INFRARED SPECTROSCOPY
(IR)

Theory and Interpretation of
IR spectra




INSTRUMENTAL METHODS OF
STRUCTURE DETERMINATION

Nuclear Magnetic Resonance (NMR) — Excitation of the nucleus of
atoms through radiofrequency irradiation. Provides extensive
information about molecular structure and atom connectivity.

Infrared Spectroscopy (IR) — Triggering molecular vibrations
through irradiation with infrared light. Provides mostly information
about the presence or absence of certain functional groups.

Mass spectrometry — Bombardment of the sample with electrons
and detection of resulting molecular fragments. Provides information
about molecular mass and atom connectivity.

Ultraviolet spectroscopy (UV) — Promotion of electrons to higher
energy levels through irradiation of the molecule with ultraviolet light.
Provides mostly information about the presence of conjugated 7
systems and the presence of double and triple bonds.




SPECTROSCOPY - Study of spectral
information

Physical _, M\1lecule | —» response —  Detecting
stimulus instrument

Visual (most common)
representation, or «
Spectrum

Upon irradiation with infrared light, certain bonds respond
by vibrating faster. This response can be detected and
translated into a visual representation called a spectrum.
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SPECTRUM INTERPRETATION
PROCESS

1. Recognize a pattern.
2. Associate patterns with physical parameters.

3. ldentify possible meanings, i.e. propose
explanations.

Once a spectrum is obtained, the main challenge is to
extract the information it contains in abstract, or hidden form.
This requires the recognition of certain patterns, the
association of these patterns with physical parameters, and
the interpretation of these patterns in terms of meaningful
and logical explanations.




EFFECT OF ELECTROMAGNETIC RADIATION
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Infrared radiation is largely thermal energy.
It induces stronger molecular vibrations in covalent bonds, which can
be viewed as springs holding together two masses, or atoms.

Specific bonds respond to (absorb) specific frequencies
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VIBRATIONAL MODES

Covalent bonds can vibrate in several modes, including stretching,
rocking, and scissoring.

The most useful bands in an infrared spectrum correspond to
stretching frequencies, and those will be the ones we’ll focus on.
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TRANSMISSION vs. ABSORPTION

When a chemical sample is exposed to the action of IR LIGHT, it can
absorb some frequencies and transmit the rest. Some of the light can
also be reflected back to the source.
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The detector detects the transmitted frequencies, and by doing so also reveals the

rest to pass through it (transmitted light).
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AN IR SPECTRUM IN ABSORPTION MODE

The IR spectrum is basically a plot of transmitted (or absorbed) frequencies
vs. intensity of the transmission (or absorption). Frequencies appear in the
x-axis in units of inverse centimeters (wavenumbers), and intensities are
plotted on the y-axis in percentage units.
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The graph above shows a spectrum in absorption mode.




AN IR SPECTRUM IN TRANSMISSION MODE
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The graph above shows a spectrum in transmission mode.
This is the most commonly used representation and the one found in most
chemistry and spectroscopy books. Therefore we will use this representation.




CLASSIFICATION OF IR BANDS

IR bands can be classified as strong (s), medium (m), or weak (w),
depending on their relative intensities in the infrared spectrum. A strong
band covers most of the y-axis. A medium band falls to about half of the
y-axis, and a weak band falls to about one third or less of the y-axis.
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INFRARED ACTIVE BONDS

Not all covalent bonds display bands in the IR spectrum. Only polar
bonds do so. These are referred to as IR active.

The intensity of the bands depends on the magnitude of the dipole
moment associated with the bond in question:

« Strongly polar bonds such as carbonyl groups (C=0) produce strong
bands.

* Medium polarity bonds and asymmetric bonds produce medium
bands.

» Weakly polar bond and symmetric bonds produce weak or non
observable bands.
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RARED BAND SHAPES

Infrared band shapes come in various forms. Two of the most common

are narrow and

broad. Narrow bands are thin and pointed, like a

dagger. Broad bands are wide and smoother.

A typical example of a broad band is that displayed by O-H bonds, such
as those found in alcohols and carboxylic acids, as shown below.
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INFORMATION OBTAINED FROM IR SPECTRA

» IR is most useful in providing information about the presence or
absence of specific functional groups.

» IR can provide a molecular fingerprint that can be used when
comparing samples. If two pure samples display the same IR
spectrum it can be argued that they are the same compound.

* IR does not provide detailed information or proof of molecular
formula or structure. It provides information on molecular fragments,
specifically functional groups.

» Therefore it is very limited in scope, and must be used in conjunction
with other techniques to provide a more complete picture of the
molecular structure.




IR ABSORPTION RANGE

The typical IR absorption range for covalent bonds is 600 - 4000 cm. The graph
shows the regions of the spectrum where the following types of bonds normally
absorb. For example a sharp band around 2200-2400 cm-! would indicate the
possible presence of a C-N or a C-C triple bond.
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THE FINGERPRINT REGION

Although the entire IR spectrum can be used as a fingerprint for the purposes of
comparing molecules, the 600 - 1400 cm-1 range is called the fingerprint region.
This is normally a complex area showing many bands, frequently overlapping each
other. This complexity limits its use to that of a fingerprint, and should be ignored by
beginners when analyzing the spectrum. As a student, you should focus your
analysis on the rest of the spectrum, that is the region to the left of 1400 cm-1.
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IR SPECTRUM OF ALKANES

Alkanes have no functional groups. Their IR spectrum displays only C-C and C-H
bond vibrations. Of these the most useful are the C-H bands, which appear
around 3000 cm'. Since most organic molecules have such bonds, most organic
molecules will display those bands in their spectrum.
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IR SPECTRUM OF ALKENES

Besides the presence of C-H bonds, alkenes also show sharp, medium bands
corresponding to the C=C bond stretching vibration at about 1600-1700 cm-'.
Some alkenes might also show a band for the =C-H bond stretch, appearing
around 3080 cm-! as shown below. However, this band could be obscured by the
broader bands appearing around 3000 cm-1 (see next slide)
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IR SPECTRUM OF ALKENES

This spectrum shows that the band appearing around 3080 cm-! can be obscured
by the broader bands appearing around 3000 cm-1.
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IR SPECTRUM OF ALKYNES

The most prominent band in alkynes corresponds to the carbon-carbon
triple bond. It shows as a sharp, weak band at about 2100 cm-. The
reason it's weak is because the triple bond is not very polar. In some
cases, such as in highly symmetrical alkynes, it may not show at all due to
the low polarity of the triple bond associated with those alkynes.

Terminal alkynes, that is to say those where the triple bond is at the end of
a carbon chain, have C-H bonds involving the sp carbon (the carbon that

forms part of the triple bond). Therefore they may also show a sharp, weak
band at about 3300 cm-! corresponding to the C-H stretch.

Internal alkynes, that is those where the triple bond is in the middle of a
carbon chain, do not have C-H bonds to the sp carbon and therefore lack
the aforementioned band.

The following slide shows a comparison between an unsymmetrical
terminal alkyne (1-octyne) and a symmetrical internal alkyne (4-octyne).




IR SPECTRUM OF ALKYNES
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IR SPECTRUM OF A NITRILE

In a manner very similar to alkynes, nitriles show a prominent band around 2250
cm-1 caused by the CN triple bond. This band has a sharp, pointed shape just
like the alkyne C-C triple bond, but because the CN triple bond is more polar, this
band is stronger than in alkynes.
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IR SPECTRUM OF AN ALCOHOL

The most prominent band in alcohols is due to the O-H bond, and it appears as a
strong, broad band covering the range of about 3000 - 3700 cm-1. The sheer size
and broad shape of the band dominate the IR spectrum and make it hard to miss.
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IR SPECTRUM OF ALDEHYDES AND KETONES

Carbonyl compounds are those that contain the C=0 functional group. In
aldehydes, this group is at the end of a carbon chain, whereas in ketones it's in
the middle of the chain. As a result, the carbon in the C=0 bond of aldehydes is
also bonded to another carbon and a hydrogen, whereas the same carbon in a
ketone is bonded to two other carbons.

Aldehydes and ketones show a strong, prominent, stake-shaped band around
1710 - 1720 cm (right in the middle of the spectrum). This band is due to the
highly polar C=0 bond. Because of its position, shape, and size, it is hard to
miss.

Because aldehydes also contain a C-H bond to the sp? carbon of the C=0 bond,
they also show a pair of medium strength bands positioned about 2700 and 2800
cm-1. These bands are missing in the spectrum of a ketone because the sp2
carbon of the ketone lacks the C-H bond.

The following slide shows a spectrum of an aldehyde and a ketone. Study the
similarities and the differences so that you can distinguish between the two.




IR SPECTRUM OF ALDEHYDES AND KETONES

100 : ; e
e ot A, A A v AR AP 9 on =N B as

s o o L W i

=

=
T

ol % 4 | C—H stretch

B BT T R

|
T {CHCH,CH,— C—H |—
[N =0 N (b) butyraldehyde

|
if3 il pencersrn ﬁn | - _ i
M a o oy

- Eﬁﬂ‘zb-l-u—l.ﬂltl-dl‘

& W &
d
= =R N ]
o =
S w2
T
I

siretch
\

ol A T T T T TV vl

{a) 2-heptanone

| J, 0 O AR 0 PR BRRRL B _t L {CH;—C—(CHy),CH;

........... A 10 T ims ==l
| I L

4000 3500 3000 2500 000 1800 1600 1400 1200 1000 800 600
wivenumber (em ™ ')

Graphics source: Wade, Jr., L.G. Organic Chemistry, 6th ed. Pearson Prentice Hall Inc., 2006




IR SPECTRUM OF A CARBOXYLIC ACID

A carboxylic acid functional group combines the features of alcohols and ketones
because it has both the O-H bond and the C=0 bond. Therefore carboxylic acids
show a very strong and broad band covering a wide range between 2800 and
3500 cm* for the O-H stretch. At the same time they also show the stake-shaped
band in the middle of the spectrum around 1710 cm-! corresponding to the C=0
stretch.
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IR SPECTRA OF AMINES

The most characteristic band in amines is due to the N-H bond stretch, and it appears as a
weak to medium, somewhat broad band (but not as broad as the O-H band of alcohols). This
band is positioned at the left end of the spectrum, in the range of about 3200 - 3600 cm-'.

Primary amines have two N-H bonds, therefore they typically show two spikes that make this
band resemble a molar tooth. Secondary amines have only one N-H bond, which makes
them show only one spike, resembling a canine tooth. Finally, tertiary amines have no N-H
bonds, and therefore this band is absent from the IR spectrum altogether. The spectrum
below shows a secondary amine.
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IR SPECTRUM OF AMIDES

The amide functional group combines the features of amines and ketones because
it has both the N-H bond and the C=0 bond. Therefore amides show a very
strong, somewhat broad band at the left end of the spectrum, in the range between
3100 and 3500 cm-! for the N-H stretch. At the same time they also show the
stake-shaped band in the middle of the spectrum around 1710 ecm-1 for the C=0
stretch. As with amines, primary amides show two spikes, whereas secondary
amides show only one spike.
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FIGURE 8-8 The infrared spectra of three compounds of formula
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RAMAN SPECTROSCOPY

M1

Polarization

L2 /scrambler
w2 C W Entrance slit of
d I monochromator

Microscope Objective \ Polarization
analyzer
Iris Diaphragm
- Half-wave plate
== Interference filter

} ﬂ- Laser beam

Mirror Window

Figure 7-9 The arrangement of the optical components in a typical
dispersive Raman spectrometer sample compartment.



Photon-Molecule Interactions
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Figure 7-2 The mechanism of Raman scattering.
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Figure 7-1 The infrared spectrum of a thin film of acetone (CH,),CO
between two KBr plates.
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Figure 9-13 (a) Infrared and (b) Raman spectra of nitrobenzene.



Raman vs IR Spectra

FIGURE 16-13 Infrared (a) and
Raman (b) spectra of crystalline cys-
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Raman vs IR Spectra
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Figure 2.2. FTIR (upper) transmission and Raman scattering (lower) of oleic acid methyl ester.

McCreery, R. L., Raman Spectroscopy for Chemical Analysis, 3rd ed., Wiley, New York: 2000



CaCoO 3 J‘

Pearl

Faux Pearl

3500 3000 2000 1500 1000 500 100
Raman Shift / cm’ X

Figure 3 The Raman spectra of calcium carbonate (top), natural pearl (middle), and faux pearl
(bottom). (Adapted with permission from Ref. 9.)

Lewis, I. R.; Edwards, H. G. M., Handbook of Raman Spectroscopy: From the Research Laboratory to
the Process Line, Marcel Dekker, New York: 2001.0



lvory or Plastic?
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Figure 14 Specimen of (a) carved cat and (b) bangles, believed to be of ivory; 16th to 19th
centuries.
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Figure 15 FT-Raman spectra of fake ivory specimens: (a) carved Victorian bangle, (b) large bangle, (c) small bangle, (d) cat. The absence of the
characteristic proteinaceous features in true ivory near 1650 and 1450 cm™" and the strong phosphate mode near 960 cm™' should be noted. Also,
the presence of the aromatic ring bands at 3060, 1600, and 1000 cm™' in (b) and (d) indicate a polystyrene resin content, whereas the carbonyl
stretching band at 1725 cm™' in all fake specimens indicates the presence of poly(methyl methacrylate). In the cat specimen, the band at 1086 cm™
uniquely identifies a calcite additive in the specimens of imitation ivory studied. (Reproduced with permission from HGM Edwards, DW Farwell.
Ivory and simulated ivory artifacts: Fourier-transform Raman diagnostic study. Spectrochimica Acta, Part A, 51:2073-2081. © 1995, Elsevier Science
B.V) '



No signal C=C T ™ /—‘\ (f"‘
C

895 C-Cl (antisym) (q)
1200 C-H (antisym)

H I 1200“

Portions of the >:< w05 h

(a) IR and (b) Raman
(b) Spectra of Cl H 1270 840
(E)-1,2-dichloroethene ”

C=C

1580 C=C &

1270 C-CI (sym)
SN

840 C-Cl(sym) (b)
1600 1200 800 om-1




IR

=
=
£
=en
=
£
=
HA
Liquid film
35 79 | zola 79 | 1966 GO 914 IZ
95EE 41 | 1755 =4 | 1728 58 SES 25
007 53 | 1691 &6 | 1194 15 708 &6
942 31 | leza @4 | 1167 &7 EBg Al
2914 44 | 1463 =54 | 1114 4 SEZ &4
7434 37 | 1458 37 | 1013 47 481 @4 — T T . r r . T
106 96 | 1437 47 960 RS ool L50d Lo00 100
100
METHOXYACETOMITRILE
SOESHG = 1214 CsHgMO . .
IE:E EEI.I I l iEl.rr] a01 2 12 9E3 L4 I I(:Ilj I(j
= eh 47 alg Gl
] F4E an AGT G
=923 B0 SE3 L7
223E a5 E42 ]
EE4g ae 404 L7
1457 15 358 33
1438 23
B0 — 12349 14
111 16
0—— T T ] T
4000 NI 2000 BOD

1RO0
HAYEHUHEER I 41




TRAHSHLTTANCE] %1

S0
01— — T T T
4000 3000 2000 1500
HAVENURBER! 11
39z6 77 | 2674 8l | 1432 39 | 1260 48 | 740 EO
3485 72 | Zlz0 48 | 1380 46 | Llo7 B2 | TaD T2
3311 7 | 2097 &4 | 1366 A& | 1063 &4 | 630 7
2962 4 | L1717 @B | 1344 &4 | 983 Al BEE 64 H O —=_—1{ H %_ —H
2937 5 | lea0 sl | 1328 52 | 934 79 | S09 ER = 3
2876 11 | 1467 26 | 1320 53 | 895 &l
2738 749 1461 2R 13N RE Ta9 "4
o0
B0 —
A
S T ] |
4000 00D 2000 RaD

LRO0
HAYEHUHEER 1 41




3)

{a)

INTENSITY

TRANSMISSION

—

. —

e —

———
——

J U/{«____JU U“[ L&W

3500

Figure 9-15
hexene.

3000 2500 2000 1600 1000 500 0 cm”

(a) Infrared and (b) Raman spectra of 1-methylcyclo-

1



Advantages of Raman over IR
e Water can be used as solvent.

Very suitable for biological samples in native state
(because water can be used as solvent).

e Although Raman spectra result from molecular
vibrations at IR frequencies, spectrum is obtained using
visible light or NIR radiation.

=>Glass and quartz lenses, cells, and optical fibers
can be used. Standard detectors can be used.

Few Intense overtones and combination bands => few
spectral overlaps.

 Totally symmetric vibrations are observable.

Raman intensities o to concentration and laser power.



Advantages of IR over Raman

e Simpler and cheaper instrumentation.

Less instrument dependent than Raman spectra
because IR spectra are based on measurement of
Intensity ratio.

 Lower detection limit than (normal) Raman.
Background fluorescence can overwhelm Raman.

» More suitable for vibrations of bonds with very low
polarizability (e.g. C-F).



