to determine how many
times the empirical formula weight can be divided into the molecular mass. The factor determined
in this manner is the one by which the empirical formula must be multiplied to obtain the molecular
formula.

Ethane provides a simple example. After quantitative element analysis, the empirical formula
for ethane is found to be CH3. A molecular mass of 30 is determined. The empirical formula weight
of ethane, 15, is half of the molecular mass, 30. Therefore, the molecular formula of ethane must be
2(CH3) or C2H6.

For the sample unknown introduced earlier in this chapter, the empirical formula was found to be
C7H14O2. The formula weight is 130. If we assume that the molecular mass of this substance was
determined to be 130, we may conclude that the empirical formula and the molecular formula are
identical, and that the molecular formula must be C7H14O2.

1.3 Molecular Formulas 5

1.3 MOLECULAR FORMULAS

1.2 DETERMINATION OF MOLECULAR MASS

The next step in determining the molecular formula of a substance is to determine the weight of 
one mole of that substance. This may be accomplished in a variety of ways. Without knowledge
of the molecular mass of the unknown, there is no way of determining whether the empirical
formula, which is determined directly from elemental analysis, is the true formula of the sub-
stance or whether the empirical formula must be multiplied by some integral factor to obtain the
molecular formula. In the example cited in Section 1.1, without knowledge of the molecular
mass of the unknown, it is impossible to tell whether the molecular formula is C7H14O2 or
C14H28O4.

In a modern laboratory, the molecular mass is determined using mass spectrometry. The details of
this method and the means of determining molecular mass can be found in Chapter 3, Section 3.6.
This section reviews some classical methods of obtaining the same information.

An old method that is used occasionally is the vapor density method. In this method, a known
volume of gas is weighed at a known temperature. After converting the volume of the gas to standard
temperature and pressure, we can determine what fraction of a mole that volume represents. From
that fraction, we can easily calculate the molecular mass of the substance.

Another method of determining the molecular mass of a substance is to measure the freezing-point
depression of a solvent that is brought about when a known quantity of test substance is added. This
is known as a cryoscopic method. Another method, which is used occasionally, is vapor pressure
osmometry, in which the molecular weight of a substance is determined through an examination of
the change in vapor pressure of a solvent when a test substance is dissolved in it.

If the unknown substance is a carboxylic acid, it may be titrated with a standardized solution
of sodium hydroxide. By use of this procedure, a neutralization equivalent can be determined.
The neutralization equivalent is identical to the equivalent weight of the acid. If the acid has only
one carboxyl group, the neutralization equivalent and the molecular mass are identical. If the acid
has more than one carboxyl group, the neutralization equivalent is equal to the molecular mass
of the acid divided by the number of carboxyl groups. Many phenols, especially those substituted
by electron-withdrawing groups, are sufficiently acidic to be titrated by this same method, as are
sulfonic acids.
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1.4 INDEX OF HYDROGEN DEFICIENCY

6 Molecular Formulas and What Can Be Learned from Them

Frequently, a great deal can be learned about an unknown substance simply from knowledge of its
molecular formula. This information is based on the following general molecular formulas:

Notice that each time a ring or p bond is introduced into a molecule, the number of hydrogens in
the molecular formula is reduced by two. For every triple bond (two p bonds), the molecular for-
mula is reduced by four. This is illustrated in Figure 1.2.

When the molecular formula for a compound contains noncarbon or nonhydrogen elements, the
ratio of carbon to hydrogen may change. Following are three simple rules that may be used to predict
how this ratio will change:

1. To convert the formula of an open-chain, saturated hydrocarbon to a formula containing
Group V elements (N, P, As, Sb, Bi), one additional hydrogen atom must be added to the
molecular formula for each such Group V element present. In the following examples, each
formula is correct for a two-carbon acyclic, saturated compound:

C2H6, C2H7N, C2H8N2, C2H9N3

2. To convert the formula of an open-chain, saturated hydrocarbon to a formula containing
Group VI elements (O, S, Se, Te), no change in the number of hydrogens is required. In the
following examples, each formula is correct for a two-carbon, acyclic, saturated compound:

C2H6, C2H6O, C2H6O2, C2H6O3

f  Difference of 2 hydrogens

fDifference of 2 hydrogens

alkane CnH2n12

cycloalkane or alkene CnH2n

alkyne CnH2n22

C C

H

C C

H

C C

H H

H H

Ð2H

Ð2H

Ð4H
CC

CH2

CH2H2C

H2C
CH2

CH2

H

H

CH2

CH2H2C

H2C
CH2

CH2

(also compare CHOH to C O)

F I G U R E  1 . 2  Formation of rings and double bonds. Formation of each ring or double bond causes the
loss of 2H.
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18 Infrared Spectroscopy

The vibrations we have been discussing are called fundamental absorptions. They arise from
excitation from the ground state to the lowest-energy excited state. Usually, the spectrum is compli-
cated because of the presence of weak overtone, combination, and difference bands. Overtones re-
sult from excitation from the ground state to higher energy states, which correspond to integral
multiples of the frequency of the fundamental (n). For example, you might observe weak overtone
bands at 2n�, 3n�, . . . . Any kind of physical vibration generates overtones. If you pluck a string on a
cello, the string vibrates with a fundamental frequency. However, less-intense vibrations are also set
up at several overtone frequencies. An absorption in the infrared at 500 cm−1 may well have an ac-
companying peak of lower intensity at 1000 cm−1—an overtone.

When two vibrational frequencies (n�1 and n�2) in a molecule couple to give rise to a vibration of
a new frequency within the molecule, and when such a vibration is infrared active, it is called a
combination band. This band is the sum of the two interacting bands (n�comb = n�1 + n�2). Not all
possible combinations occur. The rules that govern which combinations are allowed are beyond the
scope of our discussion here.

Difference bands are similar to combination bands. The observed frequency in this case results
from the difference between the two interacting bands (ndiff = n�1 − n�2).

One can calculate overtone, combination, and difference bands by directly manipulating fre-
quencies in wavenumbers via multiplication, addition, and subtraction, respectively. When a funda-
mental vibration couples with an overtone or combination band, the coupled vibration is called
Fermi resonance. Again, only certain combinations are allowed. Fermi resonance is often observed
in carbonyl compounds.

Although rotational frequencies of the whole molecule are not infrared active, they often couple
with the stretching and bending vibrations in the molecule to give additional fine structure to these
absorptions, thus further complicating the spectrum. One of the reasons a band is broad rather than
sharp in the infrared spectrum is rotational coupling, which may lead to a considerable amount of
unresolved fine structure.

C

C C

O

O O

H

H

H

N

H

H

N

O

O

Methyl

Anhydride

Amino

Nitro

~2872 cm21

~1760 cm21

~3300 cm21

~1350 cm21

C

C C

O

O O

H

H

H

N

H

H

N

O

O

~2962 cm21

~1800 cm21

~3400 cm21

~1550 cm21

Symmetric Stretch Asymmetric Stretch



2.4 BOND PROPERTIES AND ABSORPTION TRENDS

Let us now consider how bond strength and the masses of the bonded atoms affect the infrared
absorption frequency. For the sake of simplicity, we will restrict the discussion to a simple hetero-
nuclear diatomic molecule (two different atoms) and its stretching vibration.

A diatomic molecule can be considered as two vibrating masses connected by a spring. The bond
distance continually changes, but an equilibrium or average bond distance can be defined. Whenever
the spring is stretched or compressed beyond this equilibrium distance, the potential energy of the
system increases.

As for any harmonic oscillator, when a bond vibrates, its energy of vibration is continually and
periodically changing from kinetic to potential energy and back again. The total amount of energy
is proportional to the frequency of the vibration,

Eosc ∝ hnosc

which for a harmonic oscillator is determined by the force constant K of the spring, or its stiffness,
and the masses (m1 and m2) of the two bonded atoms. The natural frequency of vibration of a bond
is given by the equation

n� = �
2p

1

c
� ��

which is derived from Hooke’s Law for vibrating springs. The reduced mass m of the system is
given by

m = �
m

m

1

1

+
m

m
2

2
�

K is a constant that varies from one bond to another. As a first approximation, the force constants for
triple bonds are three times those of single bonds, whereas the force constants for double bonds are
twice those of single bonds.

Two things should be noticeable immediately. One is that stronger bonds have a larger force con-
stant K and vibrate at higher frequencies than weaker bonds. The second is that bonds between
atoms of higher masses (larger reduced mass, m) vibrate at lower frequencies than bonds between
lighter atoms.

In general, triple bonds are stronger than double or single bonds between the same two atoms
and have higher frequencies of vibration (higher wavenumbers):

←⎯⎯⎯⎯⎯
Increasing K

The CIH stretch occurs at about 3000 cm−1. As the atom bonded to carbon increases in mass, the
reduced mass (m) increases, and the frequency of vibration decreases (wavenumbers get smaller):

⎯⎯⎯⎯⎯→
Increasing m

CII

500 cm−1

CIBr

600 cm−1

CICl

750 cm−1

CIO

1100 cm−1

CIC

1200 cm−1

CIH

3000 cm−1

CIC

1200 cm−1

CJC

1650 cm−1

CKC

2150 cm−1

K
�
m

2.4 Bond Properties and Absorption Trends 19



20 Infrared Spectroscopy

Bending motions occur at lower energy (lower frequency) than the typical stretching motions be-
cause of the lower value for the bending force constant K.

Hybridization affects the force constant K, also. Bonds are stronger in the order sp > sp2 > sp3, and
the observed frequencies of CIH vibration illustrate this nicely.

Resonance also affects the strength and length of a bond and hence its force constant K. Thus, while
a normal ketone has its CJO stretching vibration at 1715 cm−1, a ketone that is conjugated with a
CJC double bond absorbs at a lower frequency, near 1675 to 1680 cm−1. That is because resonance
lengthens the CJO bond distance and gives it more single-bond character:

Resonance has the effect of reducing the force constant K, and the absorption moves to a lower 
frequency.

The Hooke’s Law expression given earlier may be transformed into a very useful equation as 
follows:

n� = �
2p

1

c
� ��

n� = frequency in cm−1

c = velocity of light = 3 × 1010 cm/sec

K = force constant in dynes/cm

m = �
m

m

1

1

+
m

m
2

2
�, masses of atoms in grams,

or , masses of atoms in amu

Removing Avogadro’s number (6.02 × 1023) from the denominator of the reduced mass expression
(m) by taking its square root, we obtain the expression

n� = �
7.76

2p
×

c

1011

���K�m

M1M2���
(M1 + M2)(6.02 × 1023)

K
�
m

O

C C

C

O

C C

C
1

2•• ••

••
••

••
•••••••• ••

sp3

ICIH

2900 cm−1

sp2

JCIH

3100 cm−1

sp

KCIH

3300 cm−1

CIH bending

∼1340 cm−1

CIH stretching

∼3000 cm−1



TA B L E  2 . 2
CALCULATION OF STRETCHING 
FREQUENCIES FOR DIFFERENT TYPES 
OF BONDS

CJC bond:

n� = 4.12��
K = 10 × 105 dynes/cm

m = �
M

M

C

C

+
M

M
C

C
� = �

(

1

1

2

2)

+
(1

1

2

2

)
� = 6

n� = 4.12�� = 1682 cm−1 (calculated)

n� = 1650 cm−1 (experimental)

CIH bond:

n� = 4.12��
K = 5 × 105 dynes/cm

m = �
M

M

C

C

+
M

M
H

H
� = �

(

1

1

2

2)

+
(1

1

)
� = 0.923

n� = 4.12�� = 3032 cm−1 (calculated)

n� = 3000 cm−1 (experimental)

CID bond:

n� = 4.12��
K = 5 × 105 dynes/cm

m = �
M

M

C

C

+
M

M
D

D
� = �

(

1

1

2

2)

+
(2

2

)
� = 1.71

n� = 4.12�� = 2228 cm−1 (calculated)

n� = 2206 cm−1 (experimental)

5 × 105

�
1.71

K
�
m

5 × 105

�
0.923

K
�
m

10 × 105

�
6

K
�
m
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22 Infrared Spectroscopy

A. Dispersive Infrared Spectrometers

Figure 2.3a schematically illustrates the components of a simple dispersive infrared spectrome-
ter. The instrument produces a beam of infrared radiation from a hot wire and, by means of mir-
rors, divides it into two parallel beams of equal-intensity radiation. The sample is placed in one
beam, and the other beam is used as a reference. The beams then pass into the monochromator,
which disperses each into a continuous spectrum of frequencies of infrared light. The mono-
chromator consists of a rapidly rotating sector (beam chopper) that passes the two beams alter-
nately to a diffraction grating (a prism in older instruments). The slowly rotating diffraction
grating varies the frequency or wavelength of radiation reaching the thermocouple detector.
The detector senses the ratio between the intensities of the reference and sample beams. In this
way, the detector determines which frequencies have been absorbed by the sample and which
frequencies are unaffected by the light passing through the sample. After the signal from the
detector is amplified, the recorder draws the resulting spectrum of the sample on a chart. It is
important to realize that the spectrum is recorded as the frequency of infrared radiation changes
by rotation of the diffraction grating. Dispersive instruments are said to record a spectrum in the
frequency domain.

The instrument that determines the absorption spectrum for a compound is called an infrared
spectrometer or, more precisely, a spectrophotometer. Two types of infrared spectrometers are
in common use in the organic laboratory: dispersive and Fourier transform (FT) instruments.
Both of these types of instruments provide spectra of compounds in the common range of 4000
to 400 cm−1. Although the two provide nearly identical spectra for a given compound, FT 
infrared spectrometers provide the infrared spectrum much more rapidly than the dispersive 
instruments.

A new expression is obtained by inserting the actual values of p and c:

This equation may be used to calculate the approximate position of a band in the infrared spectrum
by assuming that K for single, double, and triple bonds is 5, 10, and 15 × 105 dynes/cm, respec-
tively. Table 2.2 gives a few examples. Notice that excellent agreement is obtained with the experi-
mental values given in the table. However, experimental and calculated values may vary
considerably owing to resonance, hybridization, and other effects that operate in organic molecules.
Nevertheless, good qualitative values are obtained by such calculations.

n�(cm−1) = 4.12��
K

m
��

m = �
M

M

1

1

+
M

M
2

2
�, where M1 and M2 are atomic weights

K = force constant in dynes/cm (1 dyne = 1.020 × 10−3 g)

2.5 THE INFRARED SPECTROMETER



Note that it is customary to plot frequency (wavenumber, cm−1) versus light transmitted, not light
absorbed. This is recorded as percent transmittance (%T ) because the detector records the ratio
of the intensities of the two beams, and

percent transmittance = �
I

I
s

r
� ×100

where Is is the intensity of the sample beam, and Ir is the intensity of the reference beam. In many
parts of the spectrum, the transmittance is nearly 100%, meaning that the sample is nearly transpar-
ent to radiation of that frequency (does not absorb it). Maximum absorption is thus represented by a
minimum on the chart. Even so, the absorption is traditionally called a peak.

The chemist sometimes obtains the spectrum of a compound by dissolving it in a solvent
(Section 2.6). The solution is then placed in the sample beam, while pure solvent is placed in the
reference beam in an identical cell. The instrument automatically “subtracts” the spectrum of the
solvent from that of the sample. The instrument also cancels out the effects of the infrared-active at-
mospheric gases, carbon dioxide and water vapor, from the spectrum of the sample (they are present
in both beams). This convenience feature is the reason most dispersive infrared spectrometers are
double-beam (sample + reference) instruments that measure intensity ratios; since the solvent 

Mirror
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Sample Cell
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Mirror
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Recorder
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Beam
splitter

Infrared
source

Fixed
Mirror

Moving
Mirror
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Computer

Sample Cell

Motor

F I G U R E  2 . 3 Schematic diagrams of (a) dispersive and (b) Fourier transform infrared spectrophotometers.
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38 Infrared Spectroscopy

CIH Bending Vibrations for Methyl and Methylene

The presence of methyl and methylene groups, when not obscured by other absorptions, may be
determined by analyzing the region from 1465 to 1370 cm−1. As shown in Figure 2.17, the band due
to CH2 scissoring usually occurs at 1465 cm−1. One of the bending modes for CH3 usually absorbs
strongly near 1375 cm−1. These two bands can often be used to detect methylene and methyl groups,
respectively. Furthermore, the 1375-cm−1 methyl band is usually split into two peaks of nearly equal
intensity (symmetric and asymmetric modes) if a geminal dimethyl group is present. This doublet is
often observed in compounds with isopropyl groups. A tert-butyl group results in an even wider
splitting of the 1375-cm−1 band into two peaks. The 1370-cm−1 band is more intense than the 1390-cm−1

one. Figure 2.18 shows the expected patterns for the isopropyl and tert-butyl groups. Note that some
variation from these idealized patterns may occur. Nuclear magnetic resonance spectroscopy may
be used to confirm the presence of these groups. In cyclic hydrocarbons, which do not have attached
methyl groups, the 1375-cm−1 band is missing, as can be seen in the spectrum of cyclohexane
(Fig. 2.9). Finally, a rocking band (Section 2.3) appears near 720 cm−1 for long-chain alkanes of
four carbons or more (see Fig. 2.7).

CJC Stretching Vibrations

Simple Alkyl-Substituted Alkenes. The CJC stretching frequency usually appears between 1670
and 1640 cm−1 for simple noncyclic (acyclic) alkenes. The CJC frequencies increase as alkyl
groups are added to a double bond. For example, simple monosubstituted alkenes yield values near
1640 cm−1, 1,1-disubstituted alkenes absorb at about 1650 cm−1, and tri- and tetrasubstituted
alkenes absorb near 1670 cm−1. Trans-Disubstituted alkenes absorb at higher frequencies (1670 cm−1)

1500 1400 1300

CH3–C–

CH3

CH3–
–

(CM–1)
1500 1400 1300

(CM–1)

CH–
–CH3

CH3–

F I G U R E  2 . 1 8 CIH bending patterns for the isopropyl and tert-butyl groups.

F I G U R E  2 . 1 7 The CIH bending vibrations for methyl and methylene groups.



2.10 Hydrocarbons: Alkanes, Alkenes, and Alkynes 39

than cis-disubstituted alkenes (1658 cm−1). Unfortunately, the CJC group has a rather weak inten-
sity, certainly much weaker than a typical CJO group. In many cases, such as in tetrasubstituted
alkenes, the double bond absorption may be so weak that it is not observed at all. Recall from
Section 2.1 that if the attached groups are arranged symmetrically, no change in dipole moment oc-
curs during stretching, and hence no infrared absorption is observed. Cis-Alkenes, which have less
symmetry than trans-alkenes, generally absorb more strongly than the latter. Double bonds in rings,
because they are often symmetric or nearly so, absorb more weakly than those not contained in
rings. Terminal double bonds in monosubstituted alkenes generally have stronger absorption.

Conjugation Effects. Conjugation of a CJC double bond with either a carbonyl group or another
double bond provides the multiple bond with more single-bond character (through resonance, as the
following example shows), a lower force constant K, and thus a lower frequency of vibration. For
example, the vinyl double bond in styrene gives an absorption at 1630 cm−1.

With several double bonds, the number of CJC absorptions often corresponds to the number of
conjugated double bonds. An example of this correspondence is found in 1,3-pentadiene, where
absorptions are observed at 1600 and 1650 cm−1. In the exception to the rule, butadiene gives only
one band near 1600 cm−1. If the double bond is conjugated with a carbonyl group, the CJC absorp-
tion shifts to a lower frequency and is also intensified by the strong dipole of the carbonyl group.
Often, two closely spaced CJC absorption peaks are observed for these conjugated systems, result-
ing from two possible conformations.

Ring-Size Effects with Internal Double Bonds. The absorption frequency of internal (endo-
cyclic) double bonds in cyclic compounds is very sensitive to ring size. As shown in Figure 2.19,
the absorption frequency decreases as the internal angle decreases, until it reaches a minimum at
90° in cyclobutene. The frequency increases again for cyclopropene when the angle drops to
60°. This initially unexpected increase in frequency occurs because the CJ C vibration in cyclo-
propene is strongly coupled to the attached CIC single-bond vibration. When the attached CIC
bonds are perpendicular to the CJ C axis, as in cyclobutene, their vibrational mode is orthogo-
nal to that of the CJ C bond (i.e., on a different axis) and does not couple. When the angle is
greater than 90° (120° in the following example), the CIC single-bond stretching vibration can
be resolved into two components, one of which is coincident with the direction of the CJ C
stretch. In the diagram, components a and b of the CIC stretching vector are shown. Since
component a is in line with the CJ C stretching vector, the CIC and CJ C bonds are coupled,
leading to a higher frequency of absorption. A similar pattern exists for cyclopropene, which has
an angle less than 90°.

C CC C
1 2

C CC C

C

C
C C

C

C

a

b

120°90°
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Significant increases in the frequency of the absorption of a double bond contained in a ring
are observed when one or two alkyl groups are attached directly to the double bond. The increases
are most dramatic for small rings, especially cyclopropenes. For example, Figure 2.20 shows that
the base value of 1656 cm−1 for cyclopropene increases to about 1788 cm−1 when one alkyl group
is attached to the double bond; with two alkyl groups the value increases to about 1883 cm−1.

1656 cm2 1

1675 cm2 1

R

R

1641 cm2 1

R

1566 cm2 1

1788 cm2 1
R

1883 cm2 1
R R

1679 cm2 1

R

R

1681 cm2 1

R

R

1675 cm2 1

R

1650 cm2 1

R

1611 cm2 1

1646 cm2 1
F I G U R E  2 . 2 0 The effect of alkyl substitution
on the frequency of a CJC bond in a ring.

F I G U R E  2 . 1 9 CJC stretching vibrations in endocyclic systems.





Table 10.3 lists typical absorptions of simple isolated chromophores. You may notice that these
simple chromophores nearly all absorb at approximately the same wavelength (160 to 210 nm).

The attachment of substituent groups in place of hydrogen on a basic chromophore structure
changes the position and intensity of an absorption band of the chromophore. The substituent
groups may not give rise to the absorption of the ultraviolet radiation themselves, but their presence
modifies the absorption of the principal chromophore. Substituents that increase the intensity of the
absorption, and possibly the wavelength, are called auxochromes. Typical auxochromes include
methyl, hydroxyl, alkoxy, halogen, and amino groups.

Other substituents may have any of four kinds of effects on the absorption:

1. Bathochromic shift (red shift)—a shift to lower energy or longer wavelength.

2. Hypsochromic shift (blue shift)—a shift to higher energy or shorter wavelength.

3. Hyperchromic effect—an increase in intensity.

4. Hypochromic effect—a decrease in intensity.

10.7 What is a Chromophore? 585

F I G U R E  1 0 . 9  Electronic transitions of the carbonyl group.
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A P P E N D I X  1 1

Common Fragment Ions under Mass 105a

aAdapted with permission from Silverstein, R. M. and F. X. Webster, Spectrometric Identification of Organic 
Compounds, 6th ed., John Wiley & Sons, New York, 1998.

m/z Ions

14 CH2

15 CH3

16 O

17 OH

18 H2O

NH4

19 F

H3O

26 CKN

27 C2H3

28 C2H4

CO

N2 (air)

CHJNH

29 C2H5

CHO

30 CH2NH2

NO

31 CH2OH

OCH3

32 O2 (air)

33 SH

CH2F

34 H2S

35 Cl

36 HCl

39 C3H3

40 CKN

41 C3H5

CH2CJH + H

C2H2NH

42 C3H6

43 C3H7

CH3CJO

C2H5N

m/z Ions

44 CH2CHJO + H

CH3CHNH2

CO2

NH2CJO

(CH3)2N

45 CH3CHOH

CH2CH2OH

CH2OCH3

CH3CHIO + H

46 NO2

47 CH2SH

CH3S

48 CH3S + H

49 CH2Cl

51 CHF2

C4H3

53 C4H5

54 CH2CH2CKN

55 C4H7

CH2JCHCJO

56 C4H8

57 C4H9

C2H5CJO

58

C2H5CHNH2

(CH3)2NHCH2

C2H5NHCH2

C2H2S

CH3

CH2

C O
H1

C OH

O
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m/z Ions

59 (CH3)2COH

CH2OC2H5

CH3OCHCH3

CH3CHCH2OH

60

CH2ONO

61

CH2CH2SH

CH2SCH3

65

66

67 C5H7

68 CH2CH2CH2CKN

69 C5H9

CF3

CH3CHJCHCJO

CH2JC(CH3)CJO

70 C5H10

71 C5H11

C3H7CJO

72

C3H7CHNH2

(CH3)NJCJO

C2H5NHCHCH3 and isomers

73 Homologs of 59

O

CH2C2H5C

H H

(or C5H6)

+

H

(or C5H5)

C

O

2HOCH3 +

O
H

CH2C

OH
+

C

O

O
H

OCH3

NH2C

CH2

+

m/z Ions

74

75

CH2SC2H5

(CH3)2CSH

(CH3O)2CH

77 C6H5

78 C6H5 + H

79 C6H5 + 2H

Br

80 CH3SS + H

81

82 CH2CH2CH2CH2CKN

CCl2
C6H10

83 C6H11

CHCl2
85 C6H13

C4H9CJO

CClF2

86

87

88

C

O

HOC2H5CH2 +

O

O

C3H7CO

CH2CH2COCH3

Homologs of 73

H+

O

CH2C3H7C

C4H9CHNH2 and isomers

C6H9

C

O

2HOC2H5 +

C

O

HOCH3CH2 +
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m/z Ions

89

90

91

92

93

m/z Ions

94

96 CH2CH2CH2CH2CH2CKN

97 C7H13

99 C7H15

C6H11O

100

C5H11CHNH2

101

102

103

C5H11S

CH(OCH2CH3)2

104 C2H5CHONO2

105 C O

CH2CH2

CHCH3

O

OC4H9C +  2H

O

HOC3H7CH2C +

O

OC4H9C

O

HC4H9C CH2 +

O

+  HC

O

2HOC3H7 +

C

(CH2)4Cl

CH2

CH

C

N

+  2H

+  H

H

or

CH2

CH2

+  H

N

OH

O

CH2Br

C7H9

CH3CHONO2

CH
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A P P E N D I X  1 2

A Handy-Dandy Guide to Mass Spectral Fragmentation Patterns

Alkanes
Good M+

14-amu fragments

Alkenes
Distinct M+

Loss of 15, 29, 43, and so on

Cycloalkanes
Strong M+

Loss of CH2JCH2 M − 28
Loss of alkyl

Aromatics
Strong M+

C7H7
+ m/z = 91, weak m/z = 65 (C5H5

+)

Halides
Cl and Br doublets (M+ and M + 2)
m/z = 49 or 51 CH2JCl+

m/z = 93 or 95 CH2JBr+

M − 36 Loss of HCl

m/z = 91 or 93

m/z = 135 or 137

M − 79 (M − 81) Loss of Br�
M − 127 Loss of I�

Alcohols
M+ weak or absent
Loss of alkyl
CH2JOH+ m/z = 31
RCHJOH+ m/z = 45, 59, 73, . . .
R2CJOH+ m/z = 59, 73, 87, . . .
M − 18 Loss of H2O
M − 46 Loss of H2O + CH2JCH2

+Br

+Cl

CH2

H
H

+

m/z = 92 Transfer of gamma hydrogens
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Phenols
Strong M+

Strong M − 1 Loss of H�
M − 28 Loss of CO

Ethers
M+ stronger than alcohols
Loss of alkyl
Loss of OR′ M − 31, M − 45, M − 59, and so on
CH2JOR′+ m/z = 45, 59, 73, . . .

Amines
M+ weak or absent
Nitrogen Rule
m/z = 30 CH2JNH2

+ (base peak)
Loss of alkyl

Aldehydes
Weak M+

M − 29 Loss of HCO
M − 43 Loss of CH2JCHO
m/z = 44

Transfer of gamma hydrogens

or 58, 72, 86, . . .

Aromatic Aldehydes
Strong M+

M − 1 Loss of H�
M − 29 Loss of H� and CO

Ketones
M+ intense
M 2 15, M 2 29, M 2 43, . . .  Loss of alkyl group
m/z = 43  CH3CO+

m/z = 58, 72, 86, . . .  Transfer of gamma hydrogens
m/z = 55 CH C+CH2 O   Base peak for cyclic ketones

m/z = 83

m/z = 42

m/z = 105 in aryl ketones

C O+   in cyclohexanone

C O+

+
in cyclohexanone

m/z = 120
Transfer of gamma hydrogens

C

+OH

CH2

CH2

1 OH

C H

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.
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Carboxylic Acids
M+ weak but observable
M − 17 Loss of OH
M − 45 Loss of COOH
m/z = 45 +COOH

m/z = 60 Transfer of gamma hydrogens

Aromatic Acids
M+ large
M − 17 Loss of OH
M − 45 Loss of COOH
M − 18 Ortho effect

Methyl Esters
M+ weak but observable
M − 31 Loss of OCH3

m/z = 59 +COOCH3

m/z = 74 Transfer of gamma hydrogens

Higher Esters
M+ weaker than for RCOOCH3

Same pattern as in methyl esters
M − 45, M − 59, M − 73 Loss of OR
m/z = 73, 87, 101 +COOR

m/z = 88, 102, 116 Transfer of gamma hydrogens

m/z = 28, 42, 56, 70 Beta hydrogens on alkyl group

m/z = 61, 75, 89 Long alkyl chain

m/z = 108 Loss of CH2JCJO Benzyl or acetate ester

M − 32, M − 46, M − 60 ortho effect—loss of ROH

m/z = 105
C O+

m/z = 77 weak
+

CR

+OH

OH

CRO

+OH

CH2

CCH3O

+OH

CH2

CHO

+OH

CH2

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.
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Proton-coupled spectra, 294–296
Pulse, 226
Pulse sequences, 511–513
Pulse widths, 513–517
Pulsed Fourier-transform instrument,

226–230
Pulsed-field gradients, 517–518
Pyridine, ultraviolet spectrum of, 606

Q
Quadrupole broadening, 262,

470–471
Quadrupole mass analyzer, 120–124
Quadrupole moment, 470–471
Qualitative elemental analysis, 1
Quantitative elemental analysis, 1
Quaternary carbons, attached proton

test of, 525
Quinoline, ultraviolet spectrum of,

606

R
Radical cation, 126, 139
Radical-site-initiated cleavage, 141,

142
Reagent gases, for chemical ionization,

110–111
Recorder, in mass spectrometry, 126
Reduced mass, 19
Reference beam, 23, 580
Reflected light, 608
Relative configuration, NMR 

determination of, 486–487
Relaxation, in NMR spectroscopy,

226–227, 301–305, 517
Relaxation delay, 511
Relaxation time, 303
Repeller plate, 109
Resolution, in mass spectrometry, 120
Resonance, nuclear magnetic,

217–220. See also NMR 
spectroscopy

Resonance effects
infrared, acid chlorides, 73
infrared, aldehydes, 58
infrared, alkenes, 42
infrared, amides, 71
infrared, amines, 76
infrared, carbonyl compounds,

53–55
infrared, carboxylate salts, 80
infrared, CJC stretch, 39
infrared, CJO, 20
infrared, ester, 67
infrared, ethers, 52
infrared, Fermi, 18, 58, 71, 73
infrared, ketones, 62

Resonance signal, 224
Resonant ejection, 122
Retro Diels–Alder cleavage, 143
Ring current, 238–239

Ring size effects
infrared, carbonyl compounds, 55
infrared, CJC stretching, 39–41
NMR coupling, 354–355

Ringing, in NMR spectrum, 226
Rocking, 17
Rotating frame, 514
Rule of Thirteen, 9–11, 614

S
Salicylaldehyde, carbon-13 chemical

shift of, A-32
Salt plates, 25
Samarium, 479
Sample beam, 23, 580
Sample inlet, of mass spectrometer,

107–109
Saturation, in NMR spectroscopy,

221, 300, 303
Scissoring, 17
Second primary band, 599
Secondary band, 599
Secondary ion mass spectrometry

(SIMS), 115–116
Second-order spectra, 388–397

absence at higher field, 392–393
simulation of, 392

Selection rules, 578
Septet, 243
Shielding, in NMR spectroscopy,

222–224, 234–238
Shimming, of magnetic field, 517–518
Signal-to-noise ratio, 230
Simple multiplets, 380–382
SIMS. See Secondary ion mass 

spectrometry
Single-quantum transitions, 299
Singlets, 296
Solids, infrared spectroscopy of,

25–26, 86
Solvent(s)

in NMR spectroscopy, 313–316,
463, 475–478, A-36

in ultraviolet spectroscopy,
582–583

Solvent-induced shift, 475–478
sp hydrogens, 237
sp2 hydrogens, 237
sp3 hydrogens, 236
Spin, 215
Spin angular momentum, 215
Spin quantum numbers, 215–216
Spin system(s)

AB, 389–390
AX, 389–390

Spin system notation, 389
Spin–lattice relaxation processes, 303
Spin–lattice relaxation time T1,

303–304
Spin–spin coupling. See Coupling, in

NMR spectroscopy

Spin–spin relaxation processes, 303
Spin–spin relaxation time T2,

303–304
Spin–spin splitting

in carbon-13 NMR spectroscopy,
294–296, 322

in NMR spectroscopy, 241–246,
321

Stationary frame, 514
Stevenson’s Rule, 141
Stilbene, cis- and trans-, NMR 

spectrum of, 398
Stretching, of vibrations, 17–18. See

also Infrared spectroscopy
Structural analysis, combining 

methods in, 614–689
Styrene oxide, NMR spectrum of,

378, 379
Subspectra, in DEPT technique, 306
Sufonyl chlorides, infrared spectra of,

82
Sulfides

infrared spectra of, 81
mass spectral fragmentation of,

165, 167
Sulfonamides, solid state, infrared

spectra of, 82
Sulfonates, infrared spectra of, 82
Sulfones, infrared spectra of, 82
Sulfonic acids, anhydrous, infrared

spectra of, 82
Sulfoxides, infrared spectra of, 81
Sulfur compounds

infrared spectra of, 81–83
ultraviolet transitions/spectra of,

578, 583–584
Surface coil, 541
Symmetric stretching, 17–18

T
Tanaka, K., 107
Tautomer(s), 464
Tautomerism, 464–466
Terbium, 479
Tetraethylphosphonium chloride,

NMR spectrum of, 418–419
Tetramethylsilane (TMS), 223
Thermal dehydration, 159
Thermospray ionization, 117–119
Thiols

mass spectral fragmentation of,
162–163

ultraviolet transitions/spectra of,
610

Thomson, J. J., 107
Three-bond couplings, 355–360
Thulium, 479
Time-domain signal, 227
Time-domain spectrum, 24
Time-of-flight (TOF) mass analyzer,

124–125



I-12 Index

Tip angle, 515
TMS (tetramethylsilane), 223
TOF. See Time-of-flight mass 

analyzer
Toluene

carbon-13 NMR spectrum of, 304,
311

infrared spectrum of, 43
mass spectrum of, 154

Transmitted light, 608
Transverse relaxation processes, 303
Tree diagrams, 377–380
Tributylamine, infrared spectrum 

of, 75
1,1,2-Trichloroethane, NMR 

spectrum of, 241–242, 378
Triethylamine, mass spectrum of, 180
2,2,2-Trifluoroethanol, NMR 

spectrum of, 418
Trimethyl phosphate, as solvent, 582
2,2,4-Trimethylpentane, mass 

spectrum of, 146
Triplet, 241
Tropylium ion, 151–153, 156
Twisting, 17
Two-bond cleavage, 142–143
Two-bond coupling, 352–355
Two-dimensional experiment, 526
Two-dimensional NMR spectroscopy,

526

U
Ultraviolet (UV) spectroscopy

aromatic compounds, 598–606,
610

carbonyl compounds, 578,
584–585, 593–595

chromophores in, 583–586
colored compounds, 608–609, 610
conjugation effects in, 586–590,

602

dienes, 590–593
disubstituted ultraviolet spectrum,

602–604
electronic excitations in, 577–578
electron-releasing and electron-

withdrawing effects in, 602
enones, 593–597
index of spectra, A-45
instrumentation in, 580–581
model compound studies, 607
pH and, 601–602
practical guide to, 609–610
principles of absorption in,

579–580
problems in, 611–613
problems in, combining spectro-

scopic methods to solve,
614–689

problems in, how to solve, 615
solvents in, 582–583
spectra presentation in, 581
substituents capable of 

� -conjugation, 602
substituents with unshared 

electrons, 600–602
unsaturated acids, 598, 599
�,�-unsaturated aldehydes, 598
unsaturated esters, 598, 599

Ultraviolet (UV) spectrum, 577, 579,
581, 609–610, A-45

Unsaturation index, 6–11, 543
UV. See Ultraviolet spectroscopy;

Ultraviolet spectrum

V
Valence isomerization, 466
Valence tautomerism, 466
Valeraldehyde, mass spectrum of,

167–168
Valeronitrile, NMR spectrum of,

263–264

Vapor density method, 5
Vapor pressure osmometry, 5
Vibrational infrared, 14–15. See also

Infrared spectroscopy;
Infrared spectrum

Vibrational motion, modes of, 17–18
Vicinal couplings, 355–360
Vinyl absorptions, 254
Vinyl acetate

infrared spectrum of, 66
NMR spectrum of, 399

Visible spectra, 577, 608–609, 615,
A-45

W
W coupling, 362
Wagging, 17
Water

exchange in, NMR spectroscopy,
460–464

as solvent, 582, A-36
Wavenumber, 14–15
Woodward–Fieser rules, for dienes,

590–593, 610
Woodward’s rules for enones,

586–597

X
Xylene isomers, mass spectra of, 151,

155

Y
Ytterbium, 479

Z
Zero-quantum transition, 302


