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Spectroscopy:  The study of the interaction of energy with matter."

l  Energy applied to matter can be absorbed, emitted, cause a 
chemical change, or be transmitted."

l  Spectroscopy can be used to elucidate the structure of a molecule."

"

Examples of Spectroscopy and other Structure Elucidation Methods"

l  UV-Vis Sprectroscopy"

l  Infrared (IR) Spectroscopy ""

l  Nuclear Magnetic Resonance (NMR) Spectroscopy"

l  Mass Spectrometry (MS)"



The Electromagnetic Spectrum  
"

NMR involves absorption of energy in the radiofrequency range"
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                     c = λν
	


  λ	
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Nuclear Magnetic Resonance (NMR) Spectroscopy"
"
•  The nuclei of protons (1H) and carbon-13 (13C), and 

certain other elements and isotopes, behave as if they 
were tiny bar magnets"

•  When placed in a magnetic field and irradiated with 
radio frequency energy, these nuclei absorb energy at 
frequencies based on their electronic environments"

•  NMR spectrometers are used to measure these 
absorptions 
 
"
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Nuclear Spin: The Origin of the Signal"

•  The nuclei of elements and isotopes have spin states that are quantized"
•  1H has a spin quantum number I = 1/2 and has allowed spin states of +1/2 or 

-1/2"
•  Other nuclei with I = 1/2 are 13C, 19F and 31P and these also respond to an 

external magnetic field"
•  Nuclei with I = 0 do not have spin (12C and 16O) and do not respond to an 

external magnetic field"

•  The nuclei of NMR-active nuclei behave like tiny bar magnets"
•  In the absence of an external magnetic field these bar magnets are randomly 

orientated"

•  In an external magnetic field they orient either with (α spin state) or against (β 
spin state) the magnetic field"
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Spin States"
•  Nuclei aligned with the magnetic field are lower in energy than those 

aligned against the field"

•  The nuclei aligned with the magnetic field can be flipped to align against it if 
the right amount of energy is added (ΔE)"

•  The amount of energy required depends on the strength of the external 
magnetic field"



7	


•  Continuous-Wave (CW) NMR Spectrometers"
•  The oldest type of NMR spectrometer "
•  The magnetic field is varied as the electromagnetic radiation is kept at a 

constant frequency"

•  Fourier Transform (FT) NMR Spectrometers"
•  The sample is placed in a constant (and usually very strong) magnetic field"
•  The sample is irradiated with a short pulse of radio frequency energy that 

excites nuclei in different environments all at once"
•  The resulting signal contains information about all of the absorbing nuclei at 

once"
•  This signal is converted to a spectrum by a Fourier transformation"
•  FT NMR allows signal-averaging, which leads to enhancement of real spectral 

signals versus noise "
•  The strong, superconducting magnets used in FTNMR spectrometers lead to 

greater sensitivity and much higher resolution than continuous wave 
instruments"

NMR Spectrometers 
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NMR Schematic 
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•  Number of signals (Separate Peaks): indicates the number of 
different types of hydrogen in a molecule. 

•  Position of signals (Chemical Shift): indicates what types of 
hydrogen the molecule contains. 

•  Intensity of signals (Peak Integrals): indicates the relative 
amounts (how many) of each kind of hydrogen in the molecule. 

•  Spin-spin splitting of signals (Multiplicity): gives further 
information of the neighboring environment for the various 
hydrogens in the molecule.   

Structural Information from Features of a  
1H NMR Spectrum  
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•  The number of NMR signals equals the number of different types 
of protons in a compound. 

•  Protons in different environments give different NMR signals. 

•  Equivalent protons give the same NMR signal. 

Number of Signals in 1H NMR  
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•  In comparing two H atoms on a ring or double bond, two protons are 
equivalent only if they are cis (or trans) to the same groups. 

Number of 1H NMR Signals—Alkenes  



Chemical Shift"

n  The position of the signal for a set of protons 
relative to TMS. 

n  Independent of the field strength of the magnet. 

n  Depends on the magnetic environment that 
arises for a proton based on the chemical 
structure of the molecule it is in. 

n  Gives clues as to the chemical environment 
(what functionality is near it) in the molecule 
studied. 



•  The spectrum is measured on a delta (δ) scale in units of parts per 
million (ppm)"

•  The small signal at δ 0 corresponds to an internal standard called 
tetramethylsilane (TMS) used to calibrate the chemical shift scale"

•  1,4-dimethylbenzene has protons in two unique environments and 
so shows two signals"

Example: 1,4-dimethylbenzene"
Chemical "

Shift"
"
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Chemical Shift"

•  Chemical shifts are measured in relation to the internal reference 
tetramethylsilane (TMS)"

•  The protons of TMS are highly shielded because of the 
strong electron donating capability of silicon"

•  The signal for TMS is well away from most other proton 
absorptions"

"

•  The δ scale for chemical shifts is independent of the magnetic 
field strength of the instrument (whereas the absolute frequency 
depends on field strength)"

"

"
•  Thus, the chemical shift in δ units for protons on benzene is the 

same whether a 60 MHz or 300 MHz instrument is used"



•  In the vicinity of the nucleus, the magnetic field generated by the circulating electron 
opposes the applied field and decreases the external magnetic field that the proton 
“feels”. 

•  Since the electron experiences a lower magnetic field strength, it needs a lower 
frequency to achieve resonance.  

Shielding of Nuclei 



Shielding and Chemical Shift 
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•  An NMR spectrum is a plot of the intensity of a peak against its 
chemical shift, measured in parts per million (ppm). 

1H NMR Spectra 

deshielded	

protons 	


shielded	

protons 	
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Characteristic Chemical Shifts 



•  The chemical shift of a C−H bond increases with increasing 
alkyl substitution. 

Substitution and Chemical Shift 
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Shielding & Deshielding"

•  Electronegative atoms draw electron density away from nearby 
protons and therefore deshield them."

•  Circulation of π electrons leads to a local induced magnetic field."

•  The induced field can reinforce or diminish the external field 
sensed by a proton (depending on the location of the 
proton), causing deshielding or shielding, respectively"



•  In a magnetic field, the six π electrons in benzene circulate around the ring creating a ring 
current. 

•  The magnetic field induced by these moving electrons reinforces the applied magnetic field 
in the vicinity of the protons. 

•  The protons thus feel a stronger magnetic field and a higher frequency is needed for 
resonance meaning they are deshielded and absorb downfield. 

Aromatic Deshielding 
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•  In a magnetic field, the loosely held π electrons of the double bond create a magnetic field 
that reinforces the applied field in the vicinity of the protons. 

•  The protons now feel a stronger magnetic field, and require a higher frequency for 
resonance meaning the protons are deshielded and absorb downfield. 

Alkene Chemical Shifts 



•  In a magnetic field, the π electrons of a carbon-carbon triple bond are induced to 
circulate, but in this case the induced magnetic field opposes the applied magnetic field 
(B0). 

•  The proton thus feels a weaker magnetic field, so a lower frequency is needed for 
resonance.  

•  The nucleus is shielded and the absorption is upfield. 

Alkyne Chemical Shifts 
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Regions in the 1H NMR Spectrum 



Chemical Shift"



Proton Chemical Shift Correlations  
 

Type of Proton Structure Chemical Shift, ppm 
(approximate) 

TMS Si(CH4)4 0 (Reference) 

Cyclopropane C3H6 0.2 

Primary R-CH3 0.9 

Secondary R2-CH2 1.3 

Tertiary R3-C-H 1.5 

Allylic C=C-CH3 1.7 

Amino RNH2 1-5 

Hydroxylic R-C-OH 1-5.5 

Enolic C=C-OH 15-17 

Benzylic Ar-C-H 2.2-3 

Bromides H-C-Br 2.5-4 

Alpha H to Carbonyl H-C-C=O 2-2.7 

Acetylenic triple bond,CC-H 2-3 

Iodides H-C-I 2-4 

Alpha H to Ethers H-C-OR 3.3-4 

Alpha H to Alcohols H-C-OH 3.4-4 

Esters (alpha to the ester O)  RCOO-C-H 3.7-4.1 

Chlorides H-C-Cl 3-4 

Vinylic C=C-H 4.6-5.9 

Phenolic Ar-OH 4-12 

Fluorides H-C-F 4-4.5 

Aromatic Ar-H 6-8.5 

Aldehydic R-(H-)C=O 9-10 

Carboxylic RCOOH 10.5-12 
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Integration of Peak Areas: The Integral Curve 

•  The area under each signal corresponds to the relative number of hydrogen atoms. 

•  The height of each step in the integral curve is proportional to the area of the signal underneath the step. 

•  Modern NMR spectrometers automatically calculate and plot the value of each integral in arbitrary units. 

•  The ratio of integrals to one another gives the ratio of absorbing protons in a spectrum.  
•  Note that this gives a ratio, and not the absolute number, of absorbing protons. 

Peak Characteristic"
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•  Signal Splitting"

•  The signal from a given proton will be split by the effect of magnetic 
fields associated with protons on adjacent carbons"

•  Characteristic peak patterns result from signal splitting related to 
the number of protons on adjacent carbons"

Example: 1,1,2-trichloroethane 

Peak Characteristic"



Spin-Spin Coupling: Peak Splitting"
n  The signal from a given proton set will be split by the effect of magnetic 

fields associated with protons on adjacent carbons. 

n  Characteristic peak patterns result from signal splitting that are related to 
the number of protons on adjacent carbons. 

n  Signal splitting is not observed between homotopic or enantiotopic protons.  
However, 2 protons on the same carbon can spit each other’s signals if they 
are not equivalent (diastereotopic).   

n  The effect of signal splitting is greatest between atoms separated by 3 or 
fewer σ bonds. 

n  Spin-Spin coupling can occur over 4 or more bonds if there is                         
π bonding. 

n  Signal splitting occurs only when two sets of protons have different chemical 
shifts (i.e., are not chemical shift equivalent). 



Spin-Spin Coupling"
n  The magnetic field sensed by a proton (Ha) being 

observed is affected by the magnetic moment of 
an adjacent proton (Hb) 

n  A proton (Hb) can be aligned with the magnetic 
field or against the magnetic field, resulting in 
two energy states for Hb 

n  The observed proton (Ha) senses the two 
different magnetic moments of Hb as a slight 
change in the magnetic field; one magnetic 
moment reinforces the external field and one 
substracts from it 

n  The signal for Ha is split into a doublet with a 1:1 
ratio of peak areas 

n  The magnitude of the splitting is called the 
coupling constant Jab and is measured in Hertz 
(Hz) 



Spin-Spin 
Coupling 

n  Two of these combinations involve pairings of magnetic 
moments that cancel each other, causing no net 
displacement of signal. 

n  One combination of magnetic moments reinforces and 
another subtracts from the applied magnetic field. 

n  Ha is split into a triplet having a 1:2:1 ratio of signal 
areas. 

n  When two adjacent 
protons Hb are coupled 
to Ha, there are four 
possible combinations of 
the magnetic moments 
for the two Hb’s. 



First order Coupling: Basics 

n  If there are n equivalent protons on adjacent atoms, these will split a 
signal into n + 1 peaks 

n  Relative intensities of peaks within a multiplet are governed by 
Pascal’s triangle. 

n  Peaks within a multiplet are spaced by the coupling constant, J. 

n  Protons that are coupled to one another have the same coupling 
constant, J.   

"   Comparison of coupling constants can help with the analysis of 
complex spectra.   

"   Peaks of coupled protons sometimes “lean” toward one another. 



Spin-Spin Coupling 

n  Pascal’s triangle and multiplet peak intensities: 

 Doublet:   Triplet: 

1 1

1

Jab

HbHa

21 1

1 1

1

Jab

Jab Jab



Spin-Spin Coupling 

n  Pascal’s triangle and 
multiplet peak intensities: 

 General:   

HbHa
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n  When three adjacent protons are coupled to 
Ha, there are 10 possible combinations of 
the magnetic moments for the Hb’s. 

n  Four unique orientations exist and so Ha is 
split into a quartet with intensities  1:3:3:1 

Spin-Spin 
Coupling 



1H NMR of 2-Bromopropane 

•  The 6 Ha protons are split by the one Hb proton to give a doublet. 

•  The Hb proton is split by 6 equivalent Ha protons to yield a septet. 



1,4-dimethylbenzene"

Examples of compounds 
with no signal splitting"
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•  When two sets of adjacent protons are different from each other (n protons on one 
adjacent carbon and m protons on the other), the number of peaks in an NMR signal =   
(n + 1)(m + 1). 

•  Most of the spectra in this course will show simple coupling patterns, as the coupling 
constants will be nearly the same. i.e. Jab & Jbc in the figure below would be nearly equal. 

More Complex Splitting Patterns 
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•  Since Ha and Hc are not equivalent to each other, we cannot always add them 
together and use the n + 1 rule. 

•  However, since the coupling constants, Jab and Jbc, are very similar, the signal for 
Hb is a sextet (follows the n + 1 rule). 

1H NMR of 1-Bromopropane 



•  Under usual conditions, an OH proton does not split the NMR signal of adjacent protons. 

•  The signal due to an OH proton is not split by adjacent protons. 

•  Protons on electronegative atoms rapidly exchange between molecules in the presence of trace amounts 
of acid or base. 

•  Thus, the CH2 group of ethanol never “feels” the presence of the OH proton, because the OH 
proton is rapidly moving from one molecule to another. 

•  This phenomenon usually occurs with NH and OH protons. 

1H NMR of OH Protons 


