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What is Spectroscopy?What is Spectroscopy?

Study of the radiation-matter interaction
Uses characteristic absorptions, 
emissions, etc. to determine traits of 
chemical systems
What the compound is, concentrations, 
reaction progress, among many others
Broad field of study



Different Types of SpectroscopyDifferent Types of Spectroscopy

Absorption Spectroscopy
Atomic Emission Spectroscopy
Fluorescence Spectroscopy
X-Ray Diffraction
Infrared Spectroscopy
NMR Spectroscopy



NMR SpectroscopyNMR Spectroscopy

In 1924, Wolfgang Pauli  
postulated a new degree of 
freedom for subatomic 
particles

Cause magnetic moments 

Energy emission due to these can be used 
to obtain information about a compound



Spin of Atomic NucleiSpin of Atomic Nuclei

Each component (n and p) of a nucleus 
contributes 1/2 to its spin quantum 
number, I

Theoretically the nucleus can have any of 
these allowed spins



General Characteristics of Nuclear SpinGeneral Characteristics of Nuclear Spin

If number of both the protons and 
neutrons in the atom are even then I=0

Isotopes of an atom containing extra 
neutrons tend to exhibit I’s of half 
integers



Some Different NMR Active NucleiSome Different NMR Active Nuclei

Isotope Spin Natural 
Abundance (%)

250MHz 
(5.8717 T)

400MHz
(9.3947 T)

1H 1/2 99.98 250.000 400
2H 1 1.5x10-2 38.376 61.40133

3He 1/2 1.3x10-4 190.444 304.7107
6Li 1 7.42 36.789 58.86133
7Li 3/2 92.58 97.158 155.4533
9Be 3/2 100 35.133 56.21333
10B 3 19.58 26.866 42.98533
11B 3/2 80.42 80.209 128.3347
13C 1/2 1.108 62.860 100.576
14N 1 99.63 18.059 28.89467
15N 1/2 0.37 25.332 40.53067
17O 5/2 3.7x10-2 33.892 54.22667



Nuclear Magnetic MomentsNuclear Magnetic Moments
If a nucleus has I > 0, then there is spin 
angular momentum,   ,about some axis of 
the nucleus

This momentum has an associated 
magnetic moment due to the nuclear 
charge:
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Nuclear Magnetic Moment FormulaNuclear Magnetic Moment Formula
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This is called the nuclear magneton
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Magnetic Moment / Spin Angular Magnetic Moment / Spin Angular 
Momentum RelationshipMomentum Relationship

For a given nucleus, the gyromagnetic 
ratio relates the magnetic moment and its 
spin angular momentum

Unique for a given nucleus
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Interactions with Magnetic FieldsInteractions with Magnetic Fields

Magnetic moments align themselves with 
external magnetic fields.
Parallel and antiparallel alignments have 
different energies (Zeeman effect)
Due to its associated charge, the 
magnetic moment precesses around the 
direction of the external field.



Energy Level Separation Between Energy Level Separation Between 
Spin StatesSpin States

The energy of a certain spin configuration 
in an external field:

So for a spin transition of 1, the energy 
difference between the two states can be 
calculated:

This difference can be equated to the 
resonant frequency of the nucleus
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Energy Level Separation Between Energy Level Separation Between 
Spin States (cont.)Spin States (cont.)
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Larmor PrecessionLarmor Precession

The magnetic moment can
never align exactly with 
the external field 

The magnetic moment 
rotates around B0 at the 
Larmor frequency, ω:
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Larmor Precession (cont.)Larmor Precession (cont.)

Equivalent to the resonant frequency of 
radiation necessary for a spin flip to 
occur, vrf.  

By varying the external magnetic field, 
different frequencies of electromagnetic 
radiation can resonate with the nucleus 
causing a spin transition

rflarmor vπω 2=



Radiation Induced TransitionsRadiation Induced Transitions



Spin State RelaxationsSpin State Relaxations

Spin-Lattice relaxations and Spin-Spin 
relaxations
Spin-Spin occurs faster in solids 
Spin-Lattice occurs faster in liquids
Without these relaxations, saturation 
would occur quickly and NMR would be 
ineffective



How Does a Nucleus Interact With How Does a Nucleus Interact With 
Its  Chemical Environment?Its  Chemical Environment?

Shielding from electrons

Interactions with the nearby atoms in the 
compound

Solvent interaction



Diamagnetic ShieldingDiamagnetic Shielding
Electron circulation around the nucleus 
due to the external field

This induced magnetic field changes the 
effective field that the nucleus 
experiences

indeff BBB −= 0



Paramagnetic ShieldingParamagnetic Shielding

Arises due to the mixing of ground and 
excited states of electrons in the atom

Electron circulation between energy states 
creates a magnetic field in the same 
direction as the applied field

Much stronger than diamagnetic shielding 
but not as prevalent



Neighboring Group EffectNeighboring Group Effect
Diamagnetic anisotropic shielding 
Electron circulation in neighboring parts
Occurs in conjugated systems (molecules 
with double or triple bonds)



Shielding/Deshielding EffectsShielding/Deshielding Effects
Changes in effective field cause changes in 
resonance frequency

The more shielded the nucleus is, the 
lower the energy level separations 
between spin states

Electronegativity of adjacent atoms will 
also affect the shielding or deshielding of 
the nucleus (diamagnetic)



What are the experimental conditions What are the experimental conditions 
necessary to observe this behavior?necessary to observe this behavior?



A non-interactive solvent
A magnet strong enough to cause 
sufficient separation between spin states 
A console to produce the RF signals and 
receive/analyze the emitted signals
A probe containing RF coils that cause 
the spin transition and record the 
resonating frequencies of the sample
A computer interface for parameter 
setup, shimming of the lock signal, and 
data analysis









How is a Spectrum Obtained?How is a Spectrum Obtained?

Instrument is tuned to natural resonance 
frequency of a given nucleus
System is locked to the deuterium signal 
External field is shimmed 
Sample is irradiated with a small range of 
frequencies around that natural frequency 
(pulse or continuous) 
Detect the intensity of the emitted 
radiation 



Obtaining a spectrum (cont.)Obtaining a spectrum (cont.)

Multiple scans are done on a single 
sample and averaged to obtain a spectrum 
(8-16 for 1H, 12000-15000 for 13C)

Use a Fourier Transform on the free 
induction decay (FID) of the emitted 
signal to convert to frequency of emitted 
radiation



Intensity vs. Time

Intensity vs. Frequency



Typical Proton Resonance Typical Proton Resonance 
Frequency ShiftsFrequency Shifts



SpinSpin--Spin Coupling of NucleiSpin Coupling of Nuclei

Coupling of the nucleus of interest with 
nearby similar nuclei that have their own 
induced magnetic field

This causes splitting of peaks obtained in 
spectrum

The number of peaks: n+1 rule



Proton NMR SpectrumProton NMR Spectrum



Decoupling of NucleiDecoupling of Nuclei

The spin-spin coupling can be negated by 
introducing an decoupling frequency in 
the pulse that keeps the spin orientation 
of the nucleus coupling with the nucleus 
of interest constantly excited
This removes the peak splitting that 
occurs
Important because of the complicated 
splitting that would be observed with 
carbons bound to hydrogen



Typical Typical 1313C NMR SpectrumC NMR Spectrum



SummarySummary

Spin states of nuclei and their behavior in 
magnetic fields
Shielding and Deshielding
Instrumentation
Analysis conditions
Coupling/Decoupling
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