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Introduction
� Spectroscopy: the study of the interaction of energy with matter

�Energy applied to matter can be absorbed, emitted, cause a 

chemical change, or be transmitted.

�Spectroscopy can be used to elucidate the structure of a 

molecule

� Examples of Spectroscopy

�Infrared (IR) Spectroscopy.

� Infrared energy causes bonds to stretch and bend

� IR is useful for identifying functional groups in a 

molecule

�Nuclear Magnetic Resonance (NMR)

� Energy applied in the presence of a strong magnetic field 

causes absorption by the nuclei of some elements (most 

importantly, hydrogen and carbon nuclei)

� NMR is used to identify connectivity of atoms in a 

molecule
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Molecular Spectroscopy

� We study three types of molecular spectroscopy

nuclear spin energy levels 

vibrational energy levels

electronic energy levels

radio frequency

infrared

ultraviolet-visible

Absorption of Electromagnetic 
Radiation Results  

in Transition Between 

Region of the 
Electromagnetic 

Spectrum
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Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy is one of the most powerful techniques
available for studying the structure of molecules.

The NMR technique has developed very rapidly since the first
commercial instrument, a Varian HR-30, was installed in
1952 at the Humble Oil Company in Baytown, Texas.

These early instruments with small magnets were useful for
studying protons (‘H) in organic compounds, but only in
solution with high concentration of analyte or as neat
liquids.

That has now changed—much more powerful magnets are
available.

NMR instruments and experimental methods are now available
that permit the determination of the 3D structure of proteins
as large as 900,000 Da.
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� NMR instruments coupled to liquid chromatographs and

mass spectrometers for separation and characterization

of unknowns are commercially available.

� NMR detection is being coupled with liquid

chromatographic separation in HPLC-NMR instruments

for identification of components of complex mixtures in

the flowing eluant from the chromatograph.

� NMR is now used as a nondestructive detector combined

with mass spectrometry and chromatography in HPLC-

NMR-MS instruments, an extremely powerful tool for

organic compound separation and identification.
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WHAT IS NMR SPECTROSCOPY?

Nuclear magnetic resonance, or NMR as it is abbreviated by scientists, is
a phenomenon which occurs when the nuclei of certain atoms are immersed
in a static magnetic field and exposed to an oscillating electromagnetic
field. Some nuclei experience this phenomenon, and others do not,
dependent upon whether they possess a property called spin.

Nuclear magnetic resonance spectroscopy is the use of the NMR

phenomenon to study physical, chemical, and biological properties of
matter. As a consequence, NMR spectroscopy finds applications in several
areas of science. NMR spectroscopy is routinely used by chemists to study

chemical structure using simple one-dimensional techniques. Two-
dimensional techniques are used to determine the structure of more
complicated molecules.

The versatility of NMR makes it pervasive in the sciences.
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NMR Bases

� NMR involves the absorption of radiowaves by the nuclei of
some combined atoms in a molecule that is located in a
magnetic field.

� NMR can be considered a type of absorption spectroscopy,
not unlike UV/VIS absorption spectroscopy.

� Radiowaves are low energy electromagnetic radiation.

� Their frequency is on the order of 107 Hz.

� The SI unit of frequency, 1 Hz, is equal to the older frequency
unit, 1 cycle per second (cps) and has the dimension of s-1.

� The energy of radiofrequency (RF) radiation can therefore be
calculated from:
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E = hν

Where; Planck’s constant h is 6.626 x 10-34 J s,

and v (the frequency) is between 4 and 1000 MHz(1 MHz = 106

Hz).

� The quantity of energy involved in RF radiation is very small.

� It is too small to vibrate, rotate, or electronically excite an atom
or molecule.

� It is great enough to affect the nuclear spin of atoms in a
molecule.

� As a result, spinning nuclei of some atoms in a molecule in a
magnetic field can absorb RF radiation and change the direction
of the spinning axis.

� In principle, each chemically distinct atom in a molecule will
have a different absorption frequency (or resonance) if its
nucleus possesses a magnetic moment.
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Importance

� A method for both qualitative and quantitative analyses,
particularly of organic compounds.

� In analytical chemistry, NMR is a technique that enables us to
study:

� The shape and structure of molecules.
� It reveals the different chemical environments of the NMR-

active nuclei present in a molecule.
� NMR provides information on the spatial orientation of atoms in

a molecule.
� Mixture determination.
� NMR is used to study chemical equilibria, reaction kinetics, the

motion of molecules, and intermolecular interactions.
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Spin Quantum Number
The spin quantum number I is a physical property of the

nucleus, which is made up of protons and neutrons.

� What is spin?

� The Simple explanation

� Spin is a fundamental property of nature like electrical
charge or mass.

� Spin is a measure of angular momentum (rotation about
an axis) hence the term

� Spin comes in multiples of 1/2 (0, 1/2, 1, 3/2, 2, 5/2…)
and can be +ve or -ve.

� Protons, electrons, and neutrons possess spin.

� Individual unpaired electrons, protons, and neutrons each
possesses a spin of 1/2
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Properties of Nuclei

� Nuclei rotate about an axis and therefore have a nuclear spin,
represented as I, the spin quantum number.

� In addition, nuclei are charged. The spinning of a charged body
produces a magnetic moment along the axis of rotation.

� For a nucleus to give a signal in an NMR experiment, it must
have a nonzero spin quantum number and must have a magnetic
dipole moment.

� As a nucleus such as 1H spins rotate about its axis, it displays
two forms of energy.

1- Mechanical

2- Magnetic)
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The formula for the mechanical energy of the hydrogen nucleus is

where I is the spin quantum number. For example, I = 1/2 for the 
proton 1H.
The spin quantum number I is a physical property of the nucleus, 
which is made up of protons and neutrons.

The first form of nuclear energy is the Mechanical
Energy:
Results from spin angular momentum because the nucleus has a
mass in motion (it is spinning).
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For example 12C:
•A= 12 and Z= 6. ie it has 6 protons and 6 neutrons (A-Z).
•Since the mass and the number of protons are both even numbers, so the net
spin quantum =zero, denoting no spin.
•Therefore the spin angular momentum [Eq. (3.1)] is zero and 12C does not
possess a magnetic moment.
•Nuclei with I = 0 do not absorb RF radiation when placed in a magnetic
field and therefore do not give an NMR signal.
•NMR cannot measure 12C, 16O, or any other nucleus with both an even mass
number and an even atomic number.
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� For 13C: A=13 and Z =6.

� P+N= 13 an odd number and the atomic number is 6, an
even number.

I= ½

� Although 13C represents only 1.1% of the total C present in
an organic molecule.

� 13C NMR spectra are very valuable in elucidating the
structure of organic molecules.

The physical properties predict whether the spin number is
equal to zero, a half integer, or a whole integer, but the
actual spin number (for example, 1/2 or 3/2 or 1 or 2 )
must be determined experimentally
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� All elements in the first six rows of the periodic table 
have at least one stable isotope with a nonzero spin 
quantum number, except Ar, Tc (Technetium), Ce, 
Pm (Promethium), Bi, and Po.
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1H 2H 12C 13C 14N 16O 31P 32SElement

Nuclear spin
quantum 
number (I )

Number of
spin states

1/2 1 0 0 01/2 1

2 3 1 2 3 1

1/2

2 1

Spin quantum numbers and allowed nuclear spin states

for selected isotopes of elements common to organic

compounds:

Number of spin States= 2I+1

Almost every element has an isotope with spin
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� The spin of an atomic nucleus is determined by the number of 
protons and  neutrons in the nucleus.

� Atoms with and odd number of protons will have spin

� Atoms with an odd number of neutrons will have spin

� Atoms with an odd number of both protons and neutrons will 
have spin

� Atoms with an even number of both protons and neutrons will 

not have spin

� The value of nuclear spin is represented by the symbol I, the 
nuclear spin quantum number.  (I = 0, 1/2, 1, 3/2, 2, 5/2H.)

� A nucleus with spin of I can exist in (2I+1) spin states.
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Explanation of spin.

� The shell model for the nucleus tells us that nucleons (protons
and neutrons), just like electrons, fill orbitals.

� When the number of protons or neutrons equals 2, 8, 20, 28,
50, 82, and 126, orbitals are filled.

� Because nucleons have spin, just like electrons do, their spin
can pair up when the orbitals are being filled and cancel out.

� Odd numbers mean unfilled orbitals, that do not cancel out.
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The second form of nuclear energy is magnetic:

� It is attributable to the electrical charge of the nucleus. Any
electrical charge in motion sets up a magnetic field.

� The nuclear magnetic momentum µ expresses the magnitude of the
magnetic dipole.

� magnetogyric (or gyromagnetic) ratio γ: The ratio of the nuclear
magnetic moment to the spin quantum number.

γ = µ/I
� This ratio has a different value for each type of nucleus.
� The magnetic field of a nucleus that possesses a nuclear

magnetic moment can and does interact with other local
magnetic fields.

� The basis of NMR is the study of the response of such
magnetically active nuclei to an external applied magnetic
field.

n1
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Quantum Description of NMR:
Quantization of 1H Nuclei in a Magnetic Field.

� When a nucleus is placed in a very strong, uniform
external magnetic field B0, the nucleus tends to become
lined up in definite directions relative to the direction of
the magnetic field.

� Each relative direction of alignment is associated with an
energy level.

� Only certain well-defined energy levels are permitted; that
is, the energy levels are quantized.

� The number of orientations or number of magnetic
quantum states is a function of the physical properties of
the nuclei and is numerically equal to:

number of orientations = 2I+1
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•In the macroscopic world, two magnets can be aligned in an infinite 
number of orientations (Not Quantized) .
At the atomic level, these alignments are quantized. 
There are only a finite number of alignments a nucleus can take 
against an external magnetic field. 
This number depends on the value of its spin number I.
� The permitted values for the magnetic quantum

states, symbolized by the magnetic quantum
number, m, are

I, I-1, I-2,…………-I

For hydrogen: 1H

I=1/2

Number of orientations = 2 x ½ +1 = 2

So m = + 1/2 and m = -1/2

� The splitting of these energy levels in a
magnetic field is called nuclear Zeeman
splitting.
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• When a charged particle such as a proton spins on its axis, it 

creates a magnetic field. Thus, the nucleus can be considered 

to be a tiny bar magnet.

• Normally, these tiny bar magnets are randomly oriented in 

space.  

• However, in the presence of a magnetic field B0, they are 

oriented with or against this applied field.

• The energy difference between these two states is very small 

(<0.1 cal).
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� Interaction between nuclear spins and the

applied magnetic field is quantized, with the

result that only certain orientations of nuclear

magnetic moments are allowed. for 1H and 13C,

only two orientations are allowed

BB00
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� When a nucleus with I = 1/2, such as 1H, is placed in an external
magnetic field, its magnetic moment lines up in one of two directions,
with the applied field or against the applied field.

� This results in two discrete energy levels, one of higher energy than the
other.

� The lower energy level is that where the magnetic moment is aligned
with the field.

� The lower energy state is energetically more favored than the higher
energy state, so the population of the nuclei in the lower energy state
will be higher than the population of the higher energy state.

� The difference in energy between levels is proportional to the strength
of the external magnetic field.

� The axis of rotation also rotates in a circular manner about the external
magnetic field axis, like a spinning top.

� This rotation is called precession. The direction of precession is either
with the applied field B0 or against the applied field.

8/21/2015 Chapter19 ٢٦

spinning counterclockwise

circular path

In the presence of an applied magnetic field, B0, shown parallel 
to the  z-axis, a spinning nucleus precesses about the magnetic 
field axis in a circular manner:

axis of rotation
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� In a large sample of nuclei, more of the protons will
be in the lower energy state.

� The basis of the NMR experiment is to cause a
transition between these two states by absorption of
radiation.

� Transition between these two energy states can be
brought about by absorption of radiation according to
the relationship:

∆E = hν
� The difference in energy between the two quantum

levels ∆E depends on:

- The applied magnetic field B0

- The magnetic moment m of the nucleus
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Where: GHIJK جMNOP 
E: a given nuclear energy level in a magnetic field
m: spin state
µ: spin angular momentum
B0: the applied magnetic field
I:  the spin quantum number
γ: the magnetogyric ratio is characteristic for each type of nucleus 
It relates to the strength of the nucleus' magnetic field
h: Planck’s constant

Relationship between energy levels and the

frequency ν of absorbed radiation.
General Eqeaution:
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For  1H nucleus: I = 1/2. Therefore, there are only two levels.
For two energy levels with m =+ 1/2 and -1/2, respectively,

8/21/2015 Chapter19 ٣٠

Therefore, the absorption frequency that can result in a 
transition of ∆E is:

and

•The Larmor equation, which is fundamental to NMR.

• It indicates that for a given nucleus there is a direct relationship 
between the frequency ω of RF radiation absorbed by that nucleus 
and the applied magnetic field B0. 

•This relationship is the basis of NMR.
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Absorption process: Classical approach

� Behavior of a charged particle in a magnetic field:

� The spinning of the charged nucleus produces an angular
acceleration, causing the axis of rotation to move in a circular
path with respect to the applied field.

� As already noted, this motion is called precession.

� The frequency of precession can be calculated from classical
mechanics to be:

ω = γB0 , the Larmor frequency. Dividing by 2π, so

Both quantum mechanics and classical mechanics predict that
the frequency of radiation that can be absorbed by a spinning
charged nucleus in a magnetic field is the Larmor frequency.
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Angle of rotation 
around an axis

The energy of the precessing nucleus is equal to:

When energy in the form of RF radiation is absorbed by the nucleus, 
the angle θ must change.
For a proton, absorption involves “flipping” :
Aligned magnetic moment to aligned against the applied field.
When the rate of precession equals the frequency of the RF radiation 
applied, absorption of RF radiation takes place and the nucleus 
becomes aligned opposed to the magnetic field and is in an excited 
state.
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Two variables characterize NMR:

• An applied magnetic field B0 in tesla (T).

• The frequency of radiation used for resonance, measured in

hertz (Hz), or megahertz (MHz)



١١/٧/١٤٣٦

١٨

8/21/2015 Chapter19 ٣٥

8/21/2015 Chapter19 ٣٦

1.4 T

60 MHz

2.35 T

100 MHz

4.7 T

200 MHz

∆E = hv

7.0 T

300 MHz

Relationship between Applied Magnetic Field
& Radiofrequency
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SPIN STATE TRANSITIONS

Where an energy separation exists there is a possibility to induce a
transition between the various spin states. By irradiating the nucleus with
electromagnetic radiation of the correct energy (as determined by its
frequency), a nucleus with a low energy orientation can be induced to
"jump" to a higher energy orientation. The absorption of energy during
this transition forms the basis of the NMR method.

If RF energy having a frequency
matching the Larmor frequency is
introduced at a right angle to the
external field (e.g. along the x-
axis), the precessing nucleus will
absorb energy and the magnetic
moment will flip to its I = _1/2
state. This excitation is shown in
the following diagram
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Mesuring NMR of protons of organic 

compound 

� sample is first put into a magnetic field and then
irradiated with RF radiation.

� When the frequency of the radiation satisfies
ω= γB0 , the Larmor frequency.

� The magnetic component of the radiant energy
becomes absorbed.

� If the magnetic field B0 is kept constant, we may plot
the absorption against the frequency v of the RF
radiation.

� The resulting absorption curve as shown in the
following figure:
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A state of resonance

� When a nucleus absorbs energy, it becomes excited
and reaches an excited state.

� It then loses energy and returns to the unexcited state.

� Then it reabsorbs radiant energy and again enters an
excited state.

� The nucleus alternately becomes excited and unexcited
and is said to be in a state of resonance. This is where
the term resonance comes from in nuclear magnetic
resonance spectroscopy.
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Magnetic Field Strength

� Magnetic field strengths are given in units of tesla (T) or gauss (G). 
1 T= 104 G. 

� If the applied magnetic field is 14,092 G (or 1.41 T): The frequency of 
radiation (RF) absorbed by a proton is 60 MHz. 

� The nomenclature 60 MHz NMR indicates the RF frequency for proton 
resonance and also defines the strength of the applied magnetic field if 
the nucleus being measured is specified.

� For example, the 13C nucleus will also absorb 60 MHz RF radiation, 
but the magnetic field strength would need to be 56,000 G.

� Similarly, a 100 MHz proton NMR uses 100 MHz RF and a magnetic 
field of 14,092 x 100/60 = G (2.35 T) for 1H measurements.

� If a frequency is specified for an NMR instrument without specifying 
the nucleus, the proton is assumed.
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Saturation and Magnetic Field Strength
� The energy difference ∆E between ground state and excited state nuclei 

is very small. 
� The number of nuclei in the ground state is the number lined up with the 

magnetic field B0.
� The ratio of excited nuclei to unexcited nuclei is defined by the Boltzmann 

distribution:

where, N* is the number of excited nuclei and N0, the number of unexcited 
(ground stateFor this ) nuclei. 
For a sample at 293 K in a 4.69 T magnetic field, the ratio N*/N0 = 
0.99997. Very small difference between the two states.
For every 100,000 nuclei in the excited state, there may be 100,003 in the 
ground state. The Boltzmann ratio is always very close to 1.00. 
reason, NMR is inherently a low sensitivity technique.
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� If the number of molecules in the ground state is equal to the
number in the excited state, the net signal observed is zero and
no absorption is noted.

� Consequently, a signal can be seen only if there is an excess of
molecules in the ground state.

� The excess of unexcited nuclei over excited nuclei is called the
Boltzmann excess.

� When no radiation falls on the sample, the Boltzmann excess is
maximum, Nx . )واfgheYرة اcdeYرة اa`و\^ [\ن اXYرق أي(

� However, when radiation falls on the sample, an increased
number of ground-state nuclei become excited and a reduced
number remain in the ground state.

� If the RF field is kept constant a new equilibrium is reached and
the Boltzmann excess decreases to Ns.

� When Ns = Nx , absorption is maximum.
� When Ns = 0, absorption is zero.
� The ratio Ns/Nx is called Z0 , the saturation factor.
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� If the applied RF field is too intense, all the excess nuclei
will be excited, Ns→0, and absorption → 0. The sample is
said to be saturated. The saturation factor Z0 is:

where γ is the magnetogyric ratio, B1 is the intensity of RF field, and
T1, T2 are, respectively, the longitudinal and transverse relaxation
times.
As a consequence of this relationship, the RF field must not be very
strong so as to avoid saturation.
However, under certain experimental conditions, saturation of a
particular nucleus can provide important structural information
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which shows that the relative number of excess nuclei in the

ground state is related to B0 .

As the field strength increases, the NMR signal intensity increases.
This is the driving force behind the development of high field
strength magnets for NMR.
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NMR EXPERIMENT

When magnetically active nuclei are
placed into an external magnetic field,
the magnetic fields align themselves
with the external field into two
orientations.
During the experiment,
electromagnetic radiation of a specific
frequency is applied.
By sweeping the magnetic field, an
energy difference between spin states
will occur that has the same energy as
that of the applied radio frequency
and plot of frequency versus energy
absorption can be generated. This is
the NMR spectrum
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Width of Absorption Lines

� The resolution or separation of two absorption lines
depends on: How close they are to each other and on
the absorption line width.

� The width of the absorption line (i.e., the frequency
range over which absorption takes place) is affected
by a number of factors:
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1) The Homogeneous Field.
� The applied magnetic field B0, is an important factor controlling the

absorption line width.
� This field should be constant over all parts of the sample.
� If the field is not homogeneous, B0 is different for different parts of the

sample and therefore the frequency of the absorbed radiation will vary in
different parts of the sample. This variation results in a wide absorption line.

� For qualitative analysis (i.e., structure determination), wide absorption lines
may provide overlap between neighboring peaks and loss of structural
information.

� The magnetic field must be constant within a few ppb over the entire
sample and must be stable over the time required to collect the data.

� This time period is short for routine 1H and 13C measurements, on the order
of 5–30 min, but may be hours or days for complex analyses.

� Most magnets used in NMR instruments do not possess this degree of
stability.

� Several different experimental techniques are used to compensate for field
inhomogeneity, such as spinning the sample holder in the magnetic field.

8/21/2015 Chapter 19 ٥٠

2) Relaxation Time
� The length of time that an excited nucleus stays in the

excited state. Influences the absorption line width. 

The Heisenberg uncertainty principle:

Where:
∆E is the uncertainty in the value of E
and ∆ t is the length of time a nucleus spends in the excited state.
Since (∆ E ∆ t) is a constant, when ∆ t is small, ∆ E is large.
But we know: that ∆ E = hν and that h is a constant.

Therefore any variation in E will result in a variation in ν.
If E is not an exact number but varies over the range E  + ∆ E, then ν will
not be exact but will vary over the corresponding range ν +∆ ν. This can
be restated as:
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Summery:

� When ∆t is small, ∆E is large and therefore ∆ν is large.

� If ∆ ν is large, then the frequency range over which absorption takes
place is wide and a wide absorption line results.

� The length of time the nucleus spends in the excited state is ∆ t.

� This lifetime is controlled by the rate at which the excited nucleus loses
its energy of excitation and returns to the unexcited state.

� Relaxation: The process of losing energy.

� Relaxation time: The time spent in the excited state.

There are two principal modes of relaxation: longitudinal and transverse.

� Longitudinal relaxation ^\Yطو is also called spin–lattice relaxation.

� Transverse relaxation ^\kرl is called spin–spin relaxation.
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A) Longitudinal relaxation T1 .

� Lattice: The entire sample in an NMR experiment, both
absorbing and nonabsorbing nuclei.

� An excited state nucleus (said to be in a high spin state) can
lose energy to the lattice and drops to a lower energy (low
spin) state, its energy is absorbed by the lattice in the form
of increased vibrational and rotational motion.

� A very small increase in sample temperature results on
spin–lattice (longitudinal) relaxation.

� This process is quite fast when the lattice molecules are
able to move quickly (most liquid samples).

� Longitudinal relaxation has a relaxation time, T1, which
depends on the magnetogyric ratio and the lattice mobility.

� In crystalline solids or viscous liquids T1 is large because the
lattice mobility is low.
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B) Transverse relaxation T2

� An excited nucleus may transfer its energy to an
unexcited nucleus nearby.

� In the process, a proton in the nearby unexcited
molecule becomes excited and the previously excited
proton becomes unexcited.

� For example: There is no net change in energy of the
system, but the length of time that one nucleus stays
excited is shortened because of the interaction.

� The average excited state life time decreases and line
broadening results.

� This type of relaxation is called transverse relaxation or
spin–spin relaxation, with a life time T2 .
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Liquid and Solid Samples
� In liquid samples: The net relaxation time is comparatively long and narrow

absorption lines are observed.
� In solid samples: however, the transverse relaxation time T2 is very short.
� Consequently ∆E and therefore ∆ ν are large.
� For this reason: Solid samples generally give wide absorption lines.
� As we will see, solid samples require a different set of experimental

conditions than liquids to give useful analytical information from their NMR
spectra.

� One approach is to make the solid behave more like a liquid.
� For example, solid polymer samples normally give broad NMR spectra.
� But if they are “solvated”, narrower lines are obtained and the spectra are

more easily interpreted.
� A sample is “solvated” by dissolving a small amount of solvent into the

polymer.
� The polymer swells and becomes jelly-like but does not lose its chemical

structure.
� The solvating process greatly slows down transverse relaxation and the

net relaxation time is increased.
� The line width is decreased and resolution of the spectrum for structural

information is better.
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Magic Angle Spinning (MAS)
� In solids: The nuclei can be considered to be frozen in space and cannot freely

line up in the magnetic field.
� The NMR signals generated are dependent, among other things, on the orientation

of the nuclei to the magnetic field.
� Since the orientation of nuclei in solids is fixed, each nucleus (even chemically

identical nuclei) “sees” a different applied magnetic field, resulting in broad NMR
spectra.

� The phenomenon in solids of nuclei having different chemical shifts as a result of
orientation in space is called chemical shift anisotropy.

� The chemical shift due to magnetic anisotropy is directly related to the angle
between the sample and the applied magnetic field.

� The magic angle It has been shown theoretically and experimentally that by
spinning the sample at an angle of 54.76o, to the magnetic field rather than the
usual 900 for liquid sample analysis, the chemical shift anisotropy is eliminated and
narrow line spectra are obtained.

� Special probes have been developed for solid-state NMR that automatically
position the sample at the magic angle.

8/21/2015 Chapter 19 ٥٦
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3) Other Sources of Line Broadening

� Any process of deactivating, or relaxing, an excited molecule results in a
decrease in the lifetime of the excited state. This in turn causes line
broadening.

� Other causes of deactivation include :

� (1) The presence of ions—the large local charge deactivates the
nucleus.

� (2) Paramagnetic molecules such as dissolved O2—the magnetic
moment of electrons is about 103 as great as nuclear magnetic
moments and this high local field causes line broadening.

� (3) Nuclei with quadrupole moments. Nuclei in which I >1/2 have
quadrupole moments, which cause electronic interactions and line
broadening; one important nucleus with a quadrupole field is 14N,
present in many organic compounds such as amines, amides, amino
acids, and proteins.
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THE FTNMR EXPERIMENT
� The time required to record an NMR spectrum by scanning either

frequency or magnetic field is ∆/R,
� where ∆ is the spectral range scanned
� and R the resolution required.
� For 1H NMR the time required is only a few minutes because the

spectral range is small.
� But for 13C NMR the chemical shifts are much greater; consequently

the spectral range scanned is much greater and the time necessary to
scan is very long.

For example:
� If the range (∆) is 5 kHz and a resolution (R) of 1 Hz is required, the

time necessary would be (5000 s)/1 or 83 min,
(an unacceptably long time for routine analysis)
and an impossible situation if rapid screening of thousands of compounds

is needed, as it is in the development of pharmaceuticals.
The problem overcome by FTNMR
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� In FT-NMR, all frequencies in a spectrum are irradiated
simultaneously with a radio frequency pulse.

� Following the pulse, the nuclei return to thermal equilibrium.
� A time domain emission signal is recorded by the instrument as

the nuclei relax.
� A frequency domain spectrum is obtained by Fourier

transformation.
The pulse: The length of the pulse is less than 10 µs.
� If a signal of frequency, F, is turned on and then off again very

rapidly, then the result is an output consisting of many frequencies
centered about F with a bandwidth of 1/t, where t is the duration of
the pulse.

� This means that radiation is produced of all frequencies in the
range F ± 1/t.

� If t is very small, then a large range of frequencies will be
produced simultaneously, and all target nuclei in a sample will be
excited.

FTNMR,

8/21/2015 Chapter 19 ٦٤

The effect of applying the pulse
To understand the effect of the radio frequency pulse,
consider the processing nuclei.
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• As can be seen, there are more nuclei aligned with the field than
against it.

• This means that there is a resultant magnetization vector aligned
with the field.

• Because more nuclei are aligned with the field than against, the
magnetization vector is aligned with the field.

• The idea of spinning is called the "rotating frame of reference".
• Using the rotating frame of reference, the magnetic behavior of the

system can be shown like this;
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� A pulse of radio frequency radiation is applied along the x' axis.

� The magnetic field of this radiation is given the symbol B1.

� In the rotating frame of reference, B1 and M0 are stationary, and
at right angles.

� The pulse causes the bulk magnetization vector, M0 , to rotate
clockwise about the x' axis.

� The extent of the rotation is determined by the duration of the
pulse.

� In many FT-NMR experiments, the duration of the pulse is
chosen so that the magnetization vector rotates by 90°.

RF Pulse

B1

Detector
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� The detector is aligned along the y' axis.
� If we return to a static frame of reference (i.e. stop spinning at

the Larmor Frequency) the net magnetic moment will be
spinning around the y axis at the Larmor Frequency.

� This motion constitutes a radio-frequency signal which can be
detected.

� When the pulse ends, the nuclei relax and return to their
equilibrium positions, and the signal decays.

� This decaying signal contains the sum of the frequencies from
all the target nuclei.

� The signal cannot be recorded directly, because its frequency
is too high.

� It is mixed with a lower frequency signal to produce an
interferogram of low frequency.

� This interferogram is digitized, and is called the Free Induction
Decay, (FID). Fourier transformation of the FID yields a
frequency domain spectrum.
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Precession of nuclear dipoles

Mo; net 
magnetic moment
From small excess of
Nuclei in +1/2 state

+1/2

-1/2

Mo

B0 from 
magnetx

y

z
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Vector Illustration of the pulse

+1/2

-1/2

M0

B0 from 
magnet

RF coil

RF pulse
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Relaxation

� T1 spin-lattice (relaxing back to precessing about 

the z axis)

� T2 spin-spin (fanning out)
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Induced current in coil

� After pulse, nuclei begin to precess in phase in the x-
y plane.

� Packet of nuclei induce current in RF coil .

� Relaxation is measured by monitoring the induced
coil

→  FID (→ FT) NMR spectrum
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• Emission of RF radiation  : Relaxation of nuclei to thermal 

equilibrium state.

• Different nuclei will relax at different rates, the signal 

decays over time.
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CHEMICAL SHIFTS

� In the NMR experiment, protons in different chemical
environments within a molecule absorb at slightly different
frequencies.

� This variation in absorption frequency is caused by a slight
difference in the electronic environment of the proton as a
result of different chemical bonds and adjacent atoms.

� The absorption frequency for a given proton depends on
the chemical structure of the molecule.

� This variation in absorption frequency is called the

chemical shift.

� The same type of chemical shift occurs for carbon in
different chemical environments within a molecule.
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The physical basis for the chemical shift

� Suppose that we take a molecule with several different “types”
of hydrogen atoms, such as the molecule ethanol, CH3CH2OH.

� This molecule has hydrogen atoms in three different chemical
environments:

CH3 (3H), CH2 (2H), OH (1H)

� Each nucleolus of H is surrounded by orbiting electrons.
� But the orbitals may vary in shape and the bonds vary in

electron density distribution.
� This changes the length of time the electrons spend near

a given type of hydrogen nucleus.
� Let us suppose that we place this molecule in a strong

magnetic field B0 .
� The electrons associated with the nuclei will be rotated

by the applied magnetic field B0 .
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� This rotation, or drift, generates a small magnetic field σB0, which
opposes the much larger applied magnetic field B0 .

� The nuclei are shielded slightly from the applied magnetic field by the
orbiting electrons.

� The extent of the shielding depends on the movement of the electrons
caused by the magnetic field (not by the simple orbiting of the
electrons).

� If the extent of this shielding is σ B0 , then the nucleus is not exposed to
the full field B0 , but to an effective magnetic field at the nucleus, Beff :

Beff = B0 - σB0

Where:

Beff : is the effective magnetic field at the nucleus

B0 , : the applied field,

σB0 : the shielding by the drift of local electrons

σ : is the screening constant or diamagnetic shielding constant.
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Electrons Shield

What causes differences?  

Electrons shield.  Remove electrons they de-shield.
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When an atom is placed in a magnetic
field, its electrons circulate about the
direction of the applied magnetic field.
This circulation causes a small magnetic
field at the nucleus which opposes the
externally applied field. The magnetic field
at the nucleus (the effective field) is
therefore generally less than the applied
field by a fraction σ .

Beff = Bo (1-σ)

DIAMAGNETIC SHIELDING

The secondary field shields the nucleus from the applied field, so
B0 must be increased in order to achieve resonance (absorption of
RF energy). Thus B0 must be increased to compensate for the
induced shielding field.
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Nuclear Magnetic Resonance Spectroscopy

• In the vicinity of the nucleus, the magnetic field generated by the
circulating electron 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. Lower frequency is to the right in
an NMR spectrum, toward a lower chemical shift, so shielding shifts the
absorption upfield.

1H NMR—Position of Signals
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• The less shielded the nucleus becomes, the more of the
applied magnetic field (B0) it feels.

• This deshielded nucleus experiences a higher magnetic
field strength, to it needs a higher frequency to achieve
resonance.

• Higher frequency is to the left in an NMR spectrum,
toward higher chemical shift—so deshielding shifts an
absorption downfield.

• Protons near electronegative atoms are deshielded, so
they absorb downfield.
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Nuclear Magnetic Resonance Spectroscopy

1H NMR—Position of Signals

8/21/2015 Chapter 19 ٨٢٨٢
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Chemical shift of ethanol

� Each type of hydrogen; has different σB0 therefore the
effective field Beff is different for each type of hydrogen.

� In order to get absorption at frequency ν, we must
compensate for this variation by varying B0.

In other words, resonance of the hydrogen atoms in different
chemical environments takes place at slightly different applied
magnetic fields.

Another way of expressing this relationship:

If the applied field is kept constant, the nuclei in different
chemical environments resonate at slightly different
frequencies ν.

� A shielded nucleus resonates or absorbs at a lower frequency
than an unshielded nucleus.

� This change in frequency of absorption because of shielding is
the chemical shift.

Three absorption signals at slightly different frequency for the
protons in ethanol observed.
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Low resolution proton NMR absorption spectrum of ethanol, CH3CH2OH

Beff and the peak separations resulting from the chemical shift
differences are directly proportional to the applied magnetic field
strength.
So high field strength magnets give better resolution and more
structural information result.
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Chemical shift value (δ)

� The chemical shifts of nuclei are measured (and defined)
relative to a standard nucleus.

� A popular standard for proton NMR is tetramethylsilane (TMS);
Si(CH3)4 .

� In this compound all 12 hydrogen nuclei are chemically
equivalent; that is, they are all exposed to the same shielding
and give a single absorption peak.

� The chemical shift for other hydrogen nuclei is represented as
follows:

Where: 
νS is the resonant frequency of a specific nucleus; 
νR, the resonant frequency of the reference nucleus; and 
νNMR, the spectrometer frequency.
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� Typical values for the frequency difference between a nucleus and the
reference are in the Hz or kHz range; the spectrometer frequency is in
the MHz range.

� For easier to handle, they are usually multiplied by 106 and then
expressed in ppm. (should not be confused with the concentration
expression ppm)

Another scale

δ : decreasing from left to right τ : increasing from left to right (both are
machine independent)

For TMS: δ = 0 and τ =10 Highly shielded equal protons

Most protons absorb at δ between 0-10 ppm

610×
∆

=
frequencyOscillator

ν
δ
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� 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
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CHEMICAL SHIFT - δ SCALE

.

The chemical shift
of a nucleus is the
difference between
the resonance
frequency of the
nucleus and a
standard, relative to
the standard. This
quantity is reported
in ppm and given
the symbol delta, δ.

In NMR spectroscopy, this standard is often tetramethylsilane, Si(CH3)4,
abbreviated TMS. The chemical shift is a very precise metric of the chemical
environment around a nucleus

H
C

CCl3

O

H

H

H

H

H H

NO2CH3

CH3

Si CH3

CH3

H3C

1H NMR Resonance Signals for some Different Copounds

H3C
C

CH3

O

Increased Shielding by Electrons
TMS Reference
    Standard
   δ = 0.00 ppm

600 Hz from TMS

432 Hz from TMS

313 Hz from TMS

126 Hz from TMS

δ = 10.0 ppm

δ = 10.0 ppm

δ = 7.2 ppm
δ = 5.2 ppm

δ = 2.1 ppm

 δ = shift in Hz from TMS/spectrometer frequency
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Protons in a Molecule

� Depending on their chemical environment, protons in a

molecule are shielded by different amounts.
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Increasing field strength
(at fixed radio frequency)

low electron 
    density

    shielded -
higher electron
      density
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Nuclear Magnetic Resonance

� If we were dealing with 1H nuclei isolated from all other
atoms and electrons, any combination of applied field and
radiation that produces a signal for one 1H would produce
a signal for all 1H. The same is true of 13C nuclei

� But hydrogens in organic molecules are not isolated from
all other atoms; they are surrounded by electrons, which
are caused to circulate by the presence of the applied field
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� Four different features of a 1H NMR spectrum

provide information about a compound’s structure:

� Number of signals shows how many different kinds of
protons are present.

� Position of signals shows how shielded or deshielded the
proton is.

� Intensity of signals: shows how many protons in each set
of protons.

� Integrals: tells us the ratio of each kind of proton in our
sample.

� Spin-spin splitting of signals: shows how many H atoms
on the adjacent atoms.
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Absorptions normally occur downfield of TMS, to the 
left on the chart.
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δ ppm

TMS

CH3CH3

RONR2

CH3OCH3

RO

HR

R R

HH

RO

Ph CH3

HR

Cl

CH3

Ph

OH

OH

R

NH
R

Upfield region
of the spectrum

Downfield region
of the spectrum

TMS = Me Si

Me

Me

Me

012345678910

CH3HO
(R)

Note that these are typical values and that there are lots of exceptions
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H
C

CCl3

O

H

H

H

H

H H

C C

Cl Cl

H H

C
H

Cl

Cl

H

NO2CH3

O
H 2C

H 2C
O

CH2

CH2

CH3

Si CH3

CH3

H 3C

H2
C

H 2C

H 2C
C
H2

CH2

CH2

1H NMR Resonance Signals for some Different Copounds

H 3C
C

CH3

O

H 3C
S

H 3C
O

Increasing Mag. Field at Fixed Frequency

Increasing Frequency at Fixed Mag. Field

Increased Shielding by Electrons

600 Hz Difference

10 parts per million (PPM)
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ChemicalChemical

ShiftsShifts
11HH--NMRNMR

RCH2OR

(CH3 )4Si

ArCH3

RCH3

RC CH

RCCH3

ROH

RCH2OH

ArCH2R

O

O

RCH2R

R3CH

R2NH

RCCH2R

R2C=CRCHR2

R2C=CHR

RCH

O

RCOH

O

RCH2Cl

RCH2Br

RCH2 I

RCH2F

ArH

O

O

R2C=CH2

RCOCH3

RCOCH2R

ArOH

9.5-10.1

3.7-3.9

3.4-3.6

Type of
Hydrogen

0 (by definition)

Type of
Hydrogen

Chemical
Shift (δ)

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

Chemical
Shift (δ)

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

Chemical Shift - 1H-NMR
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� Chemical shift Depends on:

� (1) Electronegativity of nearby atoms.

� (2) The hybridization of adjacent atoms.

� (3) Diamagnetic effects from adjacent pi bonds.

� Electronegativity: inductive effect deshields.

CH3OH

CH3F

CH3Cl

CH3Br

CH3 I

(CH3 ) 4C

(CH3 ) 4Si

CH3 -X
Electroneg-
ativity of X

Chemical 
Shift (δ)

4.0

3.5

3.1

2.8

2.5

2.1

1.8

4.26

3.47

3.05

2.68

2.16

0.86

0.00
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� Hybridization of adjacent atoms: Greater “s” character in the
hybrid holds shared electrons closer to carbon.

RCH3 , R2 CH2 , R3 CH

R2 C=CHR, R2 C=CH2

RCHO

R2 C=C(R)CHR2

RC CH

Allylic

Type of Hydrogen
(R = alkyl)

Name of
Hydrogen

Chemical 
Shift (δ)

Alkyl

Acetylenic

Vinylic

Aldehydic

0.8 - 1.7

1.6 - 2.6

4.6  - 5.7

9.5-10.1

2.0 - 3.0
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� Diamagnetic effects of pi bonds:
� A carbon-carbon triple bond shields an acetylenic hydrogen

and shifts its signal upfield (to the right) to a smaller δ value.

� A carbon-carbon double bond deshields vinylic hydrogens and
shifts their signal downfield (to the left) to a larger δ value.

RCH3

R2 C=CH2

RC CH

Type of H Name

Alkyl

Vinylic

Acetylenic

0.8- 1.0

4.6  - 5.7

2.0 - 3.0

Chemical 
Shift (δ)
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• The chemical shift of a C—H bond increases with

increasing alkyl substitution.

1H NMR—Chemical Shift Values
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• 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. Thus they are deshielded and absorb downfield.

Chemical Shift of Aromatic Protons
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Aromatic Protons, δ7-δ8

=>
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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. Thus the protons are
deshielded and the absorption is downfield.

Chemical Shift of Alkenes
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Vinyl Protons, δ5-δ6

=>
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• 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).

• Thus, the proton feels a weaker magnetic field, so a lower frequency
is needed for resonance. The nucleus is shielded and the absorption
is upfield.

Chemical Shift of Acetylene



١١/٧/١٤٣٦

٥٥

8/21/2015 Chapter 19 ١٠٩

Acetylenic Protons, δ2.5

=>
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Aldehyde Proton, δ9-δ10

=>

Electronegative
oxygen atom
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Integration of 1H NMR Absorptions

� The relative intensity of a signal (integrated area) is proportional to
the number of protons causing the signal.

� Integrals tell us the ratio of each kind of proton. They are lines, the
heights of which are proportional to the intensity of the signal.

� This information is used to deduce the structure.
� For example in ethanol (CH3CH2OH), the signals have the

integrated ratio 3:2:1
� For narrow peaks, the heights are the same as the areas and can be

measured with a ruler.
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3H'S

3H'S

2 H'S

O

O H H

O CH3

O

H3C O

O

Integration--the number of protons of Ethylacetate
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Methyl α,α-Dimethylpropionate

8/21/2015 ١١٨١١٨
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Spin-Spin Splitting in 1H NMR Spectra

� Peaks are often split into multiple peaks due to magnetic
interactions between nonequivalent protons on adjacent carbons,
The process is called spin-spin splitting.

� The splitting is into one more peak than the number of H’s on the
adjacent carbon(s), This is the “n+1 rule”

� The relative intensities are in proportion of a binomial distribution
given by Pascal’s Triangle

� The set of peaks is a multiplet (2 = doublet, 3 = triplet, 4 = quartet,
5=pentet, 6=sextet, 7=heptet…..)

8/21/2015 Chapter 19 ١٢٠

SPIN–SPIN COUPLING (SPLITTING): (n + 1) Rule

�� NMR Signals: NMR Signals: not all appear as a single peak.

�� Peak:Peak: The units into which an NMR signal appears:   

singlet, doublet, triplet, quartet, etc.

�� Signal splitting:Signal splitting: Splitting of an NMR signal into a set 

of peaks by the influence of neighboring nonequivalent 

hydrogens.

�� ((nn + + 11) rule:) rule: If a hydrogen has n hydrogens

nonequivalent to it but equivalent among themselves on 

the same or adjacent atom(s), its 1H-NMR signal is split 

into (n + 1) peaks.
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Origins of Signal Splitting

�� SignalSignal couplingcoupling:: An interaction in which the nuclear

spins of adjacent atoms influence each other and lead to

the splitting of NMR signals.

�� CouplingCoupling constantconstant (J)(J):: The separation on an NMR

spectrum (in hertz) between adjacent peaks in a multiplet.

� A quantitative measure of the influence of the spin-spin

coupling with adjacent nuclei.
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Physical Basis for (n + 1) Rule

� Coupling of nuclear spins is mediated through intervening mnاJK
bonds.

� H atoms with more than three bonds between them generally do not 
exhibit noticeable coupling.

� For H atoms three bonds apart, the coupling is referred to as vicinal 
coupling.
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Rules for Spin-Spin Splitting

� Equivalent protons do not split each other

� Protons that are farther than two carbon atoms apart 
do not split each other
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1H NMR—Spin-Spin Splitting

• Splitting is not generally observed between protons separated by more

than three σ bonds.

• If Ha and Hb are not equivalent, splitting is observed when:
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• Spin-spin splitting occurs only between nonequivalent protons on the

same carbon or adjacent carbons.

The Origin of 1H NMR—Spin-Spin Splitting

Let us consider how the doublet due to the CH2 group on
BrCH2CHBr2 occurs:

• When placed in an applied field, (B0), the adjacent proton (CHBr2) can be

aligned with (↑) or against (↓) B0. The likelihood of either case is about

50% (i.e., 1,000,006↑ vs 1,000,000↓).

• Thus, the absorbing CH2 protons feel two slightly different magnetic
fields—one slightly larger than B0, and one slightly smaller than B0.

• Since the absorbing protons feel two different magnetic fields, they absorb
at two different frequencies in the NMR spectrum, thus splitting a single
absorption into a doublet, where the two peaks of the doublet have equal

intensity.
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Origins of Signal Splitting

Ha and Hb are non-equivalent
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n = 3.  Its signal  
is split into (3 + 1)  
or 4 peaks; a quartet

n = 1.  Their signal  
is split into (1 + 1) or 
2 peaks ; a doublet

CH3 -CH-Cl

Cl
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Origins of Signal Splitting

� When the chemical shift of one nucleus is influenced by the
spin of another, the two are said to be coupled.

� Consider nonequivalent hydrogens Ha and Hb on adjacent
carbons.

� The chemical shift of Ha is influenced by whether the spin
of Hb is aligned with or against the applied field

C C

Ha Hb
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Magnetic field of Hb adds  
to the applied field; Ha  
signal appears at a lower 
applied field 

Magnetic field of Hb  
subtracts from the applied  
field; Hb signal appears at  
a higher applied field 

H
b

H
b

H
a

B0
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Spin-Spin Splitting

� Non equivalent protons on adjacent carbons

always interact each other.

� Equivalent protons do not not split each other.

CH3 – CO - CH3 Do not split

CH3 – CH2 - Cl Split each other
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Spin-Spin Splitting
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Spin-Spin Splitting
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Spin-Spin Splitting

8/21/2015 Chapter 19 ١٣٦

Spin-Spin Splitting

� If a signal is split by N equivalent protons, it is split into N + 1

peaks.
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� Pascal’s Triangle:

� As illustrated by the highlighted entries, each entry is the sum of the 
values immediately above it to the left and the right .
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Coupling Constants (J)

� Distance between the peaks of multiplet measured in Hz
(usually 0-18) called coupling constant.

� J is a quantitative measure of the magnetic interaction
of nuclei whose spins are coupled.

� Not dependent on strength of the external field.

� Gives info on type of H.

� Multiplets with the same coupling constants may come

from adjacent groups of protons that split each other.

� Structural features.
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� An important factor in vicinal coupling is the angle a between the C-H
sigma bonds and whether or not it is fixed.

� Coupling is a maximum when a is 0° and 180°; it is a minimum when a
is 90°

8/21/2015 Chapter 19 ١٤٠

Typical coupling constant



١١/٧/١٤٣٦

٧١

8/21/2015 Chapter 19 ١٤١

8-11 Hz

8-14 Hz 0-5 Hz 0-5 Hz6-8 Hz

11-18 Hz 5-10 Hz 0-5 Hz

CC

Ha
C C

HbHa
C

Hb

C

Ha

Hb

Ha

Hb

Ha

Hb Hb
Ha

Hb

Ha

C C

Ha Hb
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Spin Decoupling

� It’s a powerful tool for determining

1. The connectivity of the protons.

2. Assigning proton peaks

� Irradiation of one proton in a spin
coupled system removes its
coupling effect on the neighboring
protons to which it had coupled.

CH3 - CH2 - CH2 OH

Triplet Triplet

Sextet
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C H 3  - C H 2  - C H 2  O H

Irradiate

C H 3  - C H 2  - C H 2  O H

Triplet

Q uartet
Irradiate

C H 3  - C H 2  - C H 2  O H

S inglet

C H 3  - C H 2  - C H 2  O H

Triplet

Trip let
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Ethyl acetate (HW)
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Ethyl Bromide
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� 1H-NMR spectrum of 1,1-dichloroethane

CH3 -CH-Cl

Cl

For these hydrogens, n = 1;
their signal is split into
(1 + 1)  = 2 peaks;  a doublet

For this hydrogen, n = 3;
its signal is split into
(3 + 1) = 4 peaks; a quartet
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Expansion of Spectrum (HW)

� Because splitting patterns from spectra taken at 300 MHz and
higher are often difficult to see, it is common to retrace and
expand certain signals.

� 1H-NMR spectrum of 3-pentanone; expansion more clearly
shows the triplet/quartet
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Spectra Involving Chemical Exchange Processes

Pure dry liquid ethanol.

Ethanol containing a very small amount of HCl.

Note: in this case there is no change in chemical shift(s), only in splitting 
pattern(s).
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Spectra Involving Chemical Exchange Processes
(presence of acid/base catalyst,

temperature, nature of the solvent, etc.)

Fast exchanges show up as sharp
signals.

Coalescence: اMONsم
Exchange frequency ≈ = ∆ν

Broadening

Slow exchanges will show two separate
lines. ∆ν>>>Exchange frequency

No exchange

Decreasing  chemical 
exchange
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O-H and N-H Signals

� Chemical shift depends on concentration.

� Hydrogen bonding in concentrated solutions deshield 
the protons, so signal is around δ 3.5 for N-H and δ 4.5 
for O-H.

� Proton exchanges between the molecules broaden the 
peak. 
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Carboxylic Acid 

Proton, δ10+

=>
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Splitting of Hydroxyl Proton

� Ultrapure samples of
ethanol show splitting

CH3CH2OH
3 : 8 : 3

� Ethanol with a small
amount of acidic or basic
impurities will not show
splitting
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N-H Proton

� Moderate rate of proton transfer

� Peak may be broad
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1H NMR—Spin-Spin Splitting

Whenever two (or three) different sets of adjacent protons are not equivalent to
each other, use the n + 1 rule to determine the splitting pattern only if the coupling

constants (J) are identical:

a a

b

c

Free rotation around C-C bonds averages 

         coupling constant to J = 7Hz

Jab = Jbc

1H NMR—Structure Determination
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Signal Splitting (n + 1) example
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More Complex Splitting Patterns

� Thus far, we have observed spin-spin coupling with only one
other nonequivalent set of H atoms.

� More complex splittings arise when a set of H atoms couples to
more than one set H atoms.

� A tree diagram shows that when Hb is adjacent to nonequivalent
Ha on one side and Hc on the other, coupling gives rise to a
doublet of doublets.
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� If Hc is a set of two equivalent H, then the observed splitting is a 
doublet of triplets.

8/21/2015 Chapter 19 ١٦٢
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� Because the angle between C-H bond determines the extent of 
coupling, bond rotation is a factor.

� In molecules with relatively free rotation about C-C sigma bonds, 
H atoms bonded to the same carbon in CH3 and CH2 groups 
generally are equivalent.

� If there is restricted rotation, as in alkenes and cyclic structures, 
H atoms bonded to the same carbon may not be equivalent.

� Nonequivalent H on the same carbon will couple and cause 
signal splitting, this type of coupling is called geminalgeminal coupling.coupling.

8/21/2015 Chapter 19 ١٦٤

� In ethyl propenoate, an unsymmetrical terminal alkene, the three 
vinylic hydrogens are nonequivalent.
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� A tree diagram for the complex coupling of the three vinylic 
hydrogens in ethyl propenoate.

8/21/2015 Chapter 19 ١٦٦

� Cyclic structures often have restricted rotation about their C-C
bonds and have constrained conformations

� As a result, two H atoms on a CH2 group can be nonequivalent,
leading to complex splitting.
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� A tree diagram for the complex coupling in 2-methyl-2-
vinyloxirane
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� Complex coupling in flexible molecules:

� Coupling in molecules with unrestricted bond rotation often gives
only m + n + I peaks.

� That is, the number of peaks for a signal is the number of
adjacent hydrogens + 1, no matter how many different sets of
equivalent H atoms that represents.

� The explanation is that bond rotation averages the coupling
constants throughout molecules with freely rotation bonds and
tends to make them similar; for example in the 6- to 8-Hz range
for H atoms on freely rotating sp3 hybridized C atoms.
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� simplification of signal splitting occurs when coupling constants 
are the same.

8/21/2015 Chapter 19 ١٧٠

� An example of peak overlap occurs in the spectrum of 1-
chloropropane.

� The central CH2 has the possibility for 12 peaks (a quartet of 
triplets) but because Jab and Jbc are so similar, only 5 + 1 = 6 
peaks are distinguishable.
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13C-NMR Spectroscopy

� 12C has no magnetic spin.

� 13C has a magnetic spin, but is only 1% of the

carbon in a sample.

� The gyromagnetic ratio of 13C is one-fourth of that

of 1H.

� Signals are weak, getting lost in noise.

� Hundreds of spectra are taken, averaged.

8/21/2015 Chapter 19 ١٧٢

�Since the 13C isotope of carbon is present in only 1.1%
natural abundance, there is only a 1 in 10,000 chance that two
13C atoms will occur next to each other in a molecule

�The low probability of adjacent 13C atoms leads to no
detectable carbon-carbon splitting

� 1H and 13C do split each other, but this splitting is usually
eliminated by adjusting the NMR spectrophotometer
accordingly

� The process of removing the coupling of 1H to an attached
carbon is called broadband (BB) proton decoupling

�Most 13C NMR, therefore, consist of a single peak for each
unique carbon
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Each nonequivalent 13C gives a different signal.

A 13C signal is split by the 1H bonded to it according to the (n +

1) rule .

Coupling constants of 100-250 Hz are common, which means

that there is often significant overlap between signals, and

splitting patterns can be very difficult to determine.

The most common mode of operation of a 13C-NMR

spectrometer is a hydrogen-decoupled mode.

13C-NMR Spectroscopy

8/21/2015 Chapter 19 ١٧٤

Differences in13C Technique

� Resonance frequency is ~ one-fourth, 15.1 MHz 

instead of 60 MHz.

� Peak areas are not proportional to number of 

carbons.

� Carbon atoms with more hydrogens absorb more 

strongly. 

=>
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Spin-Spin Splitting

� It is unlikely that a 13C would be adjacent to 
another 13C, so splitting by carbon is negligible.

� 13C will magnetically couple with attached 
protons and adjacent protons.

� These complex splitting patterns are difficult to 
interpret. 

=>
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Interpreting 13C NMR

� The number of different signals indicates the 

number of different kinds of carbon.

� The location (chemical shift) indicates the type of 

functional group.

� The peak area indicates the numbers of carbons (if 

integrated).

� The splitting pattern of off-resonance decoupled 

spectrum indicates the number of protons attached 

to the carbon. =>
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Hydrogen-decoupled mode:
Broad Band Decoupling

� A sample is irradiated with two different radio frequencies.
� One to excite all 13C nuclei.

� A second broad spectrum of frequencies to cause all hydrogens 
in the molecule to undergo rapid transitions between their 
nuclear spin states.

� On the time scale of a 13C-NMR spectrum, each hydrogen is 
in an average or effectively constant nuclear spin state, with 
the result that 1H-13C spin-spin interactions are not observed; 
they are decoupled.

� Thus, each different kind of carbon gives a single, unsplit 
peak.
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Off-Resonance Decoupling

� 13C nuclei are split only by the protons attached 

directly to them.

� The N + 1 rule applies: a carbon with N number of 

protons gives a signal with 

N + 1 peaks. 

=>
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� Off-Resonance Decoupled Spectra

�Broad-band decoupling removes all information about the

number of hydrogens attached to each carbon

�Off-resonance decoupling removes some of the coupling of

carbons to hydrogens so that the coupled peaks will not overlap

�Use of off-resonance decoupled spectra has been replaced by

use of DEPT 13C NMR

� DEPT 13C NMR

�DEPT (distortionless enhanced polarization transfer) spectra are

created by mathematically combining several individual spectra

taken under special conditions

�The final DEPT spectra explicitly show C, CH, CH2 , and CH3

carbons

�To simplify the presentation of DEPT data, the broadband

decoupled spectrum is annotated with the results of the DEPT

experiments using the labels C, CH, CH2 and CH3 above the

appropriate peaks
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13C NMR Spectroscopy: Signal Averaging and FT-NMR

� Carbon-13: only carbon isotope with a nuclear spin.

� Natural abundance 1.1% of C’s in molecules

� Sample is thus very dilute in this isotope.

� Sample is measured using repeated accumulation of data
and averaging of signals, incorporating pulse and the
operation of Fourier transform (FT-NMR).

� All signals are obtained simultaneously using a broad
pulse of energy and resonance recorded.

� Frequent repeated pulses give many sets of data that are
averaged to eliminate noise.

� Fourier-transform of averaged pulsed data gives
spectrum.
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Characteristics of 13C NMR Spectroscopy

� Provides acount of the different types of environments of 
carbon atoms in a molecule.

� 13C resonances are 0 to 220 ppm downfield from TMS.
� Chemical shift affected by electronegativity of nearby 

atoms:
O, N, halogen decrease electron density and shielding 

(“deshield”), moving signal downfield.
� sp3 C signal is at δ 0 to  9;
� sp2 C: δ 110 to 220 
� C(=O) at the low field, δ 160 to 220
� Spectrum of 2-butanone is illustrative- signal for C=O 

carbons on left edge.
� Read about para-bromoacetophenone.

8/21/2015 Chapter 19 ١٨٢
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Carbon – 13 shifts

8/21/2015 Chapter 19 ١٨٤
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13C-NMR: 1H coupled and decoupled

8/21/2015 Chapter 19 ١٩٠

13C-NMR Spectroscopy

� Hydrogen-decoupled 13C-NMR spectrum of 1-bromobutane:
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Chemical Shift - 13C-NMR

RCH3

RCH2R

R3CH

R2C=CR2

RC CR

R3COR

RCH2Cl

RCH2Br

RCH2 I

R3COH

RC

RCNR2

O

RCH, RCR

O O

RCCOH

O

RCOR

O
0-40

110-160

165 - 180

160 - 180

165 - 185

180 - 215

40-80

40-80

35-80

25-65

65-85

100-150

20-60

15-55

10-40

Type of 
Carbon

Chemical
Shift (δ)

Chemical
Shift (δ)

Type of 
Carbon
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Chemical Shift - 13C-NMR



١١/٧/١٤٣٦

٩٧

8/21/2015 Chapter 19 ١٩٣

The DEPT Method

� In the hydrogen-decoupled mode, information on spin-spin
coupling between 13C and hydrogens bonded to it is lost.

�The DEPT method is an instrumental mode that provides a
way to acquire this information.

DistortionlessDistortionless EnhancementEnhancement byby PolarizationPolarization TransferTransfer (DEPT)DEPT)::

• An NMR technique for distinguishing among 13C signals for CH3,
CH2, CH, and quaternary carbons.
•Improved pulsing and computational methods give additional information

� Normal spectrum shows all C’s then:
�Obtain spectrum of all C’s except quaternary (broad band 

decoupled).

�Change pulses to obtain separate information for CH2, CH

�Subtraction reveals each type .

8/21/2015 Chapter 19 ١٩٤

The DEPT Method

� The DEPT methods uses a complex series of pulses in both 
the 1H and 13C ranges, with the result that CH3, CH2, and CH 
signals exhibit different phases:

� Signals for CH3 and CH carbons are recorded as positive
signals.

� Signals for CH2 carbons are recorded as negative signals.

� Quaternary carbons give no signal in the DEPT method.
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Isopentyl acetate

13C-NMR: (a) proton decoupled and (b) DEPT



١١/٧/١٤٣٦

٩٩

8/21/2015 Chapter 19 ١٩٧

Summery of NMR and Types of Spectrophtpmeters
� 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 chemical environments

�NMR spectrometers are used to measure these absorptions

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

� Different nuclei absorb the electromagnetic energy based on

their chemical environment and produce peaks in different

regions of the spectrum
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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
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Hydrogen and Carbon Chemical Shifts

=>

8/21/2015 Chapter 19 ٢٠٠

Combined 13C and 1H Spectra

=>
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Instrumentation

The most important parts of an FTNMR
instrument are:
•The magnet,
•The RF generator,
•The sample chamber or probe,
(which not only houses the sample but also the RF
transmission and detection coils).
• In addition, the instrument requires:
• A pulse generator
•An RF receiver,
•Lots of electronics, and a computer for data
processing.
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Continuous-Wave NMR
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Nuclear Magnetic Resonance Spectroscopy

A Simplified A Simplified 60 60 MHzMHz

NMR Spectrometer (continuous wave Instrument)NMR Spectrometer (continuous wave Instrument)

Transmitter
Receiver

Probe

hν

SN

RF 

Detector
Recorder

RF (60 MHz)

Oscillator

~ 1.41 Tesla 

(+/(+/--) a few ) a few ppmppm

absorption

signal

MAGNETMAGNET
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Magnet Legs

NMR Magnet Cross-Section

Fortunately, different types of  protons precess at 

different rates in the same magnetic field.

N

S

CH2 C

O

CH3

59.999995 MHz

59.999820 MHz

59.999700 MHz

hν

60 MHz
To cause absorption 

of  the incoming 60 MHz

the magnetic field strength,

Bo , must be increased to

a different value for each

type of  proton.

Bo = 1.41 Tesla

Differences are very small, 

in the parts per million range.

EXAMPLE:
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scan

HIGH

FIELD

LOW

FIELD

UPFIELDDOWNFIELD

IN THE CLASSICAL NMR EXPERIMENT THE INSTRUMENTIN THE CLASSICAL NMR EXPERIMENT THE INSTRUMENT

SCANS FROM “LOW FIELD” TO “HIGH FIELD”SCANS FROM “LOW FIELD” TO “HIGH FIELD”

NMR CHART

Continuous wave (CW) or field sweep instruments.

� Older low field (e.g., 60 MHz) NMR instruments used a fixed
RF and a permanent magnet or electromagnet with a set of
Helmholtz coils in the pole faces of the magnet.

� These coils could be adjusted to vary the applied magnet field
slightly by passing a current through them, causing each
chemically different nucleus to come into resonance
sequentially. The sample holder was placed in the magnetic
field.

� Two RF coils surrounded the sample so as to be orthogonal to
each other and to the applied magnetic field.

� One coil applied a constant RF frequency;

� the second coil detected the RF emission from the excited
nuclei as they relaxed.

� These systems were simple and rugged, but limited in
resolution and capability.

� There are no longer any manufacturers of CW NMR
instrumentation.
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MODERN INSTRUMENTATIONMODERN INSTRUMENTATION

PULSED FOURIER TRANSFORM

TECHNOLOGY

requires a computer

FT-NMR

FT-NMR
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FT-NMR Instrumentation

• Main features of a basic NMR include:
– A radio transmitter coil that produces a short powerful pulse of

radio waves

– A powerful magnet that produces strong magnetic fields

– The sample is placed in a glass tube that spins so the test
material is subject to uniform magnetic field.

• Solid samples are dissolved in a solvent that will not give a signal

– A radio receiver coil that detects radio frequencies emitted as
nuclei relax to a lower energy level

– A computer that analyses and record the data

A Modern NMR Instrument

Radio Wave

Transceiver
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Sample Holder

� The sample holder in NMR is normally tube-shaped and is
therefore called the sample tube.

� The tube must be transparent to RF radiation, durable,
and chemically inert.

� Glass or Pyrex tubes are commonly used.

� These are sturdy, practical, and cheap.

� They are usually about 6–7 in. long and ~1/8 in. in
diameter, with a plastic cap to contain the sample.

� This type of tube is used for obtaining spectra of bulk
samples and solutions.

� Sample tubes range in size from this “standard” size down
to tubes designed to hold 40 µL of sample, such as the
Nano Probe version from Varian Associates
(www.varianinc. com).

� Flow-through cells are used for hyphenated techniques
such as HPLC-NMR and on-line analysis.

Sample Probe
� The sample chamber into which the sample holder is placed is

called the probe in an NMR spectrometer.

� The probe holds the sample fixed in the magnetic field, contains
an air turbine to spin the sample holder while the spectrum is
collected and houses the coil(s) for transmitting and detecting
NMR signals.

� The probe is the heart of the NMR system.

� The most essential component is the RF transmitting and
receiving coil, which is arranged to surround the sample holder
and is tuned to the precession frequency of the nucleus to be
measured.

� Modern NMR probes use a single wire coil to both excite the
sample and detect the signal.

� The coil transmits a strong RF pulse to the sample; the pulse is
stopped and the same coil picks up the FID signal from the
relaxing nuclei

� For maximum sensitivity, a fixed frequency probe is needed.

� This means that a separate probe is required for each nucleus to
be studied: 1H, 13C, 19F, and so on.
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An NMR Probe 

� Probes usually have variable temperature control
to run experiments at temperatures selected by the
analyst.

� New probe designs with flow-through sample
holders are commercially available, for use in
coupled HPLC-NMR instruments and HPLC-
NMR-MS instruments.

� The probe is installed in the spectrometer magnet
so that the coils are centered in the magnet.

� The sample tube is inserted into the top of the
probe and is moved by an air column through the
magnet bore and centered among the probe coils.

� The tube exits the spectrometer at the top of the
probe, again moved by an air column from the
bore.
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NMR Sample & Probe Coil

Magnet

� The magnet in an NMR spectrometer must be strong,
stable, and produce a homogeneous field.

� Homogeneous in this context means that the field does
not vary in strength or direction from point to point over
the space occupied by the sample.

� The field must be homogeneous to a few ppb within the
sample area.

� It is common to express the magnetic field strength in
terms of the equivalent proton frequency from the
Larmor equation.

� Commercial magnets range from the now obsolete 60
MHz (1.4 T) to 700 MHz (16.4 T) and higher.

� The magnet is so large that this instrument comes with its
own staircase درج  so that the analyst can insert and
remove the sample tube from the top of the probe.
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• Modern NMR spectrometers use superconducting solenoid uvw 
xyszs magnets,

• The magnet consists of a main field coil made of
superconducting Nb/Sn or Nb/Ti wire with a dozen or more
superconducting shim coils {|HIر wound around the main coil to
improve field homogeneity.

• The superconducting coils must be submerged in liquid
helium.

• The magnet and liquid helium reservoir are encased in a liquid
nitrogen reservoir to decrease the evaporative loss of the more
expensive liquid helium.

• The sample probe is mounted in the bore along with a set of
room temperature shim coils.

• These coils are adjusted with every new sample placed in the
probe to compensate for sample composition, volume, and
temperature.

• Adjusting the field homogeneity, called “shimming”, used to be a
time-consuming task.

• Now computers with multivariate optimization NMR
Spectroscopy procedures perform this task automatically.

• The cryogenic fluids must be replenished on a regular basis,
usually weekly for the liquid nitrogen and every 1–6 months for
the liquid helium.

• The superconducting coils must be kept cold; if permitted to warm
up they stop functioning.

• The magnet is said to have “quenched”.
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RF Generation and Detection
� The RF radiation is generated by using an RF crystal

oscillator.

� The output of the oscillator is amplified, mixed, and filtered
to produce essentially monochromatic RF radiation for an
NMR instrument.

� The RF radiation delivered to the sample is pulsed.

� A simple pulse might be a rectangular pulse of 500 MHz
frequency for a 10 µs duration.

� The process of pulsing actually widens the RF band,
providing a range of frequencies that is able to excite all
nuclei whose resonances occur within the band of
frequencies.

� All resonances within the band are excited simultaneously.

� A 10 µs, 500 MHz rectangular pulse leads to a power
distribution around the 500 MHz frequency as shown.

� All signals are collected simultaneously. The RF pulse
delivered is generally on the order of watts while the NMR
signal collected is on the order of microwatts.

� The FID signal in the time domain must be converted to a
frequency domain spectrum by application of a Fourier
transformation or other mathematical transformation

Signal Integrator and Computer

� All NMR spectrometers are equipped with a signal
integrator to measure the area of peaks.

� The area often appears on the NMR spectrum as a step
function superimposed on the spectrum, and also
printed out in a data report as well.

� All NMR spectrometers require a computer to process
the data and much of the instrument is under computer
control.

� Computer control of the room temperature shim
currents that control the field homogeneity, of sample
spinning rates, autosamplers, pulse sequences, and
many other aspects of the instrument operation is a
necessity.
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ANALYTICAL APPLICATIONS OF NMR

� NMR spectroscopy is used for both qualitative 

and quantitative analyses.

Samples and Sample Preparation for NMR

Liquid Samples:
Simplest samples to analyze by NMR.

� Neat nonviscous liquids are run “as is” by placing
about 0.5 mL of the liquid in a glass NMR tube.

� Liquids can be mixed in a suitable solvent and run as
solutions; the analyte concentration is generally about
2–10%.

� Sensitivity is sufficient to determine concentrations
down to about 0.1%

� NMR is not considered a “trace” analytical technique,
but that is changing as instrumentation continues to
improve Microtubes with as little as 1 mg of sample in
100 mL of solvent are now in use.

� Samples in solution and neat liquids are degassed to
remove oxygen and filtered to remove iron particles;
both O2 and iron are paramagnetic and cause
undesired line broadening.
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Solid Samples:

� Soluble solid samples are dissolved in a suitable
solvent for analyses.

� A typical sample size is 2–3 mg dissolved in 0.5 mL of
solvent.

� Some solid polymer samples may be run under
“liquid” conditions, that is, without MAS, by soaking
the solid in solvent and allowing it to “swell”.

� This gives enough fluidity to the sample that it
behaves as a liquid with respect to the NMR
experiment.

� Other solid samples must be run in an instrument
equipped with MAS, as has been discussed.

� Gaz Samples:

� NMR does not have sufficient sensitivity to analyze

gas phase samples directly.

� Gases must be concentrated by being absorbed in a

suitable solvent, condensed to the liquid phase, or

adsorbed onto an appropriate solid phase.



١١/٧/١٤٣٦

١١٥

NMR Solvent

� A suitable solvent for NMR should meet the following
requirements:

(1)Chemically inert toward the sample and the sample
holder,

(2) Have no NMR absorption spectrum itself or a very simple
spectrum, and

(3) Easily recovered, by distillation, for example, if the
original sample is required for other testing.

� The best solvents for proton NMR contain no protons and
therefore give no proton NMR signals.

� Carbon tetrachloride and carbon disulfide fall into this
category.

Deuterated solvents
� Replacing protons, 1H, with deuterium, 2H or D, will

remove most of the proton signal for the solvent from the
spectrum.

� Deuterated chloroform, CDCl3, deuterated water, D2O, and
many other deuterated solvents are commercially
available for use.

� They have two disadvantages:

They are expensive and they generally contain a small
amount of 1H, so some small signal from the solvent may
be seen.

� A spectrum of the solvent (the blank spectrum) should be
run regularly and whenever a new lot of solvent is used.

�

� Deuterated chloroform is the solvent used for most of the
13C spectra shown in the chapter and the small signal
from the naturally occurring 13C in the solvent is visible in
these spectra.

� An example will be pointed out when discussing these
spectra.
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Quantitative Analyses
Both high and low resolution NMR are used for:

� Quantitative analyses of mixtures.

� Quality control of both incoming raw materials and finished
products.

� Determination of percent purity of pharmaceuticals and
chemicals.

� Quantitative determination of fat and water in vivo in animals,
and many other applications.

Advantage of NMR 
� Data can be obtained under experimental conditions where

the area under each resonance is directly proportional to the
number of nuclei contributing to the signal.

� One type of organic compound can be determined
quantitatively in the presence of a different type, such as

The percentage of alcohols in alkanes, amines in alcohols,
aromatics and aliphatics in petroleum, olefins in hydrocarbon
mixtures, organic halides and organometallic compounds in
other organic compounds, or the number of side chains in a
hydrocarbon.

� NMR can be used to provide determination of
chemical purity and quantitative measurements of
impurities in materials.

� The accuracy and precision of quantitative NMR
measurements are comparable to other instrumental
analyses methods.

� Major components can be accurately determined with
precisions better than 1% RSD while impurities in
materials may be quantified at 0.1% or lower.

� The most common nuclei used for quantitative
analyses are 1H, 13C, and 31P.

� Quantitative 31P NMR has been used to determine
phospholipids, inorganic phosphorus, and
organophosphorus compounds, such as phosphorus-
based insecticides.
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HYPHENATED NMR TECHNIQUE

� We have seen that NMR can provide detailed
molecular structure information.

� It is possible to join together or “couple” an HPLC
instrument with an NMR spectrometer.

� The HPLC performs the separation of a complex
mixture and the NMR spectrometer takes a spectrum
of each separated component to identify its structure.

� We now have a “new” instrument, an HPLC-NMR
instrument.

� We call a coupled instrument like this a “hyphenated”
instrument.

The coupling of two instruments to make a new technique
with more capabilities than either instrument alone provides
results in a hyphenated technique or hybrid technique.

HPLC-NMR is made possible with a specially designed flow
probe instead of the standard static probe.

For example, Bruker Instruments (www.brukerbiospin. com)
has a flow probe for proton and 13C NMR with a cell volume
of 120 mL.

Complex mixtures of unknown alkaloids extracted from
plants have been separated and their structures completely
characterized by HPLC-NMR using a variety of 2D NMR
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� HPLC-NMR and another hyphenated, more powerful
instrument, HPLC-NMR-MS are used in
pharmaceutical research and development.

� These hyphenated techniques identify not only the
structures of unknowns, but with the addition of MS,
the molecular weight of unknown compounds.

� The HPLCNMR-MS instrument separates the sample
on the HPLC column, takes the NMR spectra as the
separated components flow through the probe and
then acquires the mass spectrum of each separated
component to determine the molecular weight and
additional structural information from the mass
spectral fragmentation pattern.

�

� The MS must be placed after the NMR, since MS is a
destructive technique.

LIMITATIONS OF NMR
� There are two major limitations to NMR:

(1) it is limited to the measurement of nuclei with magnetic moments
and

(2) it may be less sensitive than other spectroscopic and
chromatographic

methods of analyses.

� As we have seen, although most elements have at least one nucleus
that responds in NMR, that nucleus is often of low natural abundance
and may

� have a small magnetogyric ratio, reducing sensitivity.

� The proton, 1H, and fluorine, 19F, are the two most sensitive elements.

� Elements in the ionic state do not respond in NMR, but the presence
of ions in a sample contributes to unacceptable line broadening.

� Paramagnetic contaminants such as iron and dissolved oxygen also
broaden NMR lines.

� Nuclei with quadrupole moments, such as 81Br, broaden the NMR
signal. Line broadening in general reduces the NMR signal and hence
the ensitivity.


