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C—H Alkanes [stretch) FMH—2B50 E 3l
—CH;  (band) 1450 and 1375 i}
—CH:— (bend) 1465 i}
Alkenss (stretch) 3 10— Wb I 33
(out-of-plane bend) 1 (M550 ]
Aromatics  (stretch) 31503050 H 43
(out-of-plane bend) SO0—590 3
Alkyne (stretch) ca, 3300 5 15
Aldehyde 29002 B0 w 56
2B0—2 700 W
C—C Alkans Mot interpratatively useful
C=C Alkene 15801500 m—w 33
Aromatic 1604} and 1475 W 43
C=C Alkyne 22502100 =W i5
C=0 Aldehyde 17401720 5 56
Ketone 1725-1705 5 5B
Carhoxylic acid 1725170 5 62
Ester 17501730 3 64
Amida 168015630 3 70
Anhydride 1810 and 1760 5 73
Acid chloride R 5 T2
-0 Alcohals, ethers, esters, carboxylic acids, anhydrides 13000 1 (M MK 5 47, 50,
62, 64,
and 73
O—H Aloohaols, phenols
Free 35503600 I 47
H-honded 34003200 m 47
Carboxylic acids 32400 ] 62
N—H Primary and secondary amines and amidas
(stretch) 35003100 i} 74
(bend) 15401550 -3 74
C—N Amines 1350 1{MM} M5 74
C=N Iminas and oximeas 16901640 W—s 7
C=N Nitriles 22602240 i} 7
X=C=Y¥ Allenas, ketenes, isocyanates, isothiocyanates 2270-1940 115 i
N=0 Nitro (R—NOz) 1550 and 1350 5 )]
5—H Mercapians 2550 w g1
5=0 Sulfoxides 1050 5 81
Sulfanes, sulfonyl chlorides, sulfates, sulfonamides 1375-130F and 5 82
1350-1140
C—Xx Fluoride 13000 1 Nk 5 B3
Chloride TH3-340 5 B3
Bromide, iodide < 657 5 B3
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FIGURE 2.7 Theinfrared spectrum of decane (neat liquid. KBr plates).

Alkenes LSy *

SPECTRAL ANALYSIS BOX

ALKENES
=C—H Stretch for sp® C—H occurs at values greater than 3000 em™' (3095-3010 em™).

=C—H Out-of-plane (oop) bending occurs in the range 1000-650 cm .

These bands can be used to determine the degree of substitution on the double bond (see
discussion).

C=C Stretch occurs at 1660—1600 cm™'; conjugation moves C=C stretch to lower fre-
quencies and increases the intensity.

Symmetrically substituted bonds (e.g., 2,3-dimethyl-2-butene) do not absorb in the
infrared (no dipole change).

Symmetrically disubstituted (¢rans) double bonds are often vanishingly weak in
absorption; cis are stronger.

Examples: 1-hexene (Fig. 2.10), cyclohexene (Fig. 2.11), cis-2-pentene (Fig. 2.12), and trans-
2-pentene (Fig. 2.13).
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FIGURE 2.10 The infrared spectrum of 1-hexene (neat liguid, KBr plates).

MICRONE

(]
]
u

-t
I

-

'l
w
=
=}
r
L
™

100

20

8D

w 7O

2 &0

E cis C=C |

g~ stretch

2 40

E

L
20 //"_P cis
» sp2 C-H Lspa C-H oop
. stretch | stretch \ . S E AT |
4000 3500 3200 2800 2400 2000 1800 1800 1400 1200 1000 800

WAVENUMBERS [CM=1)

FIGURE 2.11 The infrared spectrum of cyclohexene (neat liquid, KBr plates).

] 3 4 = el 7 8 2 o Z 3 4 5 1

100 I i [y 1 [ ) L I

&0

80

w 70

2 \

< =0

E

= = :

g cis C=C

z 4 stretch

# oz
. > .
2 — cis oop
10 sp2 C-H spa CHH
. stretch ; stretch i P : | |
4000 3820 3200 2800 2400 2000 1800 1800 1400 1200 1000 80D

WAVENUMBERS [Gha=")

FIGURE 2.1 2 The infrared spectrum of ¢is-2-pentene (neat liguid. KBr plates).



FT-IR &) yeall canil) 4239 Cala Lo 5 daalan/ elaasSll and /a lall 4408 EPS PP TIRN
Gl Ll Als yal) 8 63 drala /LSl and/ o glal) 4 Se Ml ¢l jie o

MIZRONS

=0

80

w70
?: 50
E Very
= =0 s 4
z” C=C_ weak
=40
g H CH-CHa4 YAy [
# 30 c=C
stretch
20
sp? C—H
w stretch "‘“—Sps C-H ML
o I | StretCh 1 I I (BB | p 1
4300 3800 3230 2800 2400 2000 1800 1800 1420 1200 1000 500

WAVENUMBERS [CM=1)
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Alkynes CLLSIV*

I SPECTRAL ANALYSIS BOX

ALKYNES

=C—H Stretch for sp C—H usually occurs near 3300 cm™.

c=C Stretch occurs near 2150 cm™; conjugation moves stretch to lower frequency.

Disubstituted or symmetrically substituted triple bonds give either no absorption
or weak absorption.

Examples: l-octyne (Fig. 2.14) and 4-octyne (Fig. 2.15).
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SPECTRAL ANALYSIS BOX

AROMATIC RINGS

=C—H Stretch for sp” C—H occurs at values greater than 3000 em™ (3050-3010 em™).

=C—H Out-of-plane (oop) bending occurs at 900-690 cm™ . These bands can be used with
great utility to assign the ring substitution pattern (see discussion).

C=C Ring stretch absorptions often occur in pairs at 1600 em™ and 1475 em™.

Overtone/combination bands appear between 2000 and 1667 em™. These weak absorptions can
be used to assign the ring substitution pattern (see discussion).

Examples: toluene (Fig. 2.23), ortho-diethylbenzene (Fig. 2.24), meta-diethylbenzene (Fig.
2.25), para-diethylbenzene (Fig. 2.26), and styrene (Fig. 2.27).
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FIGURE 2.223 The infrared spectrum of toluene (neat liquid, KBr plates).
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FIGURE 2.27 The infrared spectrum of styrene (neat liguid, KBr plates).
ALCOHOLS AND PHENOLS Y gidl) g @Y gasl)
SPECTRAL ANALYSIS BOX
ALCOHOLS AND PHENOLS
O—H The free O—H stretch is a sharp peak at 3650-3600 ¢cm™. This band appears in

combination with the hydrogen-bonded O—H peak when the alcohol is dissolved
in a solvent (see discussion).

The hydrogen-bonded O—H band is a broad peak at 3400-3300 cin™!. This band
is usually the only one present in an aleohol that has not been dissolved in a sol-
vent (neat liquid). When the alcohol is dissolved in a solvent, the free O—H and
hydrogen-bonded O—H bands are present together, with the relatively weak free
O—H on the left (see discussion).

C—0O—H Bending appears as a broad and weak peak at 1440-1220 em™, often obscured by
the CH; bendings.

C-0 Stretching vibration usually oceurs in the range 1260-1000 em™. This band can
be used to assign a primary, secondary, or tertiary structure to an alcchol (see
discussion).

Examples: The hydrogen-bonded O—H stretch is present in the pure liquid (neat) samples of
1-hexanol (Fig. 2.29), 2-butancl (Fig. 2.30), and para-cresol (Fig. 2.31).
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FIGURE 2.29 The infrared spectrum of 1-hexanol (neat liquid, KBr plates).
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FIGURE 2.31 The infrared spectrum of para-cresol (neat liquid, KBr plates).
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SPECTRAL ANALYSIS BOX

ALDEHYDES
C=0

R—C—H
I

S,
-’_,C—C —{|: —H

Ar—C—H

C=0 streteh appears inthe range 1740=1725 em™ for normal aliphatic
adehydes,

Conjugation of C=0 with ¢,8 C=C; 1700=1680 em™ for C=0 and
1640 em™ for C=C.

Conjugation of C=0 with phenyl; 1700=1660 em™ for C=0 and
1600=1450 em™ for ring.

Longer conjugated system; 1630 cm™! for C=0,

Streteh, aldehyde hydrogen (—CHO), consists of a pair of weat bands,
one at 2860=2800 em™! and the other at 2760=2700em™, It is easier to
see the band at the lower frequency because it 18 not obscured by the
usual C—H bands from the alkyl chain, The higher-frequency aldehyde
C—H streteh i often buried in the aliphatic C—H bands,

Examples: mopanal (Fig. 2.36), crotonaldehyde (Fig. 2.37), and benzaldehyde (Fig. 2.38)
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SPECTRAL ANALYSIS BOX
KETONES
C=0
R—C—R C=0 stretch appears in the range 17201708 cm™' for normal
él) aliphatic ketones.
~. |
_(=C—C—R Conjugation of C=0 with &8 C=C; 1700-1675 ¢cm™' for C=0
1 and 16441617 cm™ for C=C.
Ar—C—R Conjugation of C=0 with phenyl; 1700-1680 ¢cm™ for C=0 and
(Ig 1600-1450 cm™ for ring.
Ar—C—Ar Conjugation with two aromatic rings; 1670-1600 cm™! for C=0.
@320 Cyclic ketones; C=0 frequency increases with decreasing ring size.
C—C—C Bending appears as a medium-intensity peak in the range
| 1300-1100 cm™.
0
Examples: 3-methyl-2-butanone (Fig. 2.4), mesity] oxide (Fig. 2.39), acetophenone (Fig. 2.40),
cyclopentanone (Fig. 2.41), and 2,4-pentanedione (Fig. 2.42).
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SPECTRAL ANALYSIS BOX

CARBOXYLIC ACIDS
O—H Stretch, usually very broad (strongly H-bonded), occurs at 3400-2400 cm™' and
often overlaps the C—H absorptions.

C=0 Stretch, broad, occurs at 1730 —1700 cm™'. Conjugation moves the absorption to a
lower frequency.

cC-0 Stretch occurs in the range 1320 —1210 cm™!, medium intensity.

Examples: isobutyric acid (Fig. 2.45) and benzoic acid (Fig. 2.46).
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SPECTRAL ANALYSIS BOX

ESTERS

C=0

R_(|:|_U_R C=0 stretch appears in the range 1750-1735 cm™! for normal
O aliphatic esters.

~ L . .

/CZC—C—()—R Conjugation of C=0 with ¢, C=C; 1740-1715 ecm™ for C=0 and

| ﬂ) 1640—1625 ¢cm™ for C=C (two bands for some C=C, cis and trans,
p. 54),

Ar—C—0O—R Conjugation of C=0 with phenyl; 1740-1715 ¢m™ for C=0 and

(”) 1600—1450 cm™ for ring.

Conjugation of a single-bonded oxygen atom with C=C or phenyl;
1765-1762 em™ for C=0.

CCZQ Cyclic esters (lactones); C=0 frequency increases with decreasing ring
(_)/ size,
CcC-0 Stretch in two or more bands, one stronger and broader than the

other, occurs in the range 1300—1000 cm™".

Examples: ethyl butyrate (Fig. 2.47), methyl methacrylate (Fig. 2.48), vinyl acetate (Fig. 2.49),
methyl benzoate (Fig. 2.50), and methyl salicylate (Fig. 2.51).
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AMIDES

C=0 Stretch occurs at approximately 1680 1630 cm™".

N—H Stretch in primary amides (—NH,) gives two bands near 3350 and 3180 cm™.
Secondary amides have one band (—NH) at about 3300 cm~',

N—H Bending occurs around 1640 <1550 cm™ for primary and secondary amides.

Examples: propionamide (Fig. 2.53) and N-methylacetamide (Fig. 2.54).
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AMINES

N—H Stretch occurs in the range 3500-3300 cm™'. Primary amines have two bands.
Secondary amines have one band: a vanishingly weak one for aliphatic compounds and
a stronger one for aromatic secondary amines. Tertiary amines have no N—H stretch.

N—H Bend in primary amines results in a broad band in the range 1640-1560 cm™.
Secondary amines absorb near 1500 em™.

N—H Out-of-plane bending absorption can sometimes be observed near 800 cm™ .

C—N Stretch occurs in the range 1350-1000 em™’,

Examples: butylamine (Fig. 2.58), dibutylamine (Fig. 2.59), tributylamine (Fig. 2.60), and

N-methylaniline (Fig. 2.61).
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ANHYDRIDES

C=0 Stretch always has two bands, 1830-1800 em™! and 17751740 cm™ !, with variable
relative intensity. Conjugation moves the absorption to a lower frequency. Ring strain
(cyclic anhydrides) moves the absorptions to a higher frequency.

CcC—-0 Stretch (multiple bands) occurs in the range 1300-900 cm™.

Example: propionic anhydride (Fig. 2.57).
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ACID CHLORIDES

C=0 Stretch occurs in the range 1810-1775 cm™
lowers the frequency to 1780-1760 cm™.
C—Cl  Stretch occurs in the range 730-550 cm™".

in unconjugated chlorides. Conjugation

Examples: acetyl chloride (Fig. 2.55) and benzoyl chloride (Fig. 2.56).
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SPECTRAL ANALYSIS BOX

NITRILES R—C=N

—C=N Stretch is a medium-intensity, sharp absorption near 2250 cm™'. Conjugation
with double bonds or aromatic rings moves the absorption to a lower frequency.

Examples: butyronitrile (Fig. 2.62) and benzonitrile (Fig. 2.63).

ISOCYANATES R—N=C=0

—N=C=0 Stretch in an isocyanate gives a broad, intense absorption near 2270 cm™.
Example: benzyl isocyanate (Fig. 2.64).

ISOTHIOCYANATES R—N=C=S5§

—N=C=S§ Stretch in an isothiocyanate gives one or two broad, intense absorptions center-
ing near 2125 cm™".

IMINES R;C=N—-R

—C=N— Stretch in an imine, oxime, and so on gives a variable-intensity absorption
| in the range 16901640 cm™".
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SPECTRAL ANALYSIS BOX

NITRO COMPOUNDS

0 Aliphatic nitro compounds: asymmetric stretch (strong), 16001530 cm™;
_+N% - symmetric stretch (medium), 1390-1300 cm™.
\‘O Aromatic nitro compounds (conjugated): asymmetric stretch (strong),

15501490 cmi™'; symmetric stretch (strong), 1355-1315 cm™.

Examples: [-nitrohexane (Fig. 2.65) and nitrobenzene (Fig. 2.66).
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SPECTRAL ANALYSIS BOX

o
I
CARBOXYLATE SALTS R—C—O- Na+*

'9) Asymmetric stretch (strong) occurs near 1600 em™; symmetric stretch (strong)
—Ci/ - occurs near 1400 cm™!.
\‘O Frequency of C=0 absorption is lowered from the value found for the parent

carboxylic acid because of resonance (more single-bond character).

AMINE SALTS NH;* RNH;* R;NH," R;NH*

N—H Stretch (broad) occurs at 3300-2600 cm™'. The ammonium ion absorbs to the
left in this range, while the tertiary amine salt absorbs to the right. Primary and
secondary amine salts absorb in the middle of the range, 31002700 em™. A
broad band often appears near 2100 em™.

N—H Bend (strong) oceurs at 1610-1500 em™". Primary (two bands) is asymmetric
at 1610 em™, symmetric at 1500 em™'. Secondary absorbs in the range
1610-1550 cm™'. Tertiary absorbs only weakly.

AMINO ACIDS

0 T
R—CH—J:—DH e R—Cl—l—é—o—
NH, *NH;
These compounds exist as zwitterions (internal salts) and exhibit spectra that are combinations

of carboxylate and primary amine salts. Amino acids show NH;™ stretch (very broad), N—H
bend (asymmetric/symmetric), and COO™ stretch (asymmetric/symmetric).
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Sulfur Compounds Cu €l S o VY

I SPECTRAL ANALYSIS BOX

MERCAPTANS (THIOLS) R—5—H

5—H Stretch. one weak band, occcurs near 2550 cm™" and virtually confirms the presence of
this group. since few other absorptions appear here.

Example: benzenethiol (Fig. 2.68).

SULFIDES R—5—R

Little useful informartion is obtained from the infrared spectrum.

SULFOXIDES n—|s—|t
I

L)
5=0 Stretch, one strong band, cccurs near 1050 cm™ .
SULFONES o
R—S—R
g
S=0 Asymmetric stretch (strong) occurs at 1300 cm™!, symmetric stretch (strong) at
1150 cm™".
SULFONYL CHLORIDES o]
I!—:l"ln—CI
g
S5=0 Asymmct_ric stretch (strong) occurs at 1375 cm™!, symmetric stretch (strong) at
1185 cm™" .

Example: benzenesulfonyl chloride (Fig. 2.69).

SULFONATES o
R—.'”S— O—R

S=0 Asymmetric stretch (strong) occurs at 1350 cm™!, symmetric stretch (strong) at
1175 em™".
5—0O Stretch. several strong bands, cccurs in the range 1000-750 cm~ L.
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Example: methyl p-toluenesulfonate (Fig. 2.70).

SULFONAMIDES (o] Lo ]
(Solid State) I |
R—S—NH; R—S—NH—R
| I
5=0 Asymmetric stretch (strong) occurs at 1325 cm™, symmetric stretch (strong) at
1140 em™.
N—H Primary stretch occurs at 3350 and 3250 cm™; secondary stretch occurs at

3250 em™": bend oceurs at 1550 em™".
Example: benzenesulfonamide (Fig. 2.71).

SULFONIC ACIDS [0 ]

Anhydrous

(Anhydrous) n_ﬁ'—o_ﬂ
(4]

5=0 Asymmetric stretch (strong) occcurs at 1350 cm™, symmetric stretch (strong) at
1150 em™". _
5—-0 Stretch (strong) occurs at 650 cm™ .
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1-In each of the following parts, a molecular formula is given. Deduce the structure that is
consistent with the infrared spectrum. There may be more than one possible answer
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2- In each part, choose the structure that best fits the infrared spectrum shown
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