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oncentration U
pon H

ydrogen B
onding
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E
ffect of C

oncentration U
pon H

ydrogen B
onding
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A
ldehydes and K

etones

•
IR

 spectrum
 of m

enthone (F
ig 12.12)
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C
arboxylic acids

•
IR

 spectrum
 of pentanoic acid (F

ig 12.13)
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A
m

ide

•
IR

 of N
-m

ethylpropanam
ide

(F
ig 12.14)
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E
ster

•
IR

 of E
thyl butanoate

(F
ig 12.15)
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S
trategies for IR

 Interpretation 

Inspect the spectrum
 from

 left to right. 
�

If there is a strong, but broad band 3500 cm
-1

then, O
H

 is present. O
ne or tw

o w
eak peaks in this 

area are indicative of am
ines (N

—
H

 stretch).
�

E
xam

ine the 3000 cm
-1

C
—

H
 aliphatic stretches 

are to the right and C
—

H
 from

 alkenes &
 arom

atics 
are to the left.
�

A
ldehyde

C
—

H
 stretch w

ill be ~
 2720 cm

-1

�
C

heck the area from
 1820 to 1630 cm

-1. S
trong 

peaks in this area indicate C
=

O
 and this is often the 

strongest peak in the spectrum
. 

�
T

he area from
 1250 to 1000 cm

-1
are the C

—
O

 
stretches of ethers, esters, acids.
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• •
N

uclear m
agnetic resonance (N

M
R

) 
N

uclear m
agnetic resonance (N

M
R

) 
spectroscopy
spectroscopy: :a spectroscopic technique 
that gives us inform

ation about the num
ber 

and types of atom
s in a m

olecule, for 
exam

ple, about the num
ber and types of 

–
hydrogen atom

s using 1H
-N

M
R

 spectroscopy
–

carbon atom
s using 13C

-N
M

R
 spectroscopy

–
phosphorus atom

s using 31P
-N

M
R

 spectroscopy
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N
uclear S

pin S
tates

•
A

n electron has a spin quantum
 num

ber of 1/2 
w

ith allow
ed values of +

1/2 and -1/2 
–

this spinning charge creates an associated m
agnetic 

field
–

in effect, an electron behaves as if it is a tiny bar 
m

agnet and has w
hat is called a m

agnetic m
om

ent

•
T

he sam
e effect holds for certain atom

ic nuclei
–

any atom
ic nucleus that has an odd m

ass num
ber, an 

odd atom
ic num

ber, or both also has a spin and a 
resulting nuclear m

agnetic m
om

ent
–

the allow
ed nuclear spin states are determ

ined by the 
spin quantum

 num
ber, I, of the nucleus



��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�

����
��

��

N
uclear S

pin S
tates

–
a nucleus w

ith spin quantum
 num

ber I I
has 2 2I I

+
 1

+
 1

spin states; if I
=

 1/2, there are tw
o allow

ed spin 
states

–
T

able 13.1 gives the spin quantum
 num

bers and 
allow

ed nuclear spin states for selected isotopes of 
elem

ents com
m

on to organic com
pounds

1H
2H

12C
13C

14N
16O

31P
32S

E
lem

ent

N
uclear spin

quantum
 

num
ber (I )

N
um

ber of
spin states

1/2
1

0
0

0
1/2

1

2
3

1
2

3
1

1/22
1
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N
uclear S

pins in B
0

–
w

ithin a collection of 1H
 and 13C

 atom
s, 

nuclear spins are com
pletely random

 in 
orientation

–
w

hen placed in a strong external m
agnetic 

field of strength:B
0 , how

ever, interaction 
betw

een nuclear spins and the applied 
m

agnetic field is quantized, w
ith the result that 

only certain orientations of nuclear m
agnetic 

m
om

ents are allow
ed
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–
for 1H

 and 13C
, only tw

o orientations are allow
ed

E
 =

 hn

n is called the resonance frequency or the Larm
or

freq
uency.
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N
uclear S

pins in B
0

•
In an applied field strength of 7.05T

, w
hich 

is readily available w
ith present-day 

superconducting electrom
agnets, the 

difference in energy betw
een nuclear spin 

states for 
–

1H
 is approxim

ately 0.120 J
(0.0286 cal)/m

ol, 
w

hich corresponds to electrom
agnetic 

radiation of 300 M
H

z
(300,000,000 H

z)
–

13C
 is approxim

ately 0.030 J
(0.00715 

cal)/m
ol, w

hich corresponds to 
electrom

agnetic radiation of 75M
H

z
(75,000,000 H

z)



��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�

����
��

��

–
the energy difference

betw
een allow

ed spin states 
increases linearly w

ith applied field strength
–

values show
n here are for 1H

 nuclei

aaa a bbb b

300 M
H

z
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N
uclear M

agnetic R
esonance

–
w

hen nuclei w
ith a spin quantum

 num
ber of 

1/2 are placed in an applied field, a sm
all 

m
ajority of nuclear spins are aligned

w
ith the 

applied field in the low
er energy state

–
the nucleus begins to precess and traces out 
a cone-shaped surface, in m

uch the sam
e 

w
ay a spinning top or gyroscope traces out a 

cone-shaped surface as it precesses in the 
earth’s gravitational field

–
the rate of precession is expressed as a 
frequency in hertz (H

z)
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–F
igure 13.3 the origin of nuclear m

agnetic “resonance”
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N
uclear M

agnetic R
esonance

•
If the precessing nucleus is irradiated w

ith 
electrom

agnetic radiation of the sam
e 

frequency as the rate of precession,
–

the tw
o frequencies couple

, 
–

energy is absorbed
, and 

–
the nuclear spin is flipped

from
 spin state 

+
1/2 (w

ith the applied field) to -1/2 (against 
the applied field)

–
T

his transition occurs w
hen: E

0 =
  DDD DE
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–F
igure 13.3 the origin of nuclear m

agnetic “resonance”
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N
uclear M

agnetic R
esonance

• •
R

esonance
R

esonance
: :in N

M
R

 spectroscopy, resonance
resonance

is the 

absorption of electrom
agnetic radiation by a precessing 

nucleus and the resulting “flip”
of its nuclear spin from

 a 

low
er energy state to a higher energy state

•
T

he instrum
ent (spectrom

eter) is used to detect this 

coupling of precession frequency and electrom
agnetic 

radiation records it as a signal:             E
0 =

  D
E

– –
signal:
signal:a recording in an N

M
R

 spectrum
 of a 

nuclear m
agnetic resonance
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–
if w

e w
ere dealing w

ith 1H
 nuclei isolated 

from
 all other atom

s and electrons, any 
com

bination of applied field and radiation that 
produces a signal for one 1H

 w
ould produce a 

signal for all 1H
.T

he sam
e is true of 13C

 
nuclei

–
but hydrogens in organic m

olecules are not 
isolated from

 all other atom
s;they are 

surrounded by electrons, w
hich are caused to 

circulate by the presence of the applied field
–

the circulation of electrons around a nucleus 
in an applied field is called diam

agnetic
diam

agnetic
current
current

and the nuclear shielding resulting 
from

 it is called diam
agnetic shielding

diam
agnetic shielding
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A
ll nuclei in m

olecules are surrounded by electrons.  A
pplication of an 

external m
agnetic field causes these electrons to circulate, w

hich sets 
up a localm

agnetic field (B
local )

of their ow
n. B

local opposes the applied 
field (B

0 ).

T
he effective m

agnetic field
(B

eff )
experienced by a particular nucleus is 

som
ew

hat sm
aller than the applied field (B

0 ):

B
eff

=
B

0 –
B

 local

N
uclei in a m

olecule are shielded from
 the full effect of B

0
by the 

presence of nearby circulating electrons. S
ince each nucleus exists in a 

slightly different electronic environm
ent

, each nucleus w
ill be 

shielded to a slightly different extent, and B
eff w

ill be slightly different for 
each nucleus w

ithin the m
olecule, as such:

N
O

T
 A

LL P
R

O
T

O
N

S
 A

R
E

 E
Q

U
IV

A
LE

N
T
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N
uclei surrounded by greater am

ounts of electron 
density w

ill be m
ore shielded

from
 the external 

m
agnetic field, so they w

ill absorb electrom
agnetic 

radiation of low
er energy, that is, low

er frequency.

T
he converse is also true, nam

ely that nuclei 
surrounded by lesser am

ounts of electron density 
w

ill be less shielded �������������	
����
�
�������������	
����
�

� ���
�������
��
�������

�� ��
from

 the external m
agnetic field, so 

they w
ill absorb electrom

agnetic radiation of higher 
energy, that is, higher frequency.
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–
the difference in resonance frequencies
am

ong the various hydrogen nuclei w
ithin a 

m
olecule due to shielding/deshielding is 

generally very sm
all

–
the difference in resonance frequencies for 
hydrogens in C

H
3 C

l com
pared to C

H
3 F

 under 
an applied field of 7.05T

 is only 360 H
z, w

hich 
is 1.2 parts per m

illion (ppm
) com

pared w
ith 

the irradiating frequency of 300 M
H

z

360 H
z

300 x 10
6 H

z

1.2
=

 1.2 p
p

m
10

6
=

(300M
H

z)
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N
uclear M

agnetic R
esonance

–
signals are m

easured relative to the signal of the 
reference com

pound tetram
ethylsilane (T

M
S

)

–
for a 1H

-N
M

R
 spectrum

, signals are reported by their 
shift from

 the 12 H
 signal in T

M
S

 (dow
nfield)

–
for a 13C

-N
M

R
 spectrum

, signals are reported by their 
shift from

 the 4 C
 signal in T

M
S

 (dow
nfield)

– –
C

hem
ical shift (

C
hem

ical shift (
ddd d ddd d): ):the shift in ppm

 of an N
M

R
 signal 

from
 the signal of T

M
S

T
e

tram
e

th
yls

ilane
 (T

M
S

)

CH
3

Si
CH

3

CH
3

C
H

3
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T
he m

ore deshielded
the nucleus, the 

higher the frequency of resonance, the 
higher the ppm

value in the spectrum
. 

M
ore 

M
ore deshielding

deshielding
- -the H

IG
H

E
R

 
the H

IG
H

E
R

 ppm
ppm

value
value

U
pfield-protons are shielded

D
ow

nfield-protons are deshielded
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N
M

R
 S

pectrom
eter

•
E

ssentials of an N
M

R
 spectrom

eter are a 
pow

erful m
agnet, a radio-frequency 

generator, and a radio-frequency detector
•

T
he sam

ple is dissolved in a solvent, m
ost 

com
m

only C
D

C
l3

or  D
2 O

, and placed in a 
sam

ple tube w
hich is then suspended in 

the m
agnetic field and set spinning

•
U

sing a F
ourier transform

 N
M

R
 (F

T
-N

M
R

) 
spectrom

eter, a spectrum
 can be recorded 

in about 2 seconds
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N
M

R
 S

pectrom
eter
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N
M

R
 S

pectrum

•
1H

-N
M

R
 spectrum

 of m
ethyl acetate

– –
D

ow
nfield:

D
ow

nfield:the shift of an N
M

R
 signal to the left on the chart paper

– –
U

pfield:
U

pfield:the shift of an N
M

R
 signal to the right on the chart paper

O

O
C

H
3

H
3 C

O

O
C

H
3

H
3 C
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H
3 C

O
C

H
3

O
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M
eO

C

H

H

H
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M
eO

C

H

H

H

M
eO

C

H

H H

M
eO

C

H

H
H

M
eO

C
H

H

H
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E
quivalent H

ydrogens
E

quivalent H
ydrogens

• •
E

quivalent hydrogens:
E

quivalent hydrogens:have the sam
e 

chem
ical environm

ent
–

a m
olecule w

ith 1 set of equivalent hydrogens 
gives 1 N

M
R

 signal

H
3

C

C
C

C
H

3

H
3

C
C

H
3

C
H

3
C

C
H

3
C

lC
H

2
C

H
2

C
l

P
ropanone

(A
cetone)

1,2-D
ichloro-

ethane
C

yclopentane
2,3-D

im
ethyl-

2-butene

O
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E
quivalent H

ydrogens
E

quivalent H
ydrogens

–
a m

olecule w
ith 2 or m

ore sets of equivalent 
hydrogens gives a different N

M
R

 signal for 
each set

C
H

3
C

H
C

l

C
l

C
lC

C
C

H
3

H
H

O

C
yclop

e
n

t-
an

on
e

(2 s
ign

als)

1,1-D
ich

loro
-

e
th

an
e

(2 sig
n

als
)    

(Z
)-1-C

h
loro-

p
rop

e
n

e
(3 sig

n
als)

C
y

clo
h

e
xe

n
e

   (3 sig
n

als)
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S
ignal A

reas
S

ignal A
reas

•
R

elative areas of signals are proportional to 
the num

ber of H
 giving rise to each signal

•
M

odern N
M

R
 spectrom

eters electronically 
integrate and record the relative area of each 
signal
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C
hem

ical
C

hem
ical

S
hifts

S
hifts

1 1H H
- -N

M
R

N
M

R

R
C

H
2

O
R

(C
H

3
)4

S
i

A
rC

H
3

R
C

H
3

R
C

C
H

R
C

C
H

3

R
O

H
R

C
H

2
O

H

A
rC

H
2

R

OO

R
C

H
2

R
R

3
C

H

R
2

N
H

R
C

C
H

2
R

R
2

C
=

C
R

C
H

R
2

R
2

C
=

C
H

R

R
C

H

OR
C

O
H

O

R
C

H
2

C
l

R
C

H
2

B
r

R
C

H
2

I

R
C

H
2

F

A
r HOO

R
2

C
=

C
H

2

R
C

O
C

H
3

R
C

O
C

H
2

R

A
rO

H

9.5-10.1

3.7-3.9

3.4-3.6

T
yp

e
 of 

H
yd
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n
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y
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itio
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)

T
yp

e
 of 

H
yd

ro
ge

n
C

h
e

m
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S
h

ift (ddd d)

1.6-2.6
2.0-3.0

0.8-1.0
1.2-1.4
1.4-1.7

2.1-2.3

0.5-6.0

2.2-2.6

3.4-4.0

C
h

e
m

ical 
S

h
ift (ddd d)

3.3-4.0

2.2-2.5
2.3-2.8

0.5-5.0

4.6-5.0
5.0-5.7

10-13

4.1-4.7
3.1-3.3

3.6-3.8
4.4-4.5

6.5-8.5

4.5-4.7
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C
hem

ical S
hift

•
D

epends on (1) electronegativity
of nearby 

atom
s, (2) the hybridization

of adjacent atom
s, 

and (3) diam
agnetic effects

from
 adjacent pi 

bonds
•

E
lectronegativity

C
H
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H
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H
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0.00
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• •
T

he higher s character, the greater the 
T

he higher s character, the greater the 
deshielding
deshielding
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=
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 alky
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N

am
e

 of
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y
d
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e

n
C

h
e

m
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S
h
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A
lk

yl

A
ce

tyle
n

ic

V
in

ylic

A
ld

e
h

y
d

ic

0.8 - 1.7

1.6 - 2.6

4.6  - 5.7

9.5-10.1

2.0 - 3.0
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• •
D

iam
agnetic effects of pi bonds

D
iam

agnetic effects of pi bonds
–

a carbon-carbon triple bond shields an acetylenic 
hydrogen and shifts its signal upfield (to the right) to a 
sm

aller d
value

–
a carbon-carbon double bond deshields vinylic 
hydrogens and shifts their signal dow

nfield (to the left) 
to a larger d

value

R
C

H
3

R
2 C

=
C

H
2

R
C

C
H

T
y

p
e

 o
f H

N
am

e

A
lk

yl

V
in

ylic
A

ce
tyle

n
ic

0.8- 1.0

4.6  - 5.7
2.0 - 3.0

C
h

e
m

ical 
S

h
ift (ddd d)
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S
ignal S

plitting &
 the (n

+
 1) R

ule
• •

P
eak:

P
eak:

the units into w
hich an N

M
R

 signal is split; 
doublet, triplet, quartet, etc.

• •
S

ignal splitting:
S

ignal splitting:
splitting of an N

M
R

 signal into 
a set of peaks by the influence of neighboring
nonequivalent hydrogens

• •
( (n n

+
 1) rule:

+
 1) rule:

if a hydrogen has n
hydrogens 

nonequivalent to it but equivalent am
ong 

them
selves on the sam

e or adjacent atom
(s), its 

1H
-N

M
R

 signal is split into (n
+

 1) peaks



��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�
��������	
����
�

��
�

����
��

��

S
ignal S

plitting (n +
 1)

P
roblem

P
roblem

: predict the num
ber of 1H

-N
M

R
 signals 

and the splitting pattern of each
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O
c  triplet

n =
 2

b  quartet
n =

 3

a  singlet
n =

 0
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c  doublet
n =

 1

H
3 C

C
H

C
H

3

O
b  septet

n =
 6

C
H

3

a  singlet
n =

 0

ab
c


