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21 INTRODUCTION

The literature dealing with the infrared spectroscopy of organic compounds
continues to cxpand at a very rapid rate. Numerous excellent references
(e.g., Refs. 1-8) have appeared in recent years, and if an expansive trecatment
of the subject is desired, the reader is directed to these references. The pur-
pose of this chapter is to give a basic knowledge of the subject and to offer
illustrations of a pharmaccutical nature. Although an emphasis has been
Placed on the determination of the frequencies at which functional groups
characteristically absorb, numerous studies have concerned themselves with
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TABLE 2.1: infrared Spectrophotometric Identity Tests of the USP XVl

Acetazolamide and Tablets (KBr)

Bemegride and Injection (mineral oil)

w-Benzene Hexachloride (KBr)

Betazole Hydrochloride and Injection (mmcra.l oil)
Bishydroxycoumarin (KBr)

Calcium Disodium Edetate (mineral oil)

Calcium Pantothenate and Racemic Calcium Pantothenate (KBr)
Chlorambucil and Tablets (CS,)

Chlorcyclizine Hydrochloride and Tablets (CS,)
Chlorpheniramine Maleale and Tablets (CS,)*
Chlorpromazine Hydrochloride (KBr)

Chlorpropamide (KBr) and Tablets (CHCl,) ‘
Cholecalciferol (KBr)

Cyclizine Hydrochloride (KBr) and Tablets (CS,?
Desoxycorticosterone Acctate (KBr)

Diethyltoluamide and Solution (CS,)

Dihydrotachysterol (KBr)

: Dmhydnnalc and Syrup and Tablets (CS,)’

Diphenhydramine Hydrochloride and Capsules and Elixir and Inpcum (Csy
Disedium Edetate and Injection (KBr)
Ergocalciferol (KBr)
Estradiol Valerate (KBr)
Ethinyl Estradiol (KBr)
Guanethidine Sulfate (mineral oil)
Hydrochlorothiazide (KBr)
Hydrocortisone and Tablets and Acetate (KBr)
Sterile Hydrocortisone Acetate Suspension (KBr)
Hydrocortisone Sodium Succinate (KBr)
Hydrocortisone Sodium Succinate for Injection (KBr)
Hydroxystilbamidine Isethionate (KBr)
Sterile Hydroxystilbamidine Isethionate (KBr)
Mecamylamine Hydrochloride and Tablets (KBr)
Meclizine Hydrochloride (KBr)
Medroxyprogesterone Acetate and Tablets and Sterile Suspension (KBr)
Meglumine Tothalamate Injection (KBr)
Methazolamide and Tablets (KBr)
Methotrexate (KBr)
Metyrapone (mineral oil)
Phenobarbital and Elixir and Tablets (KBr)
Phentolamine Mesylaie (KBr):
Phentolamine Mesylate for Injection (KBr) 4
Prednisolone and Tablets and Acelate and Sterile Suspension (KBr)
Prednisone and Tablets (KBr)
Primidone (KBr)
Procame Hydrochloride and Injection (KBr) g ‘ -
Sterile Procaine Hydrochloride (KBr) :
Prochlorperazine Edisylate and Injection (CS,)*
Prochlorperazine Malcate and Tablets (CS,)*
Promethazine Hydrochloride and Injection and Syrup (CS,)*
Propoxyphene Hydrochloride and Capsules (CHCI,)
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TABLE L1 (continued)

Pyﬁu:hamin: (KBr)

Pyrvinium Pamoate (KBr)

Sodium Accu_m!amide (KBr)

Sedium lothalamate Injection (KBr) N
Sodium Phenobarbital and Injection (KBr)

Sterile Sodium phenobarbital (KBr)

Sodium Warfarin (KBr) "

Sodium Warfarin for Injection (KBr)
Spironolactone and Tablets (KBr)

Sulfamerazine (KBr)

Sulfamethazine (KBr)

Sulfamethoxypyridazine and Tablets (KBr}
Testosterone Cypionate (KBr)

Testosterone Propionate (KBr)

Thiotepa (CHCl)

Thiotepa for Injection (CHCl,)

Tolbutamide and Tablets (mineral oil)
Tripelennamine Citrate (CSy)*

Tripelennamine H ydrochloride and Tablets (CS._}'_
Tubocurarine Chloride (KBr)

* Solvent or dispersing agent is given in parentheses.
* The USP “Identification-Organic Nitrogenous Bases™ test is employed in
these examples. Sec also practical exercise 2.2.

the application of infrared spectroscopy to pharmaceuiical analysis. The
review by Price? on this subject covers the period up to 1954; Carol's review!?
was published in 1961. Other reviews are also worthy of mention, especially
the series on analytical methods used for pharmaceuticals and related drugs
which have appeared regularly for many years in Analytical Chemistry.
Many of the references contained therein are devoted to spectrophotometric
methods. The most recent review!? in this series covers the literature through
June 1966. The series of papers (e.g., Refs. 12-14) by Warren, Eisdorfer,
Thompson, and Zarembo illustrate the value of infrared spectrophotometry
in the identification of organic medicinal compounds. The current editions
of the United States Pharmacopeia (USP XVII) and the British Pharmacopoeia
(BP 1963) suggest the extensive use of infrared spectrophotometry as a means
of identifying a large number of substances and preparations (Tables 2.1
and 2.2). The USP XVII describes, for the first time, a few assay processes
based on infrared absorption spectra (Table 2.3). This number will certainly
increase. Reference will be made to typical examples later in this chapter.
It is unfortunate that neither the USP nor the BP are consistent in their use of
infrared spectroscopy in the identification of medicinal compounds. Some,
but not all of the USP official sulfa drugs, for example, are identified by means
of their infrared spectra, The BP confines this application of infrared spectro-
scopy to the identification of steroids, but not all the official BP steroids are
identified in this way.
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TABLE 2.2: Infrared Spectrophotometric ldentlty
Tests of the BP 1963+

Cortisone Acetate and Injection and Tablets
Deoxycortone Acetate and Implants
Deoxycortone Trimethylacetate and Injection
Dexamethasone and Ar:c:al: and Tablets

Digoxin

Dimethisterone and Tablets

Ethinyloestradiol .

Ethisterone and Tablets

Fludrocortisone Acetate and Tablets
Fluoxymesterone and Tablets

Hydrocortisone - . e
Hydrocortisone Acetate and Injection :
Hydrocortisone Hydrogen Succinate
Hydrocortisone Sodium Succinate and Injection
Methylprednisolone and Tablets
Methyltestosterone and Tablets -
Norethandrolone and Tablets

Norethisterone

Prednisolone and Acetate and Tablets
Prednisolone Trimethylacetate and Injection
Prednisone and Acetate and Tablets
Progesterone g

Testosterone and Implants and Propionate

* Methods of preparation of substance are
listed in BP, Appendix I'V Any of these
methods can be used. -

TABLE 2.3: Infrared Spectrophotometric Assays of the
USP XV

Acetazolamine (pyridine)
Diethyltoluamide and Solution (CS,)

Nitroglycerin Tablets (CS,)
Propoxyphene Hydrochloride Capsules (CHCI.) i
Thiotepa for Injection (CHCI,)

* Solvent is piven in parentheses.

-

22 ABSORPTION SPECTROSCOPY
+ Absorption spectroscopyy or spectrophotometry, may be defined as the
analysis of chemical substances by the measurement of the amount of radia-
tion absorbed by these substances. An infrared absorption spectrum is
obtained by passing clectromagnetic radiation of the appropriate frequency
range through a transparent layer of the substance being examined. The sub-
stance may be a solid, a liquid, a gas, or a solution of these. Some of the
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radiation is absorbed sclectively by the substance at certain frequencies. The
cnergy not absorbed, i.e., the transmitted energy, can be analyzed by means of
a suitable instrument (the spectrometer, or, if it incorporates a photocell, the
spectrophotometer) and it will vary according to the frequency of the incident:
radiation. In this way, an absorption spectrum over a certain frequency range
is obtained. When the ‘molccule under investigation absorbs radiation,
some clectrons are raised to higher energy levels which are quantized. The
high energy or excited states of the molecule are usually _short-lived. The
absorbed energy is rapidly released in the form of heat. Thus the temperature
of the substance or its solution increases while the spectrum is being recorded.
If all molecules of a substance were identical, the infrared. spectrum would
take the form of a series of lines. However, a group of molecules exists in a
number of different vibrational and rotational states (see later), each state
differing from another by a relatively small amount of energy. -A group of
molecules, therefore, absorbs energy over small wavelength ranges and gives
rise to absorption bands or peaks.

"A. UNITS OF MEASUREMENT

Electromagnetic radiation is characterized by either its wavelength (1) or
by its frequency (v). These quantities are related, Av = C, where C is the
velocity of light, and the energy of radiation is given by the Plank equation, '
E = hv. In infrared spectroscopy, the common wavelength unit is the micron
(#; 1 p =10~ cm). Wave numbers (o or #) are also used, where # = 1,
(A measured in centimeters). Wave numbers are therefore expressed in cm™?
units (reciprocal centimeters or Kaysers) and are a measurement of frequency.
The position of an absorption peak in an infrared spectrum can be expressed,
therefore, in wavelength (measured in microns) or in frequency units (meas-
ured in wave numbers). Interconversion is facile:

W
el b T

B. INFRARED REGION

The range of the electromagnetic spectrum extending from 0.8 to 200 u
is called the “infrared.” The infrared region thus extends from just outside
the visible region to the microwave region of the electromagnetic spectrum.
The infrared region is subdivided. The range 0.8-2.5 u is the near infrared .
region; the 2.5 to 16 u is the infrared region; the range 16-200 u is the far
infrared region. The range 2.5 to 50 u is sometimes called the *“midinfrared"
region. The range most useful to the organic medicinal chemist stretches from
2.5t0 16 u, corresponding to 4000 to 625 cm~!. Someinfrared spectrophotom-
eters produce tracings which are lincar in wavelength units and therefore
nonlinear in terms of wave numbers. Most modern instruments, however,

2
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66 INFRARED SPECTROSCOPY ' [cH. 2]

produce spectra linear in wave numbers, and so it is common to see positions

of maximum absorption quoted in reciprocal centimeters rather than in

wavelength. The spectrum of a polystyrene film (commonly used tb calibrate

infrared spectra) has been recorded on the Beckman IR5Arspectrophotometer
*(linear in wavelength units) and 6n the Beckman [R10 spectrophotometer

(linear in frequency units) for comparison purposcs (Figs. 2.1 and 2.2, re-

spectively). :

C. ENERGY CHANGES

Whereas uitraviolet and visible electro magnetic radiation results in changes

* in electronic as well as vibrational and rotational energies of a molecule, the

weaker energy of infrared radiation affects only the vibrational and rotational
energy levels associated with the ground electronic cnergy state of the irradi-
ated molecule. If the source of radiation is the far infrared or microwave
region, only the rotational energy of the molecule is affected, whereas when
the energy supplied is on the 2.5-16 range, changes in the vibrational as
well as the rotational energies of the molecule result. For all intents and
purposes however, the 2.5-16 4 region of the electromagnetic spectrum can
be considered to affect only the vibrational energy levels of the irradiated
molecule. Rotational transitions are rarely seen when solids or solutions are
being examined. When they do occur, for example, when molecules in the
vapor phase are examined, they appear as fine structure associated with the
vibrational absorption bands. For this reason, it is assumed in the discussion
which follows that the irradiation of a molecule by means of infrared radia-
tion causes vibrational transitions only. '

" A popular illustration of strerching and bending vibrations is to think of the
molecule as a system susperided in space in which the component atoms arc
visualized as balls and the bonds connecting them as springs. The system is

- imagined to be in constant motion—the springs are stretching and contracting,

or bending. These motions are referred to, respectively, as stretching and
bending vibrations, and the frequency with which these vibrations occur
depends on the nature of the atoms joined by the bond and on the bond’s
E’Sh@ﬁﬁn a spring and ball system, if the spring connecting
two balls is struck, it vibrates, and this vibration, in turn, influences the rest
of the system and is influenced by the rest of the system. In a similar wa¥, if
a chemical bond vibrating at a certain frequency is struck by infrared radia-
tion of that same frequency, the vibration of that bond will increase by ab-
sorption of the infrared radiation, which causes an electron to be raised to a
higher (quantized) vibrational cnergy level. Because the energy levels are
?uanlizcd, the electron will be promoted only wheén the frequency of the in-
frared radiation corresponds cxactly to that of the bond’s vibration. If, then,
a substance is irradiated by infrared radiation the wavelength of which is
constantly changing, different bonds will absorb_energy at different fre-
quencies. In this way, aninfrared absorption spectrum is obtained in which
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the percentage mtr:nsuy of the transmutcd mf{nrcd hghl is plotted against the
wavelength (or wave number) of that light.

D. VIBRATIONAL MODES

A molecule of N atoms has 3N degrees of freedom, which means that the
total number of coordinates required to specify the positions of all the atomic
nuclei is 3N. Three of these coordinates are required to indicate the position
of the molecule’s center of mass, and an additional three (two in linear mole-
cules) describe the rotational motion of the molecule about its center of mass.
It follows that to describe the vibrational motions of the atoms relative to one
another, 3N-6 coordinates are required (3N-5 if the molecule is linear). A
nonlinear molecule containing N atoms, therefore, is said to possess 3N-6
vibrational degrees of freedom. Another way of expressing this concept is
to say that the nonlinear molecule has 3N-6 possible normal or fundamental
vibrational modes which can be responsible for the absorption of infrared .
radiation. Thus, the ethanol molecule possesses 21 vibrational modes each of
which can, theoretically, give rise to an absorption band. Additional factors,
however, must be considered. Molecules displaying partial or total symmetry
give rise to simpler spectra than might be anticipated. This is due to the fact
that, for a particular vibration to absorb infrared energy, a change in the
dipole moment of the molecule must result. The double bonds in symmetrical
alkenes (C=C) and in symmetrical azo compounds (N=N), for example, do
not absorb infrared radiation for this reason. Such bonds are said to be
infrared inactive.

. Nonfundamental Vibrations

Absorption bands can occur in addition to those predicted by.the number
of degrees of freedom possessed by the molecule. These are nonfundamental
absorption bands and occur for at least two reasons. Overtones are sometimes
observed at twice the frequency of a strong band. The spectrum of a molecule
with a carbonyl group which absorbs strongly near 1700 cm=* may also have
a weak intensity band at twice this frequency (near 3400 cm='). Combination
fones are also weak bands which appear occasionally at frequencies that are
the sum or difference of two or more fundamental bands. Transitions in
which the vibrational quantum number changes by unity are permitted to be
infrared active. Overtones and combination tones require a vibrational quan-
tum change of greater than this value and, therefore, should not be expected.
They do occuf, however, which indicates that the vibrational motion is
not truly harmonic. If an overtone or combination tone occurs ncar a
fundamental frequency, the intensity of the overtone or combination tone
is anomalously enhanced. This confusing situation is the result of quantum
mechanical resonance (Fcrmi'.fe:onance) occurring between the two excited
vibrational levels.
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A vibrational spectrum is therefore highly characteristic of the particular
molecule, but although cach molecule has its own particular spectrum, certain
groups of atoms give rise to absorption bands at or near the same freqpencies
even though the remaining portions of the molecules are, quite different.
Most literature references are concerned with studies to establish the ranges
within which such characteristic group frequencies occur. To: predict the
presence of a particular group in a molecule is perhaps the most important
application of infrared spectrophotometry. Studies in this ficld, however,
can often be complicated by the phenomenon known as “coupling.” Some-
times when two strongly absorbing bonds of the same symmetry are closely
located within a molecule and absorb in the same region, coupling is said to
occur and the absorption bands are shifted outside their characteristic fre-
quency range.

Not only do different bonds or groups of atoms absorb at different fre-
quencies, the intensity of the absorption also varies. [t has been stated that
for a vibrating molecule to absorb infrared radiation, the magnitude of the
molecule’s dipole moment must change. Generally speaking, the greater
the magnitude of this dipole momeant change, the greater is the intensity of the
absorption band. Other factors, such as Fermi resonance, contribute to the
intensity of the absorption band.

2. Fundamental Yibrations

If a group of atoms, —AB,, is represented by

‘\T/“

then stretching and bending vibrations can be illustrated as shown (Fig. 2.3).

Stretching oibrasions:
¥ 5

Bending (or deformation) vibrations:

scussoring wagning twisting
FIGURE 2.3: Stretching and bend.mg vibration modes. The arrows indicate the direction

of lhe vibration; the + and — signs represent, respectively, vibrations above and below
the plane of the paper.
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Typical examples of such a group of atoms include the methylene group

H>C<H

the amino group

' the nitro group
9(0]
—N e
~o

and the carboxylate group

o)
-c(o o
Diagrams similar to those shown in Fig. 2.3 can be used to illustrate stretching

and bending in other systems, such as the methyl group (Fig. 2.4). The wave-
length at which a stretching vibration occurs is dependent on the strength of
Ll 3 —

-

5y Ay

FIGURE 2.4: Stretching vibrations of the methyl group.

the bond joining the two atoms; the shorter the bond, the shorter is the wave-
length (the larger the wave number) of the absorption band (Fig. 2.5).
When, however, hydrogen is one of the atoms, stretching vibrations occur at

~~frequencies much higher than those of other single-bond stretching vibrations.
Deformation vibrations require less energy and for this reason occur at longer
wavelengths (lower wave numbers) than stretching vibrations, Common
deformation frequency ranges are shown in Fig. 2.5.

-

E. EXAMINATION OF AN INFRARED SPECTRUM

A common practice is to examine separately three different arcas:
a. The region above 1400 cm™ (14004000 cm~!). The presence or ab-
_ sence of many groups in the molecule, including C=0, NH, OH, C—=C,
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L=N, etc., is usually readily confirmed. In this region, however, there is a
danger of making erroneous assignments. Nonfundamental absorption
bands (overtones, combination tones) are often located here andishouid not
be confused with O—H or N—H bands. *
b. The region below 900 cm=". This is generaily taken'to mean the 900-609Q
A_' region. The infrared spectra illustrated in this chapter cover the range

© 600-250 cm™', but itis often not possible to determine the origin of the bands

=1
c3a

1000 3020 2000 1800 1600 1400 122C 1000 300

Strmtching freguencies:-

O-H, N-H crQ ——— C ()
—— CaY C=x C-%
- 5-H — C=C c-C
CvC, Cwy == - NN
Deformation frequencies:-
N-5 blndin‘ em— N-H Tocking es——m—

C-H bending =m=me C-H rocking s

0-R bending

FIGURE 2.5: Common stretching and deformation vibrational frequencies.

in_this region because of the lack of information available in the literature.
Generally speaking, not many bands are located in the 900600 cm™! region
and the ones that are can usually be assigned to particular tramsitions.
- The region 900-1400 cm~!. This is termed the “finger-print region,”
y here many absorption bands are located, especially those due to bending
vibrations as well as C—C, C—0, and C—N stretching vibeations. This
arca of the spectrum is usually complex, and it is often far from easy to deter-
mine the origin of every band. As there are more bending than stretching
vibrations in a molecule, the fingerprint region contains many absorption
bands of varying intensities which makes this region of particular importance
in establishing the identity of a compound by comparison with an authentic
sample. Two extremely similar molecules aften_have -virnzmily identical _
vibrations in the other two regions (600-900; 1400-4000 cm~), ‘but almost .
invariably, there are differences, sometimes slight, in the fingerprint region.
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|. Group Frequencies .

Numerous authors have constructed detailed tables of characteristic group
frequencies. These are readily available, and it would be superfluous to con-
struct yet another series of tables of this type here. Much information can
be obtained from correlation charts such as those in the text book by Cross,?
and by reference to one of the various forms of the Colthup chart, originally
published in 1950.'* modifications of which appear in most textbooks. More
comprehensive group frequency correlation charts of this type are published
by Beckman. One example is reproduced here® (Table 2.4). Another excel-
lent reference for routine use is the bulletin by Jones,’® which does not attempt
to cover the subject completely, but which includes correlations most com-
monly used in the identificationi of naturally occurring organic compounds
and their degradation products. With such a wealth of information available,
a summary only of the principal absorption bands associated with the more
frequently encountered functional groups is presented here (Table 2.5). The )
frequency of a band and its intensity vary with the nature of the molecule and
according to whether a solid or a solution spectrum is recorded.

2. Aromatic Compounds

The presence of an aromatic nucleus in a molecule can usually be readily
confirmed by means of its infrared spectrum. Three regions are of particular
importance: (a) 1000-625 cm-! (10-16 #), (b) 1670-1430 cm=! (~6-7 p),
and (¢) 2000-1670 cm™? (~5-6 p).

A number of C—H bending vibrations appear in the 10-16 4 region; they
vary in intensity. The pattern of absorption depends on the number of adja-
cent hydrogen atoms possessed by the aromatic nucleus, OFf particular interest
to the pharmaceutical chemist are the spectra of monosubstituted (I), o-
disubstituted (II), and p-disubstituted (III) benzene derivatives. All mono-
substituted benzenes exhibit strong absorption near 14.3 x (700 cm™).
Such is the importance of this strong band that it is true 1o say that7Fa mole-
cule does not absorb strongly in this region, it is nof a monosubstituted ben-
zene. Many, but not all, monosubstituted benzenes also absorb strongly near

oo O

[£3) (n thn

13.3 4 (750 cm=1). The speetra of -benzoic acid and many benzoates, for
example, do not show a strong band near 750 cm-, ‘

Ortho-disubstituted benzenes absorb strongly near 13.3 i (750 cm~!) only.
A band ncar 700 cm=! is not observed. Para-disubstituted benzenes, and
other phenyl compounds with two adjacent hydrogen atoms on the phenyl
ring (i.c., 1,2, 4trisubstituted and 1.2.3.4-tetrasubstituted benzenes), have
a strong band in the 860-800 cm~-* region, usually located close to

* Reproduced with the kind permission of Beckman Instruments, Inc.
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TABLE 2.4*: Carbonyl Vibrations (all scrong bands) b

Wivclength, 7

Saturated ketones and acids —
z2f-Unsaturated ketones —
Aryl ketones
af-, a’f’-Unsaturated and diaryl ketones L
a-Halogen ketones ' -

xa’-Halogen ketones o

Chelated ketones —_——
6-Membered ring ketones -
5-Membered ring ketones -

4-Membered ring ketones —

Saturated aldehydes —
af-Unsaturated aldehydes -

af-, a'f’-Unsaturated aldehydes -
Chelated aldehydes -
af-Unsaturated acids —
a-Halogen acids -

Aryl acids -
Intramolecularly bonded acids -

lonized acids —
Saturated esters 6- and 7-ring lactones ]
af-Unsaturated and aryl esters -

Vinyl esters, a-halogen esters : —

Salicylates and anthranilates . -
Chelated esters -
5-Ring lactones : -
af-Unsaturated 5-ring lactooes —

. Thiol esters : "

Acid halides —
Chlorocarbonates -
Anhydrides (open-chain)
Anhydrides (cyclic) T — ——
Alkyl peroxides
Aryl peroxides Separation 25 om™t
Primary amides (CO)
Secondary amides and d-lactams (CO) .

Tertiary amides (CO)
y-Lactams Fused rings

B-Lactams

"« Based on work done by Bellamy.
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. TABLE 2.5: Principal Absorption Bands of Selecred Funetional Groups

73

C—H stretching,

-Alkanes Located in the 2850-3300 cm-!

Alkanes ¢ (3.51-3.03 u) 1cgion, Intensity* m to s.
Alkynes C=C—H stretching characteristically
Aromatic hydrocarbons located near 3300 cm-? (3.03 u) (s)
Aldehyde C—H Characteristic. Two bands 2800-2900 cm~t

(3.57-3.45 u) (w) and 2700-2780 cm~-!
(3.70-3.60 z) (w)

Frequency range  Wavelength, - - :
cm—? range, u Intensity

C—H bending
Alkanes ) 1340-1480 7.46-6.75 m-s
Alkenes 1300-1420 7.70-7.04 s
e 2 8001000 12.5-10.0 5
Alkynes 630 15.9 s
Aromatic® 700-900 14,3-11.1 v
C—C double- and triple-bond stretching
Alkenes — 1620-1680 6.17-5.95 w—m
Alkynes* . 2100-2300 4.76-4.35 w—m
Aromatic* 1450-1600 6.90-6.25 w-m
Carbonyl C=0 stretching
Aldehydes*
Saturated aliphatic 1720-1740 5.81-5.75 5
x,f-Unsaturated aliphatic 1680-1705 5.95-5.87 s
Aryl 1680-1715 5.95-5.83 H
Ketones
Saturated aliphatic 1705-1750 5.87-5.71 s
o,f-Unsaturated aliphatic 1660-1685 8.02-5.94 s
Aryl 1680-1700 5.95-5.88
Esters =
Saturated 1735-1750 5.76-5.71 s
o, f-Unsaturated 1715-1730 5.83-5.78 5
Aryl 1715-1730 5.83-5.78 5
Saturated y-lactones . 1760-1780 5.68-5.62 5
Esters . :
Saturated B-lactones ~ 1820 .~ 550 s
,f-Unsaturated y-lactones 1740~1760 ~ 5.75-5.70 s
B.y-Unsaturated y-lactones ~ 1800 ~ 5.56 s
B-Ketoesters : ~ 1650 ~ 6.06 s
Carboxylic acids’
Saturated 1700-1725 5.88-5.80 s
a,f-Unsaturated 1690-1715 5.92-5.83 s

Aryl 1680-1700 5.95-5.88 s
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TABLE 1.5 (continued)

- [cH. 2]

Frequency range  Wavelength .-L
cm-~! range, u [nterkity
Carboxylate ion = L = [ -
0 -
i 1550-1610 6.45-6.21 s
! . 1300-1400 7.69-7.15 s
e
[}
Amides®
Solid or concentrated solution 1630-1680 6.14-5.95 s
Dilute solution 1670-1700 5.99-5.88 Ts
Lactams 1680-1780 5.95-5.62 H
Urcas 1660-1720 6.02-5.81 ]
[mides (two bands) 1700-1730 5.88-5.78 s
1670-1700 5.99-5.88 5
Alcohols and phenols
O—H stretching
Free OH 3590-1650 2.79-2.74  Sharp bands (v)
Hydrogen-bonded OH 3450-3570 2.90-2.80 Sharp bands (v)
Intramolecular—no change on diluting solution;
Intermolecular—change on diluting solution.
Chelate compounds 2500-3200 4,00-1.10 Broad peak (v)
O—H beanding and C—O stretching
1® and 2* alcohols .1050-1100 9.50-9.10 H
.1310-1410 7.60-7.10° s
Amines
~ N-H stretching ;
1* (two bands) ~ 3400 ~2.94 Sharp (m)
~ 1500 ~2.86 Sharp (m)
2 3300-3500 3.03-2.86 . m
3* —_ —_
Amine salts 3000-1150 3.33-3.18 m .
N-H bending
1° and 2° 1550-1650 6.45-6.06 m-4
Salts (two bands) 1570-1600 6.37-6.25 s
~ 1500 ~ 6.67 s
C—N stretching
Aliphatic (two bands) 10001200 10.0-8.30 w
~ 1400 ~714 ¢ w
Aromatic 12501350 8.00-7.41 3
Nitriles and [socyanides
-€=aN stretching
Nitriles 2220-2280 4.50—.38 m
Isocyanides 2050-2220 4.87-4.50 m
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TABLE 2.5 (continued)

Frequency range  Wavclength
cm-! range, p Intensity

Nitro compounds
N—O stretching

Aromatic, asymmetric 1500-1570 6.67-6.37 s
Aromatic, symmetric 1300-1370 7.70-7.30 s
Aliphatic, asymmetric 1500-1570 6.45-6.37 5
Aliphatic, symmetric 1370-1380 7.30-7.25 s
C—N stretching
Aromatic ~ 860 ~ 116 L. ™
Aliphatic usually ~ 915 ~ 10,9 m
Halogen compounds*
C—F stretching 1000-1400 10.0-7.10 s
C—CQ1 stretching ' 600-800 16.6-12.5 s
C—Br stretching . 500-650 20.0-15.4 s
,C—I stretching 500-600 20.0-16.6 s
Sulfur compounds
Thiols; S—H stretching 25502600 3.92-3.85 w
Thiocarbonyl compounds;
C==S stretching ) 1050-1200 9.52-8.33 s
Sulfones, including sulfonamides;
S==0 stretching (two bands) _1140-1180 8.77-8.48 s
1300-1350 7.69-7.41 s

¢ Intensity: s, strong; m, medium; w, weak; v, variable.

* Position varies with number of adjacent hydrogen atoms. This subject is considered
in more detail on p. 71.

¢ If —CwmC—H, characteristic C—H stretching also.

 Usually four bands. This subject is considered in more detail below.,

* Also display characteristic C—H stretching.

Y O—H stretching also—several bands 2500-2700 cm~? (4.00-3.70 y) (w).

* Position of band varies appreciably depending on whether the spectrum is of the
solid, of a concentrated solution, or of a dilute solution, Also seen is NH,; and NH stretch-
ing, sirnilar to that of amines.

* Thes= banus are strong, but very variable in position.

810 cm=? (12.35 u). Once again, the presence of a band in these regions does
not confirm that the molecule is ar ortho- or a para-disubstituted benzene. The
" absence ol sirong absorption in these regions is more informative. Substituted
benzenes other than those just mentioned are more difficult 1o characterize
by mecans of infrared spectrophotometry. In, these instances, bands duec 4o
C—H bending vibrations are weaker and more variable in position.

Aromatic compounds have four~characteristic absorption bands in the
67 u (1667-1429 em™) region due to C=C stretching vibrations. These
bands are often partially masked by other strong absorbing groups. Absence
of strong absorption by 2 compound in the 6-7 x region is indicative that the
substance is not aromatic.
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‘e to overtone or combination bands, is
cm~!) region if the molecule being examined
.tives, it has been shown that both the num-

ber anc i pos :nds depend on the substitution pattern of
) )

\Jr A r\/ . 1,3,8-tri-

'JH\[V e T 1,2,3,4-tetro-

LT \/T[ 1,2,3,5-tetro—
W 1,4-di- . \ } 1,2,4,5 tatro-
W\/\ 1,2,3=tri- ‘ ’ pento-
W 1,2,8=1ri- W hexo-
1 1

5, 6 5 gz~ &

FIGURE 2.6: Diagrammatic representation of absorption bands in the 5-6 u region for
substituted benzenoid compounds.

the benzene ring (Fig. 2.6). A fairly concentrated solution of the substance
(e.g., a 5° solution in a suitable solvent; 0.1-mm cells) must be examined if
these bands are to be“observed. ' :

—

3. Infrared Spectra of Selected Compounds

An excellent way of gaining some knowledge’of the frequencies at which
functional groups characteristically absorb is to follow spectrophotographi-
cally the course of a reaction sequence in which one functional group is
successively replaced by another. The reaction scheme chosen (Scheme 2.1)
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has been selected for its simplicity and because it includes some examples of
the many compounds of medicinal importance which contain substituted
benzenc rings. In addition, the scheme also illustrates the frequencies at which
the absorption bands of carbonyl groups in different chemical environments
occur. Bricf interpretive comments are made on these spectra, but no attempt
is made to identify each peak. The spectra of solids were recorded in the
form of KBr disks, and liquids as thin films.

The spectrum of benzonitrile (Fig. 2.7) possesses features which sugzgest
readily a monosubstituted benzene nucleus. Characteristic C—H bcndmg
occurs at 682 (s) and 752 (5) cm™?, and the absorption pattern in the range
1670-2000 (w) cm™ is expected for such a system. Also characteristic of an
aromatic compound are the C—C stretching bands in the 1430-1670
(s or m) em=? region and the C—H stretching at 3065 (w) cm=. The strong
band at 2220 em™! is very characteristic of C=N stretching. The absorption
band is noticeably lost on reduction of benzonitrile (to benzylamine) or its
hydrolysis (to benzamide or benzoic acid). For the spectrum of benzylamine
(Fig. 2.8) assignments similar to those described for benzonitrile can be made.
Absorption bands due to C—H bending and stretching and aromatic C—C
stretching occur at similar frequencies [692 (s), 735 (s); 1670-2000 (w);
1430-1670 (s) cm=*]). The strong bands in the 2900-3100 cm™ region are duc
to ethylenic and aromatic C—H stretching. A noticeable feature of this spec-
trum is the occurrence of two sharp bands of medium intensity at 3300 and
3380 cm™. Such absorption is characteristic of N—H streiching of a primary
amino group. The spectrum of benzamide (Fig. 2.9) can be interpreted in a
similar way. The major feature of this spectrum differing from the previous
two is the presence of the strong band at 1655 cm='. Carbonyl streiching
vibrations of primary amides occur in this region in solid-phase spectra.
(In a dilute solution spectrum, this band would be located near 1690 cm=1).
The band at 1655 cm™ is referred to as the amide I band. The strong band at
1620 cm~! (amide II band) is due to N—H deformation and C—N stretching
of a primary amide. The spectrum of benzaldchyde (Fig. 2.10) also shows the
bands expected of a monosubstituted benzene nucleus though the character-
istic substitution pattern in the 1670-2000 cm™ region is partly masked by
the strong band at 1700 em™ (aldehvde C=0 stretching). Another notice-
able feature of this spectrum is the occurrence of two bands of medium
intensity at 2725 and 2810 em=!. These are very characteristic of aldehvdes
and arise from symmetric ané asymmetric C—H stretchir@ of the aldehyde
group.

A single strong peak at 702 cm™ and an ill-defined substitution pattern
between 1750 and 2000 cm™ in the spectrum of benzoic acid (Fig. 2.11)
suggest, once again, a monosubstituted benzene nucleus. Aromatic C—C
stretching (14001650 cm~—?) and C—H stretching (~ 3000 cm™) arc present.
The strong peak at 1698 cm™" in the result of C=0 stretching of a conjurated
carbonyl group, and the absorption pattern which occurs in the 2500--2900
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cm-! region is very characteristic of a carboxylic acid dimer. Except in dilute
solution, carboxylic acids exist as dimeric species (IV). The weak absorption
in this region is attributable to bonded O—H stretching, a characteristically
broad absorption. (In very dilute solution, O—H stretching 1s located ncar
3550 cm~'; the molecule is then in monomeric form.) :

0O---H—O
7 N
R—C, 7y Cf'R
" Y
O—H----

vy

It is of interest to compare the spectrum of n-propy! benzoate (Fig. 2.12)
with that of the corresponding acid. Both spectra arc very similar in most
regions, but are noticably different in the carbonyl and in the 2500-3200 cm ™!
region. The carbonyl stretching vibration of the ester (1720 cm~!) occurs at a
slightly shorter wavelength (higher wave number) than that of the acid. The
broad absorption of the acid in the region >2400 cm~! has been replaced by
relatively narrow bands attributable to aliphatic and aromatic C—H stretch-
ing. The substitution patterns in the 1750-2000 cm~' and ~800 cm™!
regions of the spectrum of p-nitrobenzoic acid (Fig. 2.13) arc consistent with a
p-disubstituted benzene nucleus. This compound is obviously aromatic

-(1400-1650 cm~"') and possesses a carboxylic acid group (cf. spectrum of

benzoic acid). Two strong absorption peaks are present at 1535 and 1340
cm™ due, respectively, to aromatic asymmetric and symmetric N—O
stretching. A weaker peak at 865 cm~! is due to aromatic C—N stretching.

It is informative to compare the spectrum of benzvl alcohol (Fig. 2.14) with
that of benzaldchyde to see the effect of reducing an aldehyde to the corre-
sponding primary alcohol. The obvious additional feature in the spectrum
of the former is the strong, broad absorption band located ~3300 cm™
associated with intermolecular hydrogen bonded (polymeric association)
O—H stretching. This band has replaced the C=0 and C—H absorption
bands of the aldehyde.

The reader is left to interpret along similar lines the spectra of toluene,
benzocaine, p-aminobenzoic acid, p-hydroxybenzoic acid, p-nitrotoluene, and
n-propyl p-hydroxybenzoate (Figs. 2.15 tp 2.20, respectively). In particular,
the effect on the spectrum of replacing one group with another should be
rationalized. )

All the spectra just mentioned are simple compounds and their spectra
are relatively easy to interpret. This is not so with more complex substances
with which it is often possible to confirm only the presence of functional
groups. With more complex substances, group interaction can occur with
resultant displacement of absorption bands. A few examples are now con-
sidered. The spectrum of ethy! (o-nitrophenyithio)acetoacetare (Fig. 2.21) has
a strong band at 730 cm™!, consistent with o-disubstitution, but little can be
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' -
deduced from the usually informative regrons, 1670-2000 and 1430-1670
cm-'. In the former region, absorption bands ars very weak, and in the latter
region, strong bands due to other than C—C stretching occur. The presence
ofa nitro group is apparcm—[SIZ (s), 1335 (s), 850 (W}——bul the absence of
“absorption bands normally associated with ketone and éster carbonyl groups
1s noticeable. The reason for this is that this compound is a typical f-ketoester
and as such exists mainly 1n hydrozcn -bonded enolic form (V1) rather than as
(¥). Carbonyl absorption therefore occurs at a