Mass Spectrometry
INTRODUCTION:
Mass Spectrometry is a powerful technique for identifying unknowns, studying molecular
structure, and probing the fundamental principles of chemistry. Applications of mass
spectrometry include identifying and quantitating pesticides in water samples, it identifying
steroids in athletes, determining metals at ppq (Parts Per Quadrillion) levels in water
samples, carbon-14 dating the Shroud of Turin using only 40 mg of sample, looking for life
on Mars, determining the mass of an 28Si atom with an accuracy of 70 ppt, and studying the
effect of molecular collision angle on reaction mechanisms.
Mass spectrometry is essentially a technique for "weighing" molecules.* Obviously, this is
not done with a conventional balance or scale. Instead, mass spectrometry is based upon
the motion of a charged particle, called an ion, in an electric or magnetic field. The mass to
charge ratio (m/z)** of the ion effects this motion. Since the charge of an electron is known,
the mass to charge ratio a measurement of an ion's mass. Typical mass spectrometry
research focuses on the formation of gas phase ions, the chemistry of ions, and applications
of mass spectrometry.

Mass spectrometry has a number of applications in organic chemistry, including:
- Determining molecular mass
- Finding out the structure of an unknown substance
- “Verifying the identity and purity of a known substance”
- Providing data on isotopic abundance
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Step 1: The sample is vaporized, and then ionized by being bombarded by a beam of
high energy electrons (usually at 70 eV). The electron beam knocks out an electron
from the molecule of the injected sample, creating a molecular ion (which is also a
radical cation because it has an unpaired electron and a positive charge). Losing an
electron weakens the bond, while the collision gives it extra kinetic energy. These
factors make it more likely for the molecular ion to break into fragments as it travels
through the mass spectrometer.
Step 2: There is a pair of oppositely charged plates in the ionization chamber. The
positively charged one causes the positively charged radical cation to accelerate into
an analyzer tube.
Step 3: The analyzer tube is surrounded by a curved magnetic field, which causes the
path of the radical cation to be deflected in proportion to its mass-to-charge ratio
(m/z). The flight path of the ion depends on its molecular mass, its charge, and the
strength of the magnetic field. Thus, at a given magnetic field strength, ions of only
one specific mass collide with the detector and are recorded.
Step 4: The strength of the magnetic field is varied in increments to produce a mass
spectrum, which is a plot of m/z (on the x axis) against relative abundance (on the y
axis). If we assume that all ions have a charge of +1, then the peaks give the mass
ratios and their heights give the proportions of ions of different masses.
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NMR Spectroscopy

PH 7.4

PHARMACEUTICAL ANALYSIS-III (Theory)

The theoretical aspects, basic instrumentation, elements of interpretation of spectra, and
applications of the following analytical techniques should be discussed.
UNIT -II
5. Nuclear Magnetic resonance spectroscopy including C13 NMR.
6. Mass Spectrometry

Nuclear Magnetic Resonance (NMR) Spectroscopy
 NMR spectroscopy involves the change of the spin state of a nuclear magnetic moment when the
nucleus absorbs electromagnetic radiation in a strong magnetic field.
 Two types of NMR spectroscopy in common use today are notably 1H (Proton i.e. PMR) & 13C
(Carbon-13 i.e. CMR).
 By studying a compound by proton NMR spectroscopy (PMR), one can obtain in principal tree kinds
of information:
The radiation between the no. of signals (or peaks) in the spectrum & the no. of different kinds of
hydrogen atoms in the molecule. Thus, one can know the different kinds of environments of the
hydrogen atoms in the molecule.
The areas underneath each signal are in the same ratio as the no. of hydrogen atoms causing each
signal, e.g. consider the PMR spectra of the C2H6O isomers, dimethyl ether & ethyl alcohol.
Dimethyl Ether (CH3-O-CH3)
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The six hydrogen atoms in dimethyl ether (CH3-O-CH3) experience identical average environments
& therefore, show one sharp resonance signal. The hydrogen atoms of ethyl alcohol are found in
three different locations, & consequently three absorption peaks are observed. In case of ethyl
alcohol, the ratio of the three peak areas is 1:2:3 & they are, therefore, assigned to OH, CH2 & CH3
respectively.
The principal signal may get split into smaller peaks i.e. spin-spin splitting may be observed. The
type of splitting pattern observed (doublet, triplet, quartet & so forth) depends on the number of
neighbouring non-equivalent protons. For many simple compounds, one can predict the splitting
pattern with the n+1 rule, where n is the number of neighbouring protons. It helps in deducing
molecular structure.
The spacing between the peaks ( as a result of spin-spin splitting) is labeled ‘J’ which is given the
units of cycles per second or Hertz (Hz). J is the coupling constant between two protons & J values
give further information on molecular structure & stereo-chemical features.
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Theory of PMR Spectroscopy:
Some elements have isotopes with nuclei that behave as though they were spinning about an axis,
much like the earth or a child’s top. The spinning of a charged particle generates a magnetic field.
Isotopes with nuclear spin, therefore, have small magnetic fields, whose magnitude & direction can
be described by a vector called a magnetic moment. Consequently, the spinning nuclei behave as
though they were tiny bar magnets with a North Pole & South Pole.

These magnetic moments are oriented in random fashion in field free space, but they have the
important quantatisation property, that in a magnetic field only certain discrete orientations are
allowed.
For some nuclei 1H (but not 2H), 13C (but not 12C) & 19F (the only common Fluorine isotope), the
nuclear spin can have two alternative values associated.
When these nuclei are placed in a magnetic field (external) which is designated as H0, their magnetic
moment tend either to align with the field (corresponding to α-spin) or against the field
(corresponding to β-spin). The energy difference between the proton α- & β-spin states is very small
although α–spin state is of lower energy.
Out of one million nuclei only about ten more are in the lower than in the higher energy spin state
250C.

H0

Applied Magnetic Field

When a magnet is aligned against the magnetic field, it is in a higher energy state than one aligned
with the field. For 1H, 13C & 19F, the β-spin state with the magnetic moment aligned against the field,
corresponds to a higher energy state compared to the α-spin state.
When the compound in the applied field is irradiated with electromagnetic radiation of the proper
frequency, a nucleus with α-spin can absorb a light quantum and converted to the higher energy βspin state, a process is called “flipping of the spin”.
Thus energy is needed to ‘flip’ e.g. the proton from its lower energy state (i.e. with the field) to its
higher energy state (i.e. against the field). This energy in a NMR spectrophotometer is supplied by
EMR in the radio frequency (RF) region.
When this energy absorption occurs at the frequency that causes flips, the nuclei are said to be in
Resonance with the EMR.
This terminology is the origin of the name “nuclear magnetic resonance”. (The word resonance
used here has no relationship to the word resonance used to describe the delocalization of pielectrons e.g. in benzene).
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∆E = 2µH0
E = hν= 2µH0
ν = 2µH0/h

Where, h = Plank’s constant
ν = frequency
H0 = External magnetic field
µ = Nuclear magnetic moment which is constant for a particular nucleus

Thus the greater the applied field the greater the energy gap between the two possible states of the
proton.
A proton in the lower energy state can be promoted to the higher state by supplying the exact
quantity of energy ∆E.
The energy required to bring about the transition (∆E = hν) or to flip the proton depends upon the
strength of the external field. Stronger the field, greater will be the tendency of the nuclear magnet
to remain lined up with it & higher will be the frequency of the radiation needed to flip the proton
to the higher state.
Thus the exact frequency of energy required for resonance depends on the strength of the applied
external field & on the isotope being brought into resonance.
In a relatively common NMR spectrometer, a magnetic field of 14,092 gauss is applied. At this field
strength, the energy required to cause flipping corresponds to electromagnetic radiation of
frequency 60 million cycles per second or 60 MHz (Radio wave region). This energy is much lower
than that possessed by IR radiation.
If we irradiate the precessing nuclei with a beam of EMR of desired frequency, then the low energy
nuclei will absorb it & move to higher energy state. The precessing proton will absorb energy from
the RF source only if the precessing frequency of the radio frequency beam, i.e. when quantum
energy (hν) of EMR matches up the energy difference between the two energy states at the field
strength H0. When this occurs, the nucleus & the radio frequency beam are said to be in resonance,
hence, the term nuclear magnetic resonance.
This technique consists of exposing the protons (placing the substance) in an organic molecule to a
powerful field. The different sets of protons will process at different frequencies. Now we irradiate
these precessing protons with steadily changing frequencies (for promoting or flipping protons from
the lower energy state to high energy state) and observe the frequency/frequencies at which
absorptions occur. It is generally more convenient to keep the RF constant & the strength of the
magnetic field is constantly varied.
At some value of the field strength, the energy required to flip the proton matches the energy of the
radiation i.e., absorption occurs & a signal is observed. Such a spectrum is called Nuclear Magnetic
Resonance Spectrum.
It may be noted that all protons do not absorb the same applied field but absorption depends upon
the magnetic field which a particular proton feels. Clearly, the effective field strength is different for
different sets of protons as one set of protons will have slightly different environment from any
other set of protons.
Thus, at a given RF, different protons (different sets of equivalent protons) will require slightly
different applied field strengths to produce the same effective field strength which causes
absorption. In the NMR spectrum, we measure applied field strengths for each set of protons and
the absorption peaks are plotted. The no. of signals at different applied field strengths is equal to
the different sets of equivalent protons.
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Nuclei that exhibit the NMR phenomenon:
 Only those nuclei display the NMR phenomenon for which the spin quantum no. (I) is greater than
zero (0). The most important of such nuclei for an organic chemist are 1H & 13C, both of which have a
spin quantum no. of ½.
 The nucleus of proton i.e., 1H is like the electron & has I = ½ & it can assume either of two spins
states +½ or -½. These correspond to the magnetic moments allowed for I = ½, m = +½ or -½. Other
nuclei with spin quantum nos. I = ½ are 13C, 19F & 31P. Nuclei like 12C, 16O & 32S, have no spin (I=0) &
these nuclei do not display an NMR spectrum. Other nuclei have spin quantum numbers greater
than ½, i.e. 14N & 2D (I=1) & 11B & 35Cl (I=3/2)
 NMR is a phenomenon limited to compounds containing isotopes with either odd atomic no. or odd
mass no. Each of these nuclei has a characteristic nuclear magnetic moment (µ) value, thus at equal
field strength, different nuclei will resonate at different values of ν (frequency).
 Many nuclei do not have spin. All even-even nuclei i.e. those having an even no. of protons & an
even no. of protons & an even no. neutrons e.g., 12C, 16O, 32S belong to this class. In these nuclei,
individual pairs of protons & neutrons have opposed spins & consequently the net spin of the
nucleus as a whole is zero.
Instrumentation:
The NMR spectrometers are designed so that the RF is kept constant e.g., at 60 MHz & the magnetic
field is varied.
On tuning the magnetic strength, the protons of a particular set, in a molecule flip from one state to
other. In this process the RF is absorbed, & by flipping of the protons a small electric current is
generated in the coil of wire surrounding the sample. After amplification, the current displays itself
as a signal (i.e. Peak) in the spectrum. The value of NMR spectroscopy in structure elucidation is that
the precise difference in energy levels between the two spin orientations is dependent on the
particular location of the atom in the organic compound.
This is so because each nucleus is subject to the differing effects of the magnetic fields of
neighbouring nuclei. The nuclei, which are exactly in the same magnetic environment, will have
exactly the same energy difference between spin orientations when put between the poles of the
powerful magnet.
Working of the instrument:












NMR spectrophotometers are used by chemists to measure the absorption energy by hydrogen nuclei.
These instruments use very powerful magnets & irradiate the sample with EMR in the RF region.
The sample is placed in a glass tube between the poles of a powerful magnet.
RF input oscillator & receiver coils surround the sample. The sample is usually dissolved in a solvent
(0.5ml) that has no protons, like CDCl3 (deuterated chloroform) or CCl4 (carbon tetrachloride) to
enable only the protons of the sample to be observed.
The sample tube is rotated during spectral determination to average out the effects of nonuniformity, i.e. to minimize any magnetic anisotropy.
NMR spectrometers are normally so designed so that they irradiate the compound with EMR energy
of a constant frequency while the magnetic field (H0) is varied.
When the applied magnetic field H0 reaches the correct strength i.e. (hν/2µ), the ∆E matches the
energy of the incident radiation. At this field strength, absorption of energy from α-spin state to βspin will occur. Thus, when the nuclei absorb energy resonance occurs.
This causes a tiny electrical current to flow in a coil surrounding the sample tube.
In PMR, one does not measure all the protons , but just those which have α-spin and absorb energy
in “flipping” to spin (the nuclei with β-spin can also give up energy to the applied field & relax back
to the α-spin state). These two energetically different possibilities afford the necessary condition for
spectroscopy.
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Apparatus of the NMR spectrophotometer:
 Most instruments currently in use for proton studies operate at 60MHz & 1.4092 Tesla (T) (1 Tesla =
104 Gauss), 90 MHz & 2.11 T or 100 MHz & 2.349 T.
 NMR instruments can be classified into Absorption type & Induction type.
 In Absorption type a bridge circuit is commonly used to detect the absorption of RF energy from a coil
surrounding the sample.
 In Induction type two coils at right angles are used. Energy is absorbed from the transmitter coils to
orient the nuclei. This orientation induces a voltage in the receiver coils.
 For either type of spectrophotometer requirements are as follows:
1. Magnet,

2. Field sweep generator,

5. Sample holder & probe,

3. Transmitter (RF source),

4. Signal detector

6. Recorder

1. Magnet:






Accuracy & quality of an NMR depends upon the strength of the magnet.
Magnets may be conventional, permanent or electromagnets & super conducting solenoids.
The strength of magnetic field should be very high. Permanent magnets have field strength of
7046-14000 Gauss (G) & corresponding oscillator frequencies for proton studies are 30-60 MHz.
Good thermostat is needed as the magnets are temperature sensitive.
Electromagnets need a coiling system & have 60, 90, 100 MHz frequency for protons.

2. Field sweep Generator:




A set of Helmholtz coils located parallel to the magnet faces permits alteration of the applied field
over a small range. By varying a direct current through these coils the effective field can be
changed linearly with time. This change is synchronized with the linear drive of a chart recorder.
For a 60 MHz proton instrument the sweep range is 235 milligauss.

3. Transmitter (RF source):


It is fed into a pair of coils mounted at 900 to the path of the field. A fixed oscillator with a
frequency 60, 90 or 100 MHz is used in high resolution NMR.

4. Signal Detector:


The RF signal produced by resonating nuclei is detected by means of a coil that surrounds the
sample. The electrical signal is amplified before recording.

5. Sample holder & Probe:



The sample is in a device for holding the sample tube in a fixed spot in the field.
The probe contains a sample holder, sweep source & detector coils with a reference cell. The
sample probe rotates the sample tube at 100 r.p.m. on the longitudinal axis.

6. Recorder:


The sample is placed within the pole gap placed at the point of maximum homogeneity for the
filled H0 & subjected to RF alternating magnetic field H0 produced by passing a high frequency AC
through the oscillator coil. The detector picks up changes in the magnetization of nuclei induced
by RF oscillator. The detector signal can fed to a strip chart recorder after amplification. The
spectrum consists of series of peaks that correspond to different applied field strength. Each peak
means a set of protons.
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