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The units of the wavenumber are cm™" (reciprocal centimeters).

I 10,000 wm/cm 10,000 wm /cm
= or A =
Aem) A (um) ) == )

viem™) =

For example, an absorption at a wavelength of 4 um corresponds to a wavenumber of

2500 cm™.
_ 10,000 pm/cm . 10,000 wm/cm
= = 2500 cm™ A= =4
" T 4um e 250em
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FIGURE 12-1 ' The electromagnetic spectrum and the resultant molecular effects.
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Normal modes of vibration = stretching and bending

Stretching vibrations

symmetric stretch asymmetric stretch
Bending vibrations F
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symmetric in-plane asymmetric in-plane symmetric out-of-plane asymmetric out-of-plane

bend (scissor) bend (rock) bend (twist) bend (wag)

oeletal (wagging mode)
kAvdwv(letal (rocking mode),
otpePAwveTal (twisting mode)
baAdwtn kivnon (scissoring mode)

https://www.youtube.com/watch?v=YOmMB4ve64Qc
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If a bond is symmetrical and has zero dipole moment, the electric field does not
interact with the bond. For example, the triple bond of acetylene (H—C=C-—H)
has zero dipole moment, and the dipole moment remains zero if the bond is stretched
or compressed. Because the vibration produces no change in the dipole moment, there
is no absorption of energy. This vibration is said to be IR-inactive, and it produces no
absorption in the IR spectrum. The key to an IR-active vibration is that the vibration
must change the dipole moment of the molecule.




IR spectrum of 2,3-dimethyl-2-butene (Figure 14.15). This alkene is symmetrical. That is, the two

carbon atoms of this C=C bond are electronically identical, and the bond has no dipole moment
at all. As the C=C bond vibrates, there is no change in dipole moment, which means that the bond

100
| No signal
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FIGURE 14.15
An IR spectrum of 2,3-dimethyl-2-butene.

cannot function as an antenna for absorbing IR radiation. In other words, symmetrical C=C bonds
are completely inefficient at absorbing IR radiation, and no signal is observed. The same is true for

symmetrical C=C bonds.



Signal Intensity in an IR Spectrum

A more polar bond will have a stronger absorption than
a less polar bond.
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FIGURE 14.4

The energy gap between
vibrational energy levels is
dependent on the nature of

the bond.

|dentification of Functional Groups with IR Spectroscopy

For each and every bond in a molecule, the energy gap between vibrational states is very much
dependent on the nature of the bond. For example, the energy gap for a C—H bond is much larger
than the energy gap for a C—O bond (Figure 14.4).

C—H bond C—0 bond
Energy _ L
Large
4 ( gap ) T fE Small
v v\ 9ap

Both bonds will absorb IR radiation but the C—H bond will absorb a higher energy photon. In
fact, each type of bond will absorb a characteristic frequency, allowing us to determine which types
of bonds are present in a compound. We simply irradiate the compound with all frequencies of [R
radiation and then detect which frequencies were absorbed. For example, a compound containing
an O—H bond will absorb 2 frequency of IR radiation characteristic of an O—H bond. In this way,
IR spectroscopy can be used to identify the presence of functional groups in a compound.
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Location of Peaks in an IR Spectrum

Two General Regions in an IR Spectrum:

TRRMERETTANCE! %1
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Location of Peaks in an IR Spectrum

More Specific Regions in an IR Spectrum:
4000 cm'! 2500 2000 1500 1000
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Location of Peaks in an IR Spectrum

al
Hydroxyl Group, OH '57.03'5“"00 e S 9\\ »

Generally broad and intense ~3300 cm! ~ 230°
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Location of Peaks in an IR Spectrum
Carboxylic Acid OH Group

A Carboxylic Acid O-H stretch is generally lower in frequency and even more
broad than an alcohol OH. Often ~3000 cm-!
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Location of Peaks in an IR Spectrum
Amine Group, NH and NH,

Generally less broad and less intense than the OH stretch. Generally appear
between 3300 and 3500 cm!

Secondary amines R,NH exhibit one N-H stretching band.
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Location of Peaks in an IR Spectrum
Amine Group, NH and NH,

Generally less broad and less intense than the OH stretch. Generally appear
between 3300 and 3500 cm™!

Primary amines R-NH, exhibit two N-H stretching bands.
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Location of Peaks in an IR Spectrum

Carbon-Hydrogen, CH

All C-H stretches occur between 2700 and 3300 cm-1. They are relatively
intense and typically quite narrow.

Csp3-H (-CH,-H) appear just below3000 cml
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Location of Peaks in an IR Spectrum

Carbon-Hydrogen, CH

All C-H stretches occur between 2700 and 3300 cm™. They are relatively
intense and typically quite narrow.

Csp?-H (C=C-H) appear just above 3000 cm-?

100
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Location of Peaks in an IR Spectrum
Carbonyl Group, C=0

The C=0 stretch is very strong and generally appears between 1650-1850 cm!
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IR Spectroscopylecture

Location of Peaks in an IR Spectrum
Carbonyl Group, C=0

The C=0 stretch is very strong and generally appears between 1650-1850 cm-!
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IR Spectroscopy.lecture

Location of Peaks in an IR Spectrum

Carbonyl Group, C=0

When the C=0 is in conjugation to a C=C or a C=C, the frequency is lowered
20-40 cm!
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HaC

Carbonyl Group: Aldehyde

One will be at ~2720 and the other at ~2820 cm-.

Location of Peaks in an IR Spectrum

In addition to the C=0 stretch, the aldehyde C-H stretch appears as two bands.
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Location of Peaks in an IR Spectrum
Alkyne (C=C) and Nitrile (C=N) Groups

Terminal alkynes are much easier to identify. In addition to the C=C stretch,
a sharp C-H stretch at ~3300 cm will also be observed.

100
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Location of Peaks in an IR Spectrum
Carbon-Carbon Double Bond (C=C)

C=C stretches are one of the more difficult functional groups to identify in an
IR spectrum. Alkene stretches occur between 1620 and 1680 cm1. They are
sharper and less intense than C=0 signals.
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Location of Peaks in an IR Spectrum
Aromatic Carbon-Carbon Double Bond (C=C)

C=C stretches corresponding to an aromatic ring generally occur between
1450 and 1600 cm1. There can be up to three signals: One at ~1600, One at

~1500, and one slightly <1500 cm-1,
A | TJ f M
1 u{ ﬂ h\ \
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2000 1500




Location of Peaks in an IR Spectrum
Carbon Oxygen Single Bond Stretch (C-0)

Csp3-0 1000-1100 cm™ \0{3
Csp?-0 1200-1300 cm™ e
b 3 (7\(0 1 )
‘»S} ¥ e S 0 R oy X 0
| |
CHyCH;~—OH CH3yCH;—0~—CH,CH; \(‘\‘4, — Can.. \‘ ('\'(. J’ . I
an alcohol an ether CHY 7 OH CH{ \"‘()u CHY #0=—CH, CHY ™O—CH,
1050 cm ! 1050 cm ! a carboxylic acid an ester
1250 em ! 1250 cm " and ~1050 ecm !
— —

The carbon—oxygen bond in an alcohol is a pure single bond. :’

The carbon—oxygen bond in an ether is a pure single bond.

The carbon—oxygen single bond in a carboxylic acid has partial double bond
character.

One carbon—oxygen single bond in an ester is a pure single bond and one has
partial double bond character.




Location of Peaks in an IR Spectrum
Carbon-Hydrogen (C-H) Bending Vibrations

Bending vibrations are generally less pronounced than stretching. Additionally,
because the bending vibrations are generally found in the fingerprint region,
they are often hard to identify.

-CH; bending just below 1400 cm*!

R,CH, and R,CH bending just above 1400 cm'!
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Guide to Analyzing an IR Spectrum

2-methyl-1-pentene
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Guide to Analyzing an IR Spectrum

2-propyn-1-ol
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Guide to Analyzing an IR Spectrum

acrylamide
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TABLE 14.2 IMPORTANT SIGNALS IN IR SPECTROSCOPY

STRUCTURAL UNIT FREQUENCY (cm") STRUCTURAL UNIT FREQUENCY (cm'1)
USEFUL SIGNALS IN THE DIAGNOSTIC REGION

Single Bonds (X— H) ' Double Bonds
—O—H 3200-3600 ; -
_________________________________________________________ ; E:c_o) 1750-1850
0 b e e e e e e e e e
“O—H 2200-3600 i RO
: F—
------------ \r ; =0 1700-1750
i R
) 1
— 3350-3500 e e e eee e ee e
_________________________________________________________ , HO Discr.:ssed
i : — — in
=c—H ceai 5 RC@ 1700-1750 Chapter 20
Ny i
L=H 3000-3100 |
: =) 1680-1750
--------------------------------------------------------- ; A
) S ——
b =) 2850-3000 i HaN
......................................................... | C°=°4 16501700
0 a R .
eH) 2750-2850 i
i — 1600-1700
--------------------------------------------------------- : /N
Triple Bonds | e e e e e e ———— e e e e e
| Discussed
=0 2100-2200 5 @1 1450-1600 L i
B 5 l } 1650-2000 Chapter 17
<= 2200-2300 5 S

USEFUL SIGNALS IN THE FINGERPRINT REGION
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A compound with the molecular formula C¢H100 gives the following IR spectrum:
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Identify the structure below that is most consistent with the spectrum:
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