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Figure 13.1:  The Electromagnetic SpectrumFigure 13.1:  The Electromagnetic Spectrum
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Electromagnetic radiation is absorbed when theElectromagnetic radiation is absorbed when the
energy of photon corresponds to difference in energy of photon corresponds to difference in 
energy between two states.energy between two states.

ΔΔE = hE = hνν
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rotationalrotational
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What Kind of States?What Kind of States?



11H NMR SpectroscopyH NMR Spectroscopy



11H and H and 1313CC

both have spin = both have spin = ±±1/21/2

11H is 99% at natural abundanceH is 99% at natural abundance

1313C is 1.1% at natural abundanceC is 1.1% at natural abundance

The Nuclei that are Most Useful toThe Nuclei that are Most Useful to
Organic Chemists are:Organic Chemists are:
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The distribution of The distribution of 
nuclear spins is nuclear spins is 
random in the random in the 
absence of an absence of an 
external magnetic external magnetic 
field.field.
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An external magnetic An external magnetic 
field causes nuclear field causes nuclear 
magnetic moments  to magnetic moments  to 
align parallel and align parallel and 
antiparallel to applied antiparallel to applied 
field.field.
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There is a slight There is a slight 
excess of nuclear excess of nuclear 
magnetic moments magnetic moments 
aligned parallel to aligned parallel to 
the applied field.the applied field.
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No difference in absence of magnetic fieldNo difference in absence of magnetic field
Proportional to strength of external magnetic field Proportional to strength of external magnetic field 

Energy Differences Between Nuclear Spin StatesEnergy Differences Between Nuclear Spin States
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ΔΔEE ΔΔE E ''

increasing field strengthincreasing field strength



Some Important Relationships in NMRSome Important Relationships in NMR

The frequency of absorbed electromagneticThe frequency of absorbed electromagnetic
radiation for a particular nucleus (such as radiation for a particular nucleus (such as 11H)H)
depends on its molecular environment. depends on its molecular environment. 

This is why NMR is such a useful toolThis is why NMR is such a useful tool
for structure determination.for structure determination.



Nuclear Shielding
and

1H Chemical Shifts

What do we mean by "shielding"?What do we mean by "shielding"?
What do we mean by "chemical shift"?What do we mean by "chemical shift"?



ShieldingShielding

An external magnetic field An external magnetic field 
affects the motion of the affects the motion of the 
electrons in a molecule, electrons in a molecule, 
inducing a magnetic field inducing a magnetic field 
within the molecule.within the molecule.

The direction of the The direction of the 
induced magnetic field is induced magnetic field is 
opposite to that of the opposite to that of the 
applied field.applied field.

CC HH

HH 00



ShieldingShielding

The induced field The induced field 
shields the nuclei (in shields the nuclei (in 
this case, C and H) this case, C and H) 
from the applied field.from the applied field.

CC HH

HH 00



Chemical ShiftChemical Shift

Chemical shift is a Chemical shift is a 
measure of the degree to measure of the degree to 
which a nucleus in a which a nucleus in a 
molecule is shielded.molecule is shielded.

Protons in different Protons in different 
environments are shielded environments are shielded 
to greater or lesser to greater or lesser 
degrees;  they have degrees;  they have 
different chemical shifts.different chemical shifts.

CC HH

HH 00



Chemical ShiftChemical Shift

Chemical shifts (Chemical shifts (δδ) are ) are 
measured relative to the measured relative to the 
protons in protons in 
tetramethylsilane (TMS) tetramethylsilane (TMS) 
as a standard.as a standard.

SiSi CHCH33

CHCH33

CHCH33

HH33CC

δδ ==
position of signal position of signal -- position of TMS peakposition of TMS peak

spectrometer frequencyspectrometer frequency
x 10x 1066
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Chemical shift (Chemical shift (δδ, , ppmppm))
measured relative to TMSmeasured relative to TMS

UpfieldUpfield
Increased shieldingIncreased shielding

DownfieldDownfield
Decreased shieldingDecreased shielding

(CH(CH33))44Si (TMS)Si (TMS)



Chemical ShiftChemical Shift

Example:  The signal for the proton in chloroform Example:  The signal for the proton in chloroform 
(HCCl(HCCl33) appears 1456 Hz downfield from TMS at ) appears 1456 Hz downfield from TMS at 
a spectrometer frequency of 200 MHz.a spectrometer frequency of 200 MHz.

δδ ==
position of signal position of signal -- position of TMS peakposition of TMS peak

spectrometer frequencyspectrometer frequency
x 10x 1066

δδ ==
1456 Hz 1456 Hz -- 0 Hz0 Hz

200 x 10200 x 1066 HxHx
x 10x 1066

δδ =   7.28=   7.28



01.02.03.04.05.06.07.08.09.010.0

Chemical shift (Chemical shift (δδ, , ppmppm))

δδ 7.28 7.28 ppmppm

HH CC

ClCl

ClCl

ClCl



Effects of Molecular Structure
on

1H Chemical Shifts

Protons in different environments experience 
different degrees of shielding and have 

different chemical shifts.



Electronegative Substituents DecreaseElectronegative Substituents Decrease
the Shielding of Methyl Groupsthe Shielding of Methyl Groups

least shielded Hleast shielded H most shielded Hmost shielded H
 

CHCH33FF CHCH33OOCHCH33 (CH(CH33))33NN CHCH33CHCH33 (CH(CH33))44SiSi

δδ 4.34.3 δδ 3.23.2 δδ 2.22.2 δδ 0.90.9 δδ 0.00.0



Electronegative Substituents Decrease ShieldingElectronegative Substituents Decrease Shielding

HH33CC——CCHH22——CCHH33

OO22NN——CCHH22——CCHH22——CCHH33

δδ 0.90.9δδ 0.90.9 δδ 1.31.3

δδ 1.01.0δδ 4.34.3 δδ 2.02.0



Effect is CumulativeEffect is Cumulative

CHCHClCl33 δδ 7.3 7.3 
CHCH22ClCl22 δδ 5.35.3
CHCH33ClCl δδ 3.13.1



Protons Attached to spProtons Attached to sp22 Hybridized CarbonHybridized Carbon
are Less Shielded than those Attachedare Less Shielded than those Attached

to spto sp33 Hybridized CarbonHybridized Carbon

HH HH

HHHH

HH

HH

CC CC

HHHH

HH HH

CHCH33CHCH33

δδ 7.37.3 δδ 5.35.3 δδ 0.90.9



Table 13.1Table 13.1

Type of protonType of proton Chemical shift (Chemical shift (δδ),),
ppmppm

Type of protonType of proton Chemical shift (Chemical shift (δδ),),
ppmppm

CCHH RR 0.90.9--1.81.8

1.51.5--2.62.6CCHH CCCC

2.02.0--2.52.5CCHH CC

OO

2.12.1--2.32.3CCHH NNCC

CCHH ArAr 2.32.3--2.82.8

2.52.5CCHH CCCC



Table 13.1Table 13.1

Type of protonType of proton Chemical shift (Chemical shift (δδ),),
ppmppm

Type of protonType of proton Chemical shift (Chemical shift (δδ),),
ppmppm

CCHH BrBr 2.72.7--4.14.1

99--1010CC

OO

HH

2.22.2--2.92.9CCHH NRNR

3.13.1--4.14.1CCHH ClCl

6.56.5--8.58.5HH ArAr

CC CC

HH

4.54.5--6.56.5

3.33.3--3.73.7CCHH OO



Table 13.1Table 13.1

Type of protonType of proton Chemical shift (Chemical shift (δδ),),
ppmppm

11--33HH NRNR

0.50.5--55HH OROR

66--88HH OArOAr

1010--1313CC

OO

HHOO



Interpreting Interpreting 11H NMR H NMR 
SpectraSpectra



1.  Number of signals1.  Number of signals

2.  Their intensity (as measured by area 2.  Their intensity (as measured by area 
under peak)under peak)

3.  Splitting pattern (multiplicity)3.  Splitting pattern (multiplicity)

Information Contained in an NMRInformation Contained in an NMR
Spectrum Includes:Spectrum Includes:



Number of SignalsNumber of Signals

Protons that have different chemical shifts Protons that have different chemical shifts 
are chemically nonequivalent.are chemically nonequivalent.

Exist in different molecular environment.Exist in different molecular environment.



01.02.03.04.05.06.07.08.09.010.0

Chemical shift (Chemical shift (δδ, , ppmppm))

CCCCHH22OCOCHH33NN

OCOCHH33

NCCNCCHH22OO

Figure 13.11Figure 13.11



DiastereotopicDiastereotopic protons can have differentprotons can have different
chemical shifts.chemical shifts.

DiastereotopicDiastereotopic ProtonsProtons

CC CC

BrBr

HH33CC

HH

HH

δδ 5.3 ppm5.3 ppm

δδ 5.5 ppm5.5 ppm



Are in mirrorAre in mirror--image environments.image environments.

EnantiotopicEnantiotopic protons have the sameprotons have the same
chemical shift.chemical shift.

Enantiotopic ProtonsEnantiotopic Protons



CC CHCH22OHOH

HH33CC

HH
HH

EnantiotopicEnantiotopic
ProtonsProtons

CC CHCH22OHOH

HH33CC

ClCl
HH

CC CHCH22OHOH

HH33CC

HH
ClCl

RR SS



Not all peaks are singlets.Not all peaks are singlets.

Signals can be split by coupling of Signals can be split by coupling of 
nuclear spins.nuclear spins.

SpinSpin--Spin SplittingSpin Splitting
inin

11H NMR SpectroscopyH NMR Spectroscopy



01.02.03.04.05.06.07.08.09.010.0

Chemical shift (Chemical shift (δδ, , ppmppm))

ClCl22CCHHCCHH33Figure 13.12Figure 13.12

4 lines;4 lines;
quartetquartet

2 lines;2 lines;
doubletdoublet

CCHH33CCHH



01.02.03.04.05.06.07.08.09.010.0

Chemical shift (Chemical shift (δδ, , ppmppm))

ClCl22CCHHCCHH33Figure 13.12Figure 13.12

4 lines;4 lines;
quartetquartet

2 lines;2 lines;
doubletdoublet

CCHH33CCHH

coupled protons are vicinal (three-bond coupling)
CH splits CH3 into a doublet
CH3 splits CH into a quartet



Why Do the Methyl Protons ofWhy Do the Methyl Protons of
1,11,1--Dichloroethane Appear as a Doublet?Dichloroethane Appear as a Doublet?

CC CC HHHH

ClCl

ClCl

HH

HH
signal for signal for methylmethyl
protons is split into protons is split into 
a doubleta doublet

To explain the splitting of the To explain the splitting of the protonsprotons at Cat C--2, 2, 
we first focus on the two possible spin we first focus on the two possible spin 
orientations of the orientations of the protonproton at Cat C--1.1.



Why Do the Methyl Protons ofWhy Do the Methyl Protons of
1,11,1--Dichloroethane Appear as a Doublet?Dichloroethane Appear as a Doublet?

CC CC HHHH

ClCl

ClCl

HH

HH
signal for signal for methylmethyl
protons is split into protons is split into 
a doubleta doublet

There are two orientations of the nuclear spin There are two orientations of the nuclear spin 
for the proton at Cfor the proton at C--1.  One orientation shields 1.  One orientation shields 
the protons at Cthe protons at C--2;  the other deshields the C2;  the other deshields the C--
2 protons.2 protons.



Why Do the Methyl Protons ofWhy Do the Methyl Protons of
1,11,1--Dichloroethane Appear as a Doublet?Dichloroethane Appear as a Doublet?

CC CC HHHH

ClCl

ClCl

HH

HH
signal for signal for methylmethyl
protons is split into protons is split into 
a doubleta doublet

The protons at CThe protons at C--2 "feel" the effect of both the 2 "feel" the effect of both the 
applied magnetic field and the local field applied magnetic field and the local field 
resulting from the spin of the Cresulting from the spin of the C--1 proton.1 proton.



Why Do the Methyl Protons ofWhy Do the Methyl Protons of
1,11,1--Dichloroethane Appear as a Doublet?Dichloroethane Appear as a Doublet?

CC CC HHHH

ClCl

ClCl

HH

HH
"true" chemical"true" chemical
shift of methylshift of methyl
protons (no coupling)protons (no coupling)

This line correspondsThis line corresponds
to molecules in which to molecules in which 
the nuclear spin of the nuclear spin of 
the proton at Cthe proton at C--1 1 
reinforcesreinforces
the applied field.the applied field.

This line correspondsThis line corresponds
to molecules in which to molecules in which 
the nuclear spin of the nuclear spin of 
the proton at Cthe proton at C--1 1 
opposesopposes
the applied field.the applied field.



Why Does the Methine Proton ofWhy Does the Methine Proton of
1,11,1--Dichloroethane Appear as a Quartet?Dichloroethane Appear as a Quartet?

CC CC HHHH

ClCl

ClCl

HH

HH
signal for signal for methinemethine
proton is split into proton is split into 
a quarteta quartet

The The protonproton at Cat C--1 "feels" the effect of the 1 "feels" the effect of the 
applied magnetic field and the local fields applied magnetic field and the local fields 
resulting from the spin states of the three resulting from the spin states of the three 
methyl protons.  The possible combinations methyl protons.  The possible combinations 
are shown on the next slide.are shown on the next slide.



CC CC HHHH

ClCl

ClCl

HH

HH There are eight combinations of There are eight combinations of 
nuclear spins for the three methyl nuclear spins for the three methyl 
protons.protons.
These 8 combinations split the These 8 combinations split the 
signal into a 1:3:3:1 quartet.signal into a 1:3:3:1 quartet.

Why Does the Methine Proton ofWhy Does the Methine Proton of
1,11,1--Dichloroethane Appear as a Quartet?Dichloroethane Appear as a Quartet?



For simple cases, the multiplicity of a signalFor simple cases, the multiplicity of a signal
for a particular proton is equal to the number for a particular proton is equal to the number 
of equivalent vicinal protons + 1.of equivalent vicinal protons + 1.

The Splitting Rule for The Splitting Rule for 11H NMRH NMR



Splitting Patterns:
The Ethyl Group

CHCH33CHCH22X is characterized by a tripletX is characterized by a triplet--quartet quartet 
pattern (quartet at lower field than the triplet).pattern (quartet at lower field than the triplet).
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Chemical shift (Chemical shift (δδ, , ppmppm))

BrCBrCHH22CCHH33Figure 13.15Figure 13.15

4 lines;4 lines;
quartetquartet

3 lines;3 lines;
triplettriplet
CCHH33

CCHH22



Splitting Patterns of Common MultipletsSplitting Patterns of Common Multiplets

Number of equivalentNumber of equivalent AppearanceAppearance Intensities of linesIntensities of lines
protons to which H protons to which H of of multipletmultiplet in in multipletmultiplet
is coupledis coupled

11 DoubletDoublet 1:11:1
22 TripletTriplet 1:2:11:2:1
33 QuartetQuartet 1:3:3:11:3:3:1
44 PentetPentet 1:4:6:4:11:4:6:4:1
55 SextetSextet 1:5:10:10:5:11:5:10:10:5:1
66 SeptetSeptet 1:6:15:20:15:6:11:6:15:20:15:6:1

Table 13.2Table 13.2



Splitting Patterns:
The Isopropyl Group

(CH(CH33))22CHX is characterized by a doubletCHX is characterized by a doublet--
septet pattern (septet at lower field than the septet pattern (septet at lower field than the 
doublet).doublet).
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Chemical shift (Chemical shift (δδ, , ppmppm))

BrCBrCHH(C(CHH33))22Figure 13.17Figure 13.17

7 lines;7 lines;
septetseptet

2 lines;2 lines;
doubletdoublet

CCHH33

CCHH
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Chemical shift (Chemical shift (δδ, , ppmppm))

Figure 13.19Figure 13.19

OCOCHH33

skewed doubletsskewed doublets

 HH HH

HHHH

ClCl OCOCHH33



OO——HH

The chemical shift for OThe chemical shift for O——HH is variable (is variable (δδ 0.50.5--
5 ppm) and depends on temperature and 5 ppm) and depends on temperature and 
concentration.concentration.

Splitting of the OSplitting of the O——HH proton is sometimes proton is sometimes 
observed, but often is not.  It usually appears observed, but often is not.  It usually appears 
as a broad peak. as a broad peak. 

Adding Adding DD22O converts OO converts O——HH to Oto O——DD.  The .  The 
OO——HH peak disappears.peak disappears.

CC OOHH HH


