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Spectroscopy Is the study of the interaction
between radiation (electromagnetic radiation or
light, as well as particle radiation) and matter.

Spectrometry Is the measurement of these
Interactions

Instrument which performs such measurement
— spectrometer or
— spectrograph.
A plot of the Interaction Is referred to as a
— spectrum



Classification of spectroscopic methods
Nature of radiation measured

The type of spectroscopy depends on the physical guantity
measured.

Normally, the quantity that is measured is an amount or intensity of
something.

Electromagnetic spectroscopy involves interactions with
electromagnetic radiation, or light.

— Ultraviolet-visible spectroscopy is an example.
Electronic spectroscopy involves interactions with electron beams.

— Auger spectroscopy involves inducing the Auger effect with an electron
beam.

Mechanical spectroscopy involves interactions with macroscopic
vibrations, such as phonons.

— An example is acoustic spectroscopy, involving sound waves.

Mass spectroscopy involves the interaction of charged species with
magnetic and/or electric fields, giving rise to a mass spectrum.
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Measurement process

Most spectroscopic methods are differentiated as either atomic or molecular
based on whether or not they apply to atoms or molecules.
Along with that distinction, they can be classified on the nature of their
Interaction:
Absorption spectroscopy uses the range of the electromagnetic spectra in
which a substance absorbs.

— atomic absorption spectroscopy and

— various molecular techniques, such as infrared spectroscopy in that region a

— nuclear magnetic resonance (NMR) spectroscopy in the radio region.
Emission spectroscopy uses the range of electromagnetic spectra in which a
substance radiates (emits).

— luminescence.

— Molecular luminescence techniques include spectrofluorimetry.
Scattering spectroscopy measures the amount of light that a substance

scatters at certain wavelengths, incident angles, and polarization angles.

— The scattering process is much faster than the absorption/emission process.
* Raman spectroscopy
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Electromagnetic radiation

EMR, or light, is a form of energy whose behaviour is
described by the properties of both waves and particles.

The optical properties of electromagnetic radiation, such
as diffraction, are explained best by describing light as a
wave.

Many of the interactions between electromagnetic
radiation and matter, such as absorption and emission,

— however, are better described by treating light as a particle, or
photon.

the dual models of wave and particle behaviour provide a
useful description for electromagnetic radiation



Wave Properties of Electromagnetic Radiation

Electromagnetic radiation consists of oscillating
electric and magnetic fields that propagate
through space along a linear path and with a
constant velocity

In a vacuum, electromagnetic radiation travels at
the speed of light, ¢, which is 2.99792 x108 m/s.

Electromagnetic radiation moves through a
medium other than a vacuum with a velocity, v,
less than that of the speed of light in a vacuum.

Oscillations in the electric and magnetic fields are
perpendicular to each other, and to the direction
of the wave’s propagation.
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Figure shows an example of plane-polarized electromagnetic radiation consisting of

an oscillating electric field and an oscillating magnetic field, each of which is
constrained to a single plane.




* The interaction of electromagnetic radiation with matter can be
explained using either the electric field or the magnetic field.
 For this reason, only the electric field component is shown in
Figure
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The oscillating electric field is described by a sine wave of the form
E =A,sin(2nvt + @)

— where E is the magnitude of the electric field at time t, A, is the electric field’s
maximum amplitude,

— Vv is the frequency, or the number of oscillations in the electric field per unit
time, and

— @ 1s a phase angle accounting for the fact that the electric field’s magnitude
need not be zero att = 0.

An identical equation can be written for the magnetic field, M
M =A, sin(2nvt + ®)

— where A, is the magnetic field’s maximum amplitude.

only' the electrical vector is employed because it is the electrical force that
IS responsible for such phenomena as transmission, reflection, refraction,
and absorption of radiation.

Magnetic responsible for the absorption of radio-frequency waves in NMR



Wave Parameters

The time required for the passage of successive maxima
through a fixed point in space is called the period (p )of
the radiation.

The frequency (v) Is the number of oscillations of the
field that occurs per second and iIs equal to 1/p.

Another parameter of interest is the wavelength A
which is the linear distance between any two equivalent
point on successive maxima or minima of a wave.

Multiplication of the frequency in reciprocal seconds
by the wavelength in metres gives the velocity of

propagation
V= VA




* Itis Important to realize that the frequency Is
determined by the source and remains invariant
regardless of the media traversed by the radiation.

* In contrast, the velocity of propagation v, the rate
at' which the wave front moves through a
medium, Is dependent upon both the medium and

the frequency;

* In a vacuum the velocity of radiation becomes
Independent of frequency and Is at its maximum.

 This velocity, given the symbol c, has been
accurately determined to be 2.99792 X 101 cm/s.

Thus, for a vacuum,
e c=vA=3x10%cm/s



 In any other medium, the rate of propagation is less because of
Interactions between the electromagnetic field of the radiation
and the bound electrons in the atoms or molecules making up
the medium.

« Since the radiant frequency is invariant and fixed by the

source, the wavelength must decrease as passes from a
vacuum to a medium containing matter.
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Particle Properties of Electromagnetic Radiation

An understanding of certain interactions between radiation and
matter requires that the radiation be treated as packets of
energy called photons or quanta.

— The energy of a photon depends upon the frequency of the radiation,
and is given by

.i’
hy = =

A

Ty
Il

where h is Planck’s constant, which has a value of 6.626 x10734J - s,

Photon : A particle of EMR having zero mass and an energy of hv.
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Example 1:- The “D” line in the solar spectrum was due to the
absorption of solar radiation by sodium atoms. The wavelength of
the sodium D line is 589 nm. What are the frequency and the wave
number for this line?

SOLUTION
The frequency and wave number of the sodium D line are

. 2 B ' _
v £ 3.00 x 10° m/s _ 509 x 10 !

A 589 %107 m

| | |
_ x 0  —1.70%10* cm™!

W CRO % 10" m 100 cm

< |
I
I
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Example 2:- What is the energy per photon of the sodium D line
(A= 589 nm)?

SOLUTION
The energy of the sodium D line is

h %10 ms
E:;:[ I Jos) (00X 10'ms oy
! W10

0-'.'5 ]




Electromagnetic (EM) spectrum

* The electromagnetic (EM) spectrum Is just a name that
scientists give a bunch of types of radiation when they
want to talk about them as a group.

 Radiation is energy that travels and spreads out as It
goes

— visible light that comes from a lamp in your house or
— radio waves that come from a radio station

« Other examples of EM radiation are microwaves,
Infrared and ultraviolet light, X-rays and gamma-rays.
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|. Absorption of Radiation

When radiation passes through a transparent medium contain
chemical species, certain frequencies may be selectively
attenuate by the process of absorption.

EMR energy is transferred to the atoms or molecules
constituting the sample; as a result, these particles are
promoted from a lower energy state to higher-energy states, or
excited states.

At room temperature, most substances are in their lowest
energy or ground state.

Absorption then ordinarily involves a transition from the
ground state to higher-energy states.

Atoms, molecules, or ions have only at limited number of
discrete, quantized energy levels;



« for absorption of radiation to occur, the energy
of the exciting photon must exactly match the
energy difference between the ground state and
one of the excited states of the absorbing
species.

* consider the three processes that may occur
when a two-state system Is subjected to
radiation of frequency or wave number ,
corresponding to the energy separation AE

where
AE=E,—E, =hv=hcv



Spontaneous

emission Induced

emission

Induced
absorption

1. Induced absorption, in which the molecular (or atom) M absorbs
a guantum of radiation and is excited from m to n:

M + hev — M*
Eg. the appearance of an aqueous solution of copper sulphate as blue
due to the absorption of the complementary colour, red, by the solution.

2. Spontaneous emission, in which M* (in state n) spontaneously
emits a quantum of radiation:.

M* — M + hcv
Eg. a sodium vapour or tungsten filament lamp, is of the
spontaneous type.



3. Induced, or stimulated, emission.

This is a different type of emission process from that of type 2 in that
a quantum of radiation of wave number is required to induce,
or stimulate, M* to go from n to m.

The process is represented by

M* 4+ hev = M + 2hev
Since the energy d/n are unique for each species, a study of the
frequencies of absorbed radiation provides a means of characterizing
the constituents of a sample of matter.

For this purpose, a plot of absorbance as a function of wavelength or
frequency is experimentally derived absorption spectra
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The general appearance of an absorption spectrum will depend upon

v' the complexity,

v’ the physical state, and

v the environment of the absorbing species.
It IS convenient to recognize two types of spectra, namely, those
associated with

v" atomic absorption and
v those resulting from molecular absorption.



o A. Atomic Absorption

* When a beam of polychromatic Uv or Vis
radiation passes through a medium containing
gaseous atoms, only a few frequencies are
attenuated by absorption, and

* The spectrum consists of a number of very
narrow absorption lines
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(a)Absorption spectrum for Na vapour
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B. Molecular Absorption

Molecules undergo three type of quantized transitions when
exited by UV, visible and IR radiation.

For UV and VIS radiation excitation involves promoting an
electron from ground state (low energy molecular or atomic
orbital )to exited state (a higher — energy orbital).

The energy hv of the photon must be exactly the same as the
energy d/n b/n the two orbital energies.

The transition known as Electronic transition

— electronic absorption

Molecules also exhibit two other types of radiation- induced
transitions

— Vibrational
— Rotational



 For each electronic energy state of the molecule, there
normally exist several possible vibrational states, and for
each of these, In turn, numerous rotational states,

Rotational levels —
- | T
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Vibrational transition come about b/c a molecule has a multitude of
quantized energy levels (vibrational state) associated with the bond that

holed the molecule together.

o
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 Absorption by polyatomic molecules, particularly in the
condensed state, Is a considerably more complex process
because the number of energy states Is greatly enhanced.

* Here, the total energy of a molecule is given by
* E :Eele + Evib' + Erot'
— where E,, describes the electronic energy of the molecule, and

— E,;, refers to the energy of the molecule resulting from various
atomic vibrations.

— The third term accounts for the energy associated with the
rotation of the molecule around its center of gravity.



Figure below is a graphical representation of the energies
associated with few of the electronic and vibrational states of a
molecule.
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The heavy line labelled E, represents the electronic
energy of the molecule in its ground state (its state of
lowest electronic energy);

the lines labelled E, and E, represent the energies of
two excited electronic states.

Several vibrational energy levels (0,1, ...,4) are shown
for each of these electronic states.

the energy difference between the ground state and an
electronically excited state Is large relative to the
energy differences b/n vibration levels in a given
electronic state

— (typically, the two differ by a factor of 10 to 100).



Visible radiation causes excitation of an electron from
E, to any of the vibration levels associated with E /'

Ultraviolet causes excitation of an electron from E, to
any of the vibration levels associated with E,

Finally, the less energetic near- and mid infrared
radiation can only bring about transition among the
vibrational levels of the ground state.

Although they are not shown, several rotational
energy levels are associated with each vibrational
level.

The energy difference between these is small relative
to the energy difference between vibrational levels;



In contrast to atomic absorption spectra, which consist of
a series of sharp, well-defined lines,

= Molecular spectra in the ultraviolet and visible regions are
ordinarily characterized by absorption bands

= that often encompass a substantial wavelength the spectrum for a
molecule ordinarily consists of a series of closely spaced
absorption bands, such as that shown for benzene vapor in Figure

below

(a) Vapor




Unless a high-resolution instrument is employed, the
Individual bands may not be detected, and the spectra will

appear as smooth curves.

Finally, in the condensed state and in the presence of
solvent molecules, the individual bands tend to broaden to
give spectra such as those shown in the Figure below

{c) Aqueous
solution

450 500 550 600



* Pure vibrational absorption can be observed in the
Infrared region.
— where the energy of radiation is insufficient to cause
electronic transitions.
 Variations in rotational levels may give rise to a series
of peaks for each vibrational state.
— However, rotation is often hindered or prevented in liquid
or solid samples;
— the effects of these small energy differences are
not ordinarily detected In such samples.



 Pure rotational spectra for gases can be observed in the
microwave region.

— Absorption Induced by a Magnetic Field.

* When electrons or the nuclel of certain elements are
subjected to a strong magnetic field additional quantized
energy levels are produced as a conseqguence of magnetic
properties of these elementary particles.

— Absorption by nuclei or by electrons in magnetic fields is
studied by nuclear magnetic resonance (NMR) and

— electron spin resonance (ESR) techniques, respectively



Relaxation Processes

Ordinarily, the lifetime of an atom or molecule
excited by absorption of radiation Is short because
several relaxation processes exist which permit its
return to the ground state.

Two of the most important of these mechanisms
nonradiative relaxation
fluorescent relaxation
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Two type of nonradiative relaxation are shown in the figure 5b
Vibrational deactivation or relaxation,

— denoted by short arrows b/n vibrational energy levels,

— involves the loss of energy in a series of small steps,

— the excitation energy being converted to kinetic energy by collision with

solvent molecules.

These energy transferd to solvent molecule and reflacted by a
tiny increase in the temperature of the medium.

Non radiative relaxation b/n the lowest vibrational level of an
exited electronic state and the upper vibrational level of another
electronic level can also occur.

— Represent by long arrow.
Less efficient than vibrational relaxation and its life time is b/n
106 and 10°

As shown In Figure 5c, relaxation can also occur by emission of
fluorescent radiation.



1. Emission Radiation

 Excited particles (ions, atoms, or molecules)can be excited to
one or more higher energy levels by a variety of means,
Including
— bombardment with electrons or other elementary particles,
— exposure to a high-potential alternating current spark,
— heat treatment in an arc or a flame, or
— absorption of electromagnetic radiation.

« The lifetime of an excited species is generally transitory (10
—107 s) and
« arelaxation to a lower-energy levels or to their ground states

takes place with the release of the excess energy in the form of
Electromagnetic radiation, heat or perhaps both.



Emission spectra

» Aplot of the relative power of the emitted radiation
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Figure 6 Emission spectrum of a brine sample obtained with an oxyhydrogen flame. The spectrum

consists of the superimposed line. band. and continuum spectra of the constituents of the sample. The character-
istic wavelengths of the species contributing to the spectrum are listed beside each feature. (R. Hermann and

C. T.J. Alkemade, Chemical Analysis by Flame Photometry,EZTnd ed.. p. 484. New York: Interscience, 1979.)
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There are three type of spectra:- line, band and
continues.

Excitation can be brought about Radiating particles
that are well separated from one another, as In the
gaseous state, behave as independent bodies and often
produce radiation containing relatively few specific
wavelengths.

The resulting spectrum is then discontinuous and Is
termed a line spectrum.

Made up of a series of sharp, well-defined peaks
caused by an excitation of individual atom.

In fig. 6 lines for Na, K, Sr and Ca



The band spectrum consists of several groups of lines so
closely spaced that they are not completely resolved.

— The source of the band is small molecules or radicals

— In fig.6 bands of OH,MgOH and MgO

Bands arise from the numerous quantized vibrational levels
that are superimposed on the ground state electronic energy
level of a molecule.

A continuous spectrum, on the other hand, is one in which all
wavelengths are represented over an appreciable range, or one
In which the individual wavelengths are so closely spaced that
resolution is not feasible by ordinary means.

— The line and band spectra are superimposed

Continuous spectra result from excitation of:

(1) solids or liquids, in which the atoms are so closely packed
as to be incapable of independent behaviour; or

(2) complicated molecules possessing many closely related
energy states.



 When solids are heated to incandescence, the continuous
radiation that i1s emitted is more characteristic of the
temperature of the emitting surface than of the material of

which that surface i1s composed.
 Radiation of this kind (called black-body radiation)

 Is produced by the innumerable atomic and molecular
oscillations excited in the condensed solid by the thermal

energy. 104
Aenon arc
/ Carbon arc

Tungsten lamp
Mernst glower

6000 K

4000 K

Helative energy

N0 K
2000 K
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Figure 7 Blackbody radiation curves for various light sources. Note the shift in the peaks as the temperature of the

sources changes. ET 43



 Both continuous spectra and line spectra are of
Importance in analytical chemistry.

* The former are frequently employed In
methods based on the interaction of radiation
with matter, such as spectrophotometry.

 Line spectra, on the other hand, are important

because
* they permit the identification and determination of the
emitting species.



Absorption Law

Chapter 2



The absorption law

* also known as the Beer-Lambert law or just
Beer's law,

* Tells us quantitatively how the amount of
attenuation depends on the concentration of the
absorbing molecules and the path length over
which absorption occurs.

* As light traverses a medium containing an
absorbing analyte, decreases in intensity occur
as the analyte becomes excited.



Transmittance and Absorbance

« The common terms and alternative names/symbols
employed in spectroscopy are listed in the table
below. The recommended terms and symbols are
listed under the column labeled Term and Symbol.



Terms and Symbols

Important Terms and Symbols Used in Absorption Measurements

Term and Symbol® Definition Alternative Name and Symbol
Incident radiant power.  Radiant power in waitts incident  Incident intensity, [
P, on sample
Transmitted radiant Radiant power transmitted by Transmitted mntensity, 7
power, PP sample
Absorbance. A log(F,/P) Optical density, D;
extinction. E
Transmittance, T PP, Transmission, T
Path length of Length over which attenuation 1. d
sample. b occurs
Absorptivity,T a A/lbc) Extinction coefticient, k
Molar absorptivity & A/ bc) Molar extinction coefficient

*Terminology recommended by the American Chemical Society (Anal. Chem.. 1990, 62, 91).
tc may be expressed in g L™ or in other specified concentration units; » may be expressed in
cm or other units of length.

e is expressed in mol L™ ; b is expressed in cm.



Transmittance

Figure 1 depicts a beam of parallel radiation before and after it has passed
through a layer of solution with a thickness of b cm and a concentration of ¢ of
an absorbing species.

As a consequence of interactions between the photons and absorbing particles,
the power of the beam is attenuated from P, to P.
The transmittance T of the solution is the fraction

Absorbing
solution of
concentration ¢

Equ.l

-5
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Absorbance

» Absorbance, like the previous table shows, can
be defined as the base-ten logarithm of the
reciprocal of the transmittance :

A=log L/T =-log I/l, = -log P/P,

Equ.2



Absorptivity and Molar Absorptivity

Absorbance is directly proportional to the path length
through the solution and the concentration of the
absorbing species.

— Thatis, A=abc
where a Is a proportionality constant called

— the absorptivity.

The magnitude will clearly depend upon the units used for
b(cm) and c (g/L).
When the concentration is expressed in moles per litter
and the cell length iIs in centimetres,

— the absorptivity is called the molar absorptivity and given the
special symbol ¢

— A4 = ¢ebc



Experimental Measurements of Absorbance and
transmittance

The relationship given by Equation 1 and 2 is not directly
applicable to chemical analysis.

Neither Absorbance nor Transmittance, as defined, can be
conveniently measured in the laboratory
— because the solution to be studied must be held in some sort of
container.
Interaction between the radiation and the walls is inevitable
leading to a loss by reflection at each interface;

significant absorption may occur within the walls themselves.

the beam may suffer a diminution in power during its passage
through the solution as a result of scattering by large
molecules or inhomogeneities.



Reflection and Scattering Losses

Reflection losses ] ]
at interfaces \ O
—p- e
—~—f————— ———]
—t -1} Scattering
/losses in
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Incident N .. Emergent
beam. P, beam. r,
o J bl §
+—_ _‘_
R -
N\ " Reflection losses

at interfaces
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Reflection and Scattering Losses (cont)

 Reflection and scattering losses are significant and to
compensate for these effects, the power of the beam
transmitted by the analyte solution is ordinarily
compared with the power of the beam transmitted by
an identical cell containing only the solvent.

* An experimental absorbance that closely
approximates the true absorbance is then obtained

with the equation:

A=logP /P ~log P /P

solvent’ " solution



Example:

A sample in a 1.0 cm cell is determined with a
spectrometer to transmit 80 % light at a certain
wavelength. If the absorptivity of this substance at
this wavelength is 2.0, what Is the concentration of
the substance?

Solution:
The percent transmittance i1s 80 % and so T = 0.80:

Iogi =2.0cm™g'Lx1.0 cmxc
0.80

logl.25=2.0 gL xc

c:%:0.0SO g/L
2.0



LAAlllpIcC.
A solution containing 1.00 mg ion (as the thiocyanate complex) in 100 mL
was
observed to transmit 70.0% of incident light compared to an appropriate
blank.
(a) What is the absorbance of the solution at this wavelength?
(b) What fraction of light would be transmitted by a solution of iron four
times as concentrated?

Solution: T= 0'7{)
A=log——=10g1.43=0.155
0.70
0.155=ab(0.0100 g/ L)
ab=155L/g
Therefor ~ A=155 L/g (4x0.0100 g/L) = 0.620
€ 1
Iog? =0.620
T =0.240
The absorbance of the new solution could have A _ abc, _4
been calculated more directly: A, abc, ¢,

A=A x 20185 ~0620

G,



Beer’s Law
Consider This:

« A parallel beam of
monochromatic radiation
with power P strikes the
block perpendicular to a

surface after passing
through a length b of the
material , which contains
n absorbing particles , the
beam’s power 1s decreased
to P as a result of
absorption.

|

|

P(l

A

e

~—

T~

L
p

i i

S0




an

area S and an infinitesimal thickness dx.
»Within this section there are dn absorbing
particles;

associated with each particle, we can imagine a
surface

at which photon capture will occur.
»That is, If a photon reaches one of these areas by

chance, absorption will follow immediately.
» The total projected area of these capture
surfaces

within the section Is designated as dS;
»the ratio of the capture area to the total area,
then, Is

dS/S.
» On a statistical average, this ratio represents the



= The power of the beam entering the section, P,,
IS proportional to the number of photons per
sguare centimeter per second, and

= dP, represents the quantity removed per second
within the section;

= the fraction absorbed is then - dP, /P, and this
ratio also equals the average probability for

capture.
* The term Is given a minus sign to indicate that P

undergoes a decrease. Thus,

dP_t - EJ_S_ g.3
P S

X




Recall, now, that dS is the sum of the capture areas for particles within the
section; it must therefare he nranartinnal tn the number of particles, or

dS = adn -4

where dn is the number of particles and a is a proportionality
constant, which can be called the capture cross section
Combining Equations 3 and 4 and summing over the interval
between zero and n, we obtain

J’ PdP, "adn &5

Py Px 0 S

Integration gives P an
In—= —



converting to base 10 logarithms and inverting the fraction to
change the sign, we obtain

an

PO
P 23038

where n is the total number of particles within the block shown in Figure 2. The

cross sectional area S can be expressed in terms of the volume of the block V
and its length b.

Thus,

§ =~ em? a8
— —CIm-~ =
b

Substitution of this quantity into Equation 7 yields

Py anb
log —

P 2303V




Note that n/V has the units of concentration (that is, number of particles per
cubic centimetre); we can readily convert n/V to moles per litter. Thus, number
of moles given by

n particles
6.022 X 10* particles/mol

number mol =

and c in mol/L is given by

1 1% 1000 en?/L
C — mao
6.022 X 102 V cat
eq.9
1000
YL

T 6.022 X 102V

Combining eq.8 and 9
Py 6022 X 102 abe

loo — =
" p T 2303 X 1000
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Finally, the constants in this equation can be collected into a
single term ¢ to give

which is Beer's law.
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Application of Beer s Law to
Mixture

« Beer's law also applies to a solution containing more than one
Kind of absorbing substance.

* Provided there is no interaction among the various species, the

total absorbance for a multicomponent system is given by

» where the subscripts refer to absorbing components 1, 2, ..., n.



Deviations from Beer’s Law

* Beer’s law states that a plot of absorbance versus
concentration should give a straight line passing
through the origin with a slope equal to ab. However,
deviations from direct proportionality between
absorbance and concentration are sometimes
encountered.

 These deviations are a result of one or more of the
following three things ; real limitations, instrumental
factors or chemical factors.



Real Limitations

* Beer’s law 1s successful in describing the absorption
behavior of dilute solutions only ; in this sense It Is a
limiting law. At high concentrations ( > 0.01M ),the
average distance between the species responsible for
absorption is diminished to the point where each affects
the charge distribution of its neighbors.

* This interaction, in turn, can alter the species’ ability to
absorb at a given wavelength of radiation
— Because the extent of interaction depends upon concentration,

* the occurrence of this phenomenon thus leading to a
deviation from Beer’s law.



Limitations (cont)

« Asimilar effect is sometimes encountered in solutions
containing low absorber concentrations and high
concentrations of other species, particularly electrolytes.

* The close proximity of ions to the absorber alters the molar
absorptivity of the latter by electrostatic interactions;
— the effect is lessened by dilution

* Deviations also arise because ¢ 1s dependent upon the
refractive index of the solution. Thus, if concentration
changes cause significant alterations in the refractive index p
of a solution, departures from Beer’s law are observed.



Chemical Deviations

* Apparent deviations from Beer's law are frequently
encountered as a consequence of association,
dissociation, or reaction of the absorbing species with
the solvent to generate a product that has a different
absorption spectrum with the analyte.

« A common example of this behavior is found with
acid/base indicators.

 Deviations arising from chemical factors can only be
observed when concentrations are changed.



Instrumental Deviations

 Unsatisfactory performance of an instrument
may be caused by fluctuations in the power-
supply voltage, an unstable light source, or a
non-linear response of the detector-amplifier

system.



Polychromatic Radiation

 Strict adherence to Beer’s law is observed only with truly
monochromatic radiation. This sort of radiation is only
approached in specialized line emission sources.

 All monochromators, regardless of quality and size, have a
finite resolving power and therefore minimum instrumental
bandwidth.

* the use of radiation that is restricted to a single wavelength
Is seldom practical; devices that isolate portions of the
output from a continuous source produce a more or less
symmetric band of wavelengths around the desired one



Polychromatic Radiation (cont)

« Agood picture of the effect of polychromatic
radiation can be presented as follows. When
radiation consists of two wavelengths, A’ and A”°, and
assuming that Beer’s law applies at each of these

individually
* the absorbance at A’ Is given by:
log (P /P’)=A"=¢"bc
P’ /P’ =10%"b¢
P’=p’,10¢bc

Similarly at A” is given by P’ =p,” 10¢"tc



» When an absorbance measurement is made with radiation composed of both
wavelengths, the power of the beam emerging from the solution is given by (P' +
P") and that of the beam from the solvent by (P’5 + P”5).

»Therefore, the measured absorbance is

P, + Py
P+ P"

A, = log

We then substitute for P’ and P” and find that

Py + Py
Palo—s'bc + Pglo—a"bf

A, = log

E.T 72



or
A = log(P, + Py) — log(Py107¢™ + Pj10")
We see that when &' = ¢, this equation simplfies to

A, = log(Pg + Pg) — log[(Py + Pp)(107¢%)]
= log(P} + P7) — log(Py + Pg) — log(1072%)

=¢g'be=¢"be
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If the two molar absorpitivities differ, however, the
relationship between A,, and concentration will no longer be
linear; moreover, greater departures from linearity can be
expected with increasing differences between €' and €.

Ei;lnﬂ.—'|
Band B

—

““Band B

Absorbance
Mhsorhanee

Concentration

Wavelength

FIGURE the effect of polychromatic radiation on beer’s law. In the spectrum at the left, the
absorptivity of the analyte is nearly constant over band A from the source. Note in the beer’s law
plot at the right that using band A gives a linear relationship. In the spectrum, band B corresponds
to a region where the absorptivity shows substantial changes. In the right plot, note the dramatic

deviation from beer’s law that results.
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Chapter Three

Instruments for optical spectroscopy
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* The basic components of analytical instruments
— for emission,

— absorption and
— fluorescence spectroscopy

 Are remarkably alike in function and general

performance requirements regardless of whether

the instrument are designed for Uv, Vis or IR
radiation.

o Called Optical instruments



Spectroscopic Instruments contain five
components, including:

a stable source of radiant energy;

a wavelength selector that permits the isolation
of a restricted wavelength region;

a transparent container for holding the sample;

a radiation detector or transducer, that converts
radiant energy to a usable signal (usually
electrical); and

a signal processor and readout



)

'— ) (3) Sample “ ()(/(*Tjgg)()
- Wavelength | [:__» etacioe M PN
selector

@ L @
Source
Signal processor
a) and readout
)
(3) Sample 2) 4) (?<1%§)
e | Wavelength | Detector +—a»— LN
selector
= @ @ =
2) k
Signal processor
Wavelength and readout
selector
L —l (1) Source
il
(b)
, 5>
(1) Source 2) B (‘}) ‘A !O(eip*n
Wavelength 3 Detector £ g i _ -
selector
=
|

Signal processor
and readout

I I (3) Sample

c)

FIGURE 1 Components for various types of instruments for
optical spectroscopy: (a) absorption spectroscopy,

(b), fluorescence and scattering Spectroscopy and (c) emission spectroscopy



As can be seen in the figure, the configuration of components
(4) and (5) Is the same for each type of instruments.

Emission spectroscopy differ from the other two types in that
components 1 & 3are combined,
— that no external radiation source is required,;
 the sample itself is the emitter.

— the sample is usually fed into a plasma or a flame, which provides enough
thermal energy to cause the analyte to emit characteristic radiation..

Absorption and fluorescence spectroscopy require an external source of
radiant energy and a cell to hold the sample.

For the absorption measurements

The beam from the source passes through the sample after leaving the
wavelength selector.

In fluorescence Here, two wavelength selectors are needed to select the
excitation and emission wavelengths. The selected source radiation is
Incident on the sample and the radiation emitted is measured. usually at
right angles to avoid scattering.



Optical Material
The cell, windows, lenses and wavelength — selecting elements
In a optical spectroscopy instrument must transmit radiation in the

wavelength region being investigated.

Wavelength, nm 100 200 400 700 1000 2000 4000 T000 10,000 20,000 40,000

Spectral region . VAC . uv . Visible . Near IR . IR . Far IR

{a) Materials for Lithium fluoride

cells, windows,
lenses, and Fused silica or quartz
prisms I | |
Corex glass

1 |
Silicate glass

NaCl

KEBr

TIBr or TII

Znse

Figure 2a Transmittance ranges for various construction materials.
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" [Fluorite prism
(b) Wavelength ]

selectors

Fused silica or quartz prism

Glass prism

Continuum <

3000 lines/mm Gratings

NaCl prism

KBr pri

im

50 lines/mm

Interference wedge

Interference filters

Discontinuous <
Glass flters

Figure 2b Transmittance ranges for wavelength selectors
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Ordinary silicate glass is completely adequate for use
In the visible region and has the considerable
advantage of low cost.

In the UV region at wavelengths shorter than about
380 nm glass begins to absorb and fused silica or
quartz must be substituted.

Also, In the IR region, glass, quartz, and fused silica
all absorb at wavelengths longer than about 2500nm.

Hence, optical elements for IR spectrometry are
typically made from halide salts or In some cases
polymeric materials.



Spectroscopic Sources

To be suitable for spectroscopic studies,

— asource must generate a beam of radiation that is sufficiently powerful
to allow easy detection and measurement.

— its output power should be stable for reasonable periods of time.

Typically, for good stability. a well-regulated power supply
must provide electrical power for the source.

Spectroscopic sources are of two types:

continuum sources, which emit radiation that changes in
Intensity only slowly as a function of wavelength, and

line sources, which emit a limited number of spectral lines,
each of which spans a very limited wavelength range.

The distinction between these sources is illustrated in Figure 3.



(a)
Fig. 3

Intensity

(b)
e

Wavelength

Wavelength, nm 100 200 400 700 1000 2000 4000 7000 10,000 20,000 40,0100
Spectral region ) VAC . uv . Visible . Near IR . IR . Far IR
{a) Sources " AT lamp

—

Xe lamp
H; or D, lamp
H— LEDs
. ! [ [ |
Continuum < Tungsten lamp
I |
Nernst glower (Zr0, + Y,0;)

Michrome wire (N1 + Cr)
' I
Globar (510

Hollow cathode lamps

}
Lasers

Line




Continuous Sources of Ultraviolet -Visible, and Near-Infrared Radiation

Tungsten Filament Lamps
The most common source of visible and near-infrared radiation is the
tungsten filament lamp.

— The energy distribution of this source approximates that of a black body and
IS thus temperature dependent.

Figure below illustrates the behaviour of the tungsten filament lamp at
3000°K.In most absorption instruments, the operating filament
temperature is about 2900°K; the bulk of the energy is thus emitted in

the infrared reaion. |

Intensity ==

| 1
500 1000 1500 2000
Wavelength, nim

(2) (b)

Figure 4 (a) A tungsten lamp of the type used in spectroscopy and its spectmm

(b). Intensity of the tungsten source is usually quite low at wavelengths shorter than about 350 nm.

Note that the intensity reaches a maximum in the near-IR region of the spectrum ( -1200 nm in this case).
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« Atungsten filament lamp is useful for the
wavelength region between 320 and 2500 nm.

* In the visible region the energy output of a
tungsten lamp varies.

— As a consequence close voltage control is required
for a stable radiation source.

« Constant voltage transformers or electronic
voltage regulators are often employed for this
purpose



Hydrogen or Deuterium Lamps

* A truly continuous spectrum in the ultraviolet region Is conveniently
produced by the electrical excitation of hydrogen or deuterium
at low pressure.

* The mechanism by which a continuum is produced involves the
formation of excited molecule (D,*or H,*) by absorption of
electrical energy.

* The species then dissociates to give two hydrogen or deuterium

plus ultraviolet photon.

H,+E, — H*> — H + H”+hv
The energy of the overall process is

_ E_e: E o - Ey. + Byt ho
E ... is fixed quantized energy of H,* , E,;. and E,;..
kinetic energy of H> and H”



Most modern lamps for generating ultraviolet radiation
contain deuterium and are of a low-voltage lamps.

— an arc Is formed between a heated, oxide-coated filament and a
metal electrode.

The heated filament provides ‘electrons to maintain a dc
current when a voltage of about 40 V Is applied; a regulated
power supply is required for constant intensities.

Both hydrogen and deuterium lamps produce a continuous
spectrum in the region of 160 to 375 nm.

Quartz windows must be employed in the tubes, since glass
absorbs strongly in this wavelength region.

Xenon Arc Lamps.

This lamp produces intense radiation by the passage of
current through an atmosphere of xenon.

The spectrum iIs continuous over the range between about
250 and 600 nm.



Continuous Sources of Infrared radiation

The common infrared source 1s an inert solid heated
electrically to temperatures between

— 1500 and 2000°K.

The Nernst glower is composed of Zirconium and

yttrium oxides formed into a cylinder having a diameter
of 2 mm and length of perhaps 20 mm,

It emits infrared radiation when heated to a high
temperature by an electric current.

The Globar Source

A Globar is a silicon carbide rod, usually about 50 mm
In length and 5 mm in diameter.

Radiation in the region 1 to 40 um is emitted when the
Globar heated to 1500°C by passage of electricity



e Line Sources

 Sources that emit a few discrete lines find use in atomic
absorption spectroscopy, Raman spectroscopy, refractometry, and
polarimetry.

* Hollow Cathode Lamps
* The most common source for atomic absorption

 which consists of a tungsten anode and a cylindrical cathode
sealed in a glass tube that is filled with neon or argon at a
pressure of 1 to 5 torr

« The cathode is constructed of the metal whose spectrum is
desired or serves As a support for a coating of that metal.

Anode Hollow
cathode
o [ S / X
| “ ﬁ/I
}\ Quartz or
/ / / Pyrex window
Glass/ Ne or Ar

shield at 1—5 torr
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CELLS

UV Spectrophotometer

Quartz (crystalline silica)
Visible Spectrophotometer

Glass
IR Spectrophotometer

NaCl



= = g
oWl

Open-top Stoppered Stoppered
normal with lid normal Seminicro

Gl

Cylindrical

Semimicro

—

flow
4]
L
Tall micro Minimum height Sampling Demountable
micro flow

Figure Typical examples of commercially available cells for the
UV/visible region. ET 92



Wavelength Selection

Spectroscopic instruments generally required a device that
restricts the wavelength that is to be used to narrow band that
IS absorbed or emitted by the analyte.

— Such device enhance selectivity and sensitivity of an instrument

For absorption measurement, narrow bandwidths increase the
likelihood of adherence to Beer’s law.

For this reason we usually try to select a single wavelength
where the analyte Is the only absorbing species.

— Unfortunately, we cannot isolate a single wavelength of radiation from
a continuum source.

Instead, a wavelength selector passes a narrow band of
radiation characterized by

— anominal wavelength, an effective bandwidth, and a maximum
throughput of radiation.
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MNominal wavelength

o,

; \

"., Effective

** ‘ﬁkijjfwndﬂw

Wavelength

Radiant power

* The effective bandwidth i1s defined as the width of the radiation at
half the maximum throughput.

« The ideal wavelength selector has a high throughput of radiation
and a narrow effective bandwidth.

— A high throughput is desirable because more photons pass through the
wavelength selector, giving a stronger signal with less background noise.
* A narrow effective bandwidth provides a higher resolution, with
spectral features separated by more than twice the effective
bandwidth being resolved.



Generally these two features of a wavelength
selector are In opposition

Conditions favouring a higher throughput of
radiation usually provide less resolution.

Decreasing the effective bandwidth improves
resolution, but at the cost of a noisier signal.

For a qualitative analysis, resolution is
generally more important than the throughput
of radiation; thus,

— smaller effective bandwidths are desirable.

In a quantitative analysis a higher throughput
of radiation is usually desirable



Wavelength Selection Using Filters

The simplest method for isolating a narrow band of radiation is
to use an absorption or interference filter.

Absorption filters

work by selectively absorbing radiation from a narrow region of
the electromagnetic spectrum .
— Limited application to visible region.

A simple example of an absorption filter usually consist of a
colored glass plate that removes part of incident radiation by
absorption.

— A purple filter, for example, removes the complementary color green
from 500-560 nm.

— Commercially available absorption filters provide effective bandwidths
from 30-250 nm.
Interference filters are more expensive than absorption filters,
but have narrower effective bandwidths, typically 10-20 nm,
with maximum throughputs ofat least 40%.
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Wavelength Selection Using Monochromators

One limitation of an absorption or interference filter is that
they do not allow for a continuous selection of wavelength.

If measurements need to be made at two wavelengths, then the
filter must be changed in between measurements.

A further limitation is that filters are available for only
selected nominal ranges of wavelengths.

An alternative approach to wavelength selection, which
provides for a continuous variation of wavelength, is the
— monochromator

Monochromators for ultraviolet, visible, and infrared radiation
are all similar in mechanical construction in the sense that they
employ slits, lenses, mirrors, windows, and prisms or gratings.



« Components of Monochromator

 All monochromators contain an entrance slit, a collimating lens
or mirror to produce a parallel beam of radiation, a prism or
grating as a dispersing element and a focusing element,

« which projects a series of rectangular images of the entrance slit
upon a plane surface (the focal plane).

Infrared

T

monochromatic
Ray

Red

Orange
Yellow

Polychromatic PRISM Green

Ray

Blue
Violet

Ultraviolet

AN

Polychromatic Ray » Monochromatic Ray



,//f(:oncqve\\\\
Im lrrOl"'s

TR

Retlegtlon
grating

Entrrance
slit slit

(a)

Entrance Collimating
sht lens

Exit
siie

Focusing
lens ‘A
(b)

Figure Types of monochromators: (a) grating monochromator: (b) prism monochromator.
The monochromator design in (a) is a Czerny- Turner design. while the prism
monochromator in (b) is a Bunsen design. In both cases, , 4, >4,
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A source of radiation containing two wavelengths, 4, and 4,, IS
shown for purposes of illustration.

This radiation enters the monochromators via a narrow
rectangular opening or slit, is collimated, and then strikes the
surface of the dispersing element at an angle.

In the prism monochromator, refraction at the two faces results
In angular dispersal of the radiation, as shown;

for the grating, angular dispersion results from diffraction,
which occurs at the reflective surface.

In both designs, the dispersed radiation is focused on the focal
plane AB where it appears as two "images of the entrance slit
(one for each wavelength).



Radiation detectors and Transducers

A detector iIs a device that indicates the existence of some
physical phenomenon.

Photographic film indicating presence of EMR ,pointer of
balance indicating mass d/n, mercury level in thermometer
Indicating temperature change.

— Early instruments for the measurement of emission and absorption of

radiation required visual or photographic methods for detection.

A transducer Is a special type of detector that converts signals,
such as light intensity, pH, mass and temperature into electrical
signals that can be subsequently amplified,

manipulated and finally converted into numbers that are
related to the magnitude of the original signal.



Properties of Transducers

To be useful the detector must respond rapidly to low levels of
radiant energy over a broad wavelength range.

produce an electrical signal that can be readily amplified, and
have a relatively low noise level (for stability).

Finally, it Is essential that the signal produced be directly
proportional to the beam power P; that is,

G=KP+K’

— where G is the electrical response of the detector in units of current.
resistance, or potential. The constant K measures the sensitivity of the
detector in terms of electrical response per unit of radiant power.

— Many detectors exhibit a small constant response known as a dark
currenl K'. even when no radiation impinges on their surfaces.



Types of Transducers
As indicated in Table,10.4 two general types of radiation transducers
are employed; one responds to photons, the other to heat.

I i I
(b) Detectors i Photographic plate
I I
Photomultiplier tube
I
Phototube
|
Photocell
Photon + |
detectors Silicon diode
| I i
Charge-transfer detector
| Photoconductor
[ |
. Thermocouple (voltage) or bolometer (resistance)
|
- I T T T
Golay pneumatic cell
I I I
Thermal < Pyroelectric cell (capacitance)
detectors
LS




All photon detectors are based upon interaction of
radiation with a reactive surface to produce electrons
(photoemission) or

to promote electrons to energy states in which they
can conduct electricity (photoconduction).

Only ultraviolet, visible, and near-infrared radiations
have sufficient energy to cause these processes to
occur.

Photoelectric detectors also differ from heat detectors
In that their electrical signal results from a series of
Individual events (absorption of one photon).



Photon Detectors

Several types of photon detectors are available. including:

— photovoltaic cells, phototubes, photomultiplier tubes, semiconductor
detectors, silicon diodes and charge —transfer device

Phototubes

which consists of a semi cylindrical cathode and a wire
anode sealed inside an evacuated transparent envelope.

The concave surface of the electrode supports a layer of
photoemissive material that tends to emit electrons upon
being irradiated.

When a potential is applied across the electrodes, the
emitted electrons flow to the wire anode, generating a
photocurrent.

The currents produced are generally about one-tenth as great as
those from a photovoltaic cell for a given radiant intensity.



Wire
C // anode
Cathode
'-\\\\
AT ~L~"T~_~ Photon
el beam
~
\
- \ Electrons
Evacuated glass or—- L
quartz envelope D
u dc amplitier
and
readout
90 V dc
f [
:'I ’I ’i +

Figure A phototube and accompanying circuit. The photocurrent induced by
the radiation causes a voltage across the measuring resistor:
this voltage is then amplified and measured.
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* The number of electrons ejected from a
photoemissive surface is directly proportional
to the radiant power of the beam striking that
surface.

 As the potential applied across the two
electrodes of the tube Is about 90 V, the
fraction of the emitted electrons reaching the
anode to give current that Is proportional to the
radiant power.

 Assignment Discuss In detall for the remaining
four type of detectors
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Heat detector

Infrared radiation generally does not have sufficient energy to
produce a measurable current when using a photon transducetr.
— A heat detector, therefore, is used for infrared spectroscopy.

The absorption of infrared photons by a heat detector increases
Its temperature, changing one or more of its characteristic
properties.

The pneumatic transducer, for example consists of a small tube
filled with xenon gas equipped with an IR-transparent window
at one end, and a flexible membrane at the other end.

A blackened surface in the tube absorbs photons, increasing
the temperature and, therefore, the pressure of the gas.

The greater pressure in the tube causes the flexible membrane
to move in and out, and this displacement is monitored to
produce an electrical signal.



* SIGNAL PROCESSORS AND READOUTS

* The signal processor Is ordinarily an electronic
device that amplifies the electrical signal from
the detector; in addition, it may alter the signal
from dc to ac (or the reverse)

— change the phase of the signal, and filter it to
remove unwanted components.

* Furthermore, the signal processor may be
called upon to perform such mathematical
operations on the signal as differentiation
Integration, or conversion to a logarithm.



Chapter Four

Atomic Absorption and Emission
Spectroscopy
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ATOMIC SPECTROSCOPY

Elemental analysis at the trace or ultratrace level can be
performed by a number of analytical techniques;
however, atomic spectroscopy remains the most
popular approach.

,fé_\t(ljcrlnic spectroscopy can be subdivided into three
lelds:

Atomic emission spectroscopy (AES),
Atomic absorption spectroscopy (AAS), and
Atomic fluorescence spectroscopy (AFS)

that differ by the mode of excitation and the method of
measurement of the atom concentrations.



The selection of the atomic spectroscopic technigue to
be used for a particular application should be based on
the desired result, since each technique involves
different measurement approaches.

AES excites ground-state atoms and then quantifies the
concentrations of excited-state atoms by monitoring
their special deactivation.

AAS measures the concentrations of ground-state
atoms by quantifying the absorption of spectral
radiation that corresponds to allowed transitions from
the ground to excited states.

AFS determines the concentrations of ground-state
atoms by quantifying the radiative deactivation of
atoms that have been excited by the absorption of
discrete spectral radiation.




TABLE 28-1

Classification of Atomic Spectroscopic Methods

Typical
Atomization Types of
Atomization Method Temperature, °C, Spectroscopy Common Name and Abbreviation
Inductively coupled plasma 6000-8000 Emission [nductively coupled plasma atomic
emission spectroscopy, ICPAES
Mass Inductively coupled plasma mass
spectrometry, ICP-MS
Flame 1700-3150 Absorption Atomic absorption spectroscopy, AAS
Emission Atomic emission spectroscopy, AES
Fluorescence Atomic fluorescence spectroscopy, AFS
Electrothermal 1200-3000 Absorption Electrothermal AAS
Fluorescence Electrothermal AFS
Direct-current plasma 5000-10,000 Emission DC plasma spectroscopy, DCP
Electric arc 3000-8000 Emission Arc-source emission spectroscopy
Electric spark Varies with time Emission Spark-source emission spectroscopy
and position Mass Spark-source mass spectroscopy

© 2004 Thomson - Brooks/Cole
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Flame Atomic Emission
Spectroscopy

Introduction Flame photometry, now more properly called
flame atomic emission spectrometry, is a relatively old
Instrumental analysis method.

Atomic emission Is a fast, simple, and sensitive method for
the determination of trace metal ions in solution.

Because of the very narrow (ca. 0.01 nm) and characteristic
emission lines from the gas-phase atoms in the flame
plasma, the method is relatively free of interferences from
other elements.

The method is suitable for many metallic elements,
especially for those metals that are easily excited to higher
energy levels at the relatively cool temperatures of typical
flames — Na, K, Ca, RbDb, Cs, Cu, and Ba.



Theory

Sample solution sprayed or aspirated as fine mist into flame.

Conversion of sample solution into an aerosol by atomizer
(scent spray) principle.

— In this stage no chemical change in the sample

Heat of the flame vaporizes sample constituents

— Solvent vaporizes leaves solid partial of salt

By heat of the flame + action of the reducing gas (fuel),
molecules & ions of the sample species are decomposed and
reduced to give ATOMS.

— eg Na* +e --> Na

Heat of the flame causes excitation of some atoms into higher
electronic states.

Excited atoms revert to ground state by emission of light
energy, of characteristic wavelength; measured by detector.
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Flame Emission -> It measures the radiation
emitted by the excited atoms that Is related to
concentration.

Atomic Absorption -> it measures the radiation
absorbed by the unexcited atoms that are
determined.

Atomic absorption depends only upon the number
of unexcited atoms, the absorption intensity Is not
directly affected by the temperature of the flame.

The flame emission intensity in contrast, being
dependent upon the number of excited atoms, iIs
greatly influenced by temperature variations.



Instrumentation:

Flame photometer consists of following
components:

Pressure regulators and flow meters for fuel gases
Flame source
The atomizing device

Wavelength selectors: May be a filter or
Monochromator

Photosensitive detectors
Read out unit.
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Signal processor
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Requirements of flame:
It should have proper temperature

Temp. should remain constant throughout
operation.

There should not be any fluctuation during
burning.
Function flame includes:

— To convert the constituent of the liquid sample in to
vapor state.

— To decompose the constituent into atoms or simple
molecules.

— To electronically excite a fraction of the resulting
atomic or molecular spectra.



Transformation of sample into vapour

With a pneumatic nebulizer operated by a compressed
gas, the solution is aspirated from the sample container
and nebulized into a mist or aerosol of fine droplets.

By desolvation, I.e., evaporation of the solvent from the
droplets, this mist is converted into a dry aerosol which
Is volatilized in the flame.

The atomization, I.e., the conversion of volatilized
analyte into free atoms is performed by the flame or

other atomizer.
Nebulization Desolvation Volatilization
5 | | - B
sample | Spray A Dry A

aerosol



* Nebulizers used In flame photometer

* According to the source of energy used for
nebulization as, for example, Pneumatic or
ultrasonic nebulizers.

» According to the relative position of the
capillaries for the nebulizing gas and the

aspirated liquid, e.g., angular and concentric
nebulizers
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Burners

Flames are produced by means of a burner to
which fuel and oxidant are supplied in the form of
gases.

With the premix burner, fuel and oxidant are
thoroughly mixed inside the burner housing
before they leave the burner ports and enter the
primary combustion or inner zone of the flame.

This type of burner usually produces an
approximately laminar flame, and i1s commonly
combined with a separate unit for nebulizing the
sample.

The direct-injection burner combines the function
of nebulizer and burner.



Auxiliary
oxidant

\

Fuel \

Nebulizer
adjusting knob

Sample
capillary
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« Thermal energy in flame atomization is provided by the
combustion of a fuel-oxidant mixture.

« Common fuels and oxidants and their normal temperature
ranges are listed in Table 28.2. Of these, the air-acetylene
and nitrous oxide-acetylene flames are used most
frequently.

TABLE 28-2
Flames Used in Atomic

Spectroscopy
Fuel and Oxidant Temperature, "C
*Gas/Air 1700—1900
:{:GaS/Oz 2700—2800
Ho/air 2000-2100
H,/O, 2500-2700
TC,H,/air 2100-2400
"CoHo/O, 3050-3150

*Propane or natural gas

Acetylene - "

© 2004 Thomson - Brooks/Cole



Flame temperature:

The optimum flame temp. depends upon several
factors as excitation energy of the element,
sensitivity of the measurement, Presence of other
elements etc.

The temp. of flame lies between 1000°C and
3000°C.

Mixture of coal gas and air do not give very hot
flames, because of presence of nitrogen.

The cyanogens gas produces excellent spectra but
It IS toxic.
Acetylene and hydrogen are most frequent choice



Atomic Absorption Spectroscopy (AAS)

Atomic absorption spectroscopy Is a quantitative method of
analysis that is applicable to many metals and a few
nonmetals.

The technique was introduced in 1955 by Walsh in Australia
(A.Walsh, Spectrochim. Acta, 1955, 7, 108)

A much larger number of the gaseous metal atoms will
normally remain in the ground state.

These ground state atoms are capable of absorbing radiant
energy of their own specific resonance wavelength.

If light of the resonance wavelength is passed through a flame
containing the atoms in question, then part of the light will be
absorbed.

The extent of absorption will be proportional to the number of
ground state atoms present inthe flame.



Energy, eV

4.0

1.0

5900 nm
3

285 nm
330 nm

Absorbance
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Wavelength, nm
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Eneregy

Absorbance

Absorption of light and w]

hat 1s colour?

Wavelength of Colour absorbed Colour observed
% maximuin
| absorption (nm)
S r 380-420 Violet
420-440 Violet-Blue
440-470 Blue
470-500 Red
T ——C— 500-520 Purple
Eﬂ 520-550 Violet
550-580 Violet-Blue
580-620 Blue
620-680 Red
680-780 Purple

Wavelength / nm

E.T
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Instrumentation

Line

source Monochromator Detector

" Schematic diagram of a flame spectrophotomer




Light Source

Q Laser
a Hollow-cathode lamp

Hollow-cathode lamp: _
quartz window
anode | ~—

el == light output
| _ -t---- i outpu
supply cathode f\ 9 P
rare gas (Ar, Ne)

electric discharge

= lonization of rare gas atoms

= acceleration of gas into cathode

=~ metal atoms of the cathode are sputtered into gas phase

= collision of sputtered atoms with gas atoms or electrons
excite metal atoms to higher energy levels

= decay to lower energy levels by emission of light
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Reactions in the hollow-cathode lamp
lonization of fillergas: Ar + e —» Art + 2e

sputtering of cathode atoms: M(s) + Arf —» M(g) + Ar
excitation of metal atoms: M(g) + Arr — M*(g) + Ar
light emission: M*(g) —» M(g) + hv

The cathode contains the element that is analysed.

= Light emitted by hallow-cathode lamp has the same
wavelength as the light absorbed by the analyte element.

= Different lamp required for each element (some are multi-
element)

Hollow-cathode lamps are discharge lamps that produce
narrow emission from atomic species.

Atomic absorption and emission linewidths are inherently
narrow. Due to low pressure and lower temperature in the
lamp, lines are even narrower than those of analyte atoms.
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Atomization

Desolvation and vaporization of ions or atoms in a sample:
high-temperature source such as a flame or graphite furnace

= Flame atomic absorption spectroscopy
= Graphite furnace atomic absorption spectroscopy

Flame atomic absorption spectroscopy:

Sample introduction:

burner head
nebulizer @ T

and flame N . liquid waste

N

rotating chopper
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Nebulizer
a sucks up the liquid sample (= aspiration)

Q creates a fine aerosol (fine spray) for introduction into
flame

a mixes aerosol, fuel and oxidant thoroughly, creates a
heterogenous mixture

a the smaller the size of the droplets produced, the
higher the element sensitivity

fuel =~ acetylene

oxidant = air (or nitrous oxide)
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Disadvantages of Flame Atomic Absorption
Spectroscopy

a only solutions can be analysed

a relatively large sample quantities required (1 — 2 mL)
a less sensitivity (compared to graphite furnace)

a problems with refractory elements

Advantages

Q inexpensive (equipment, day-to-day running)
a high sample throughput

a easy to use

a high precision

E.T 140



Graphite furnace atomic absorption spectroscopy

Sample holder: graphite tube

Samples are placed directly in the
graphite furnace which is then
electrically heated.

Beam of light passes through the

tube.
Three stages:

1.drying of sample
2. ashing of organic matter
3. vaporization of analyte atoms

to burn off organic species that would
Interfere with the elemental analysis.
Molecules have broad absorption bandsl
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Stages In Graphite Furnace

typical conditions for Fe:

drying stage: 125 °C for 20 sec
ashing stage: 1200 °C for 60 sec

vaporization: 2700 °C for 10 sec
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Advantages over flame atomic absorption spectroscopy:

3 Solutions, slurries and solid samples can be analysed.
2 much more efficient atomization

a greater sensitivity

a smaller quantities of sample (typically 5 — 50 ul)

Q provides a reducing environment for easily oxidized
elements

Disadvantages

O expensive

a low precision

a low sample throughput

a requires high Ievgl of operator sKill
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Monochromator

1 Isolation of the absorption line from background light
and from molecular emissions originating in the flame,
.. tuned to a specific wavelength

1 multi-element lamps: large number of emitted lines;
Isolation of the line of Interest



Detector

A photomultiplier measures the intensity of the incident
light and generates an electrical signal proportional to the
Intensity.

- e
¥ -

F o

signal vs. time N

\ analytical signal

The rotating chopper eliminates unwanted emissions from
the flame.
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Effect of Temerature on Sodium Atoms

T/K % ground state | % excited state
2600 99.9833 0.0167
2610 99.9826 0.0174

The effect of a 10 K temperature rise on the ground state
population is negligible (ca. 0.02 %).

In the excited state the fractional change is:
(0.0174 - 0.0167) x 100/ 0.0167 =4 %

Small changes in flame temperature (~ 10 K) have little
effect in atomic absorption but have significant effects

in atomic emission spectroscopy.
In atomic emission spectroscopy the control of the

flame temperature is critical!

ET
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Interferences

effects on signal when analyte concentration remains
unchanged

1. Chemical Interference: Formation of stable or
refractory compounds

refractory: elements that form stable compounds that
are not completely atomised at the temperature of the
flame or graphite furnace

example:
calcium in the presence of phosphate forms stable
calcium phosphate

3Ca?* + 2PO,> — Cay(PO,),

= higher flame temperature (nitrous oxide / acetylene
Instead of air / acetylene)

= release agents

= chelating agent
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Addition of a chelating agent for the analysis of calcium:

Ca,(PO,), + 3EDTA — 3Ca(EDTA) + 2PO*

Addition of a release agent for the determination of calcium:

for example: addition of 1000 ppm LaCl,

Cas(PO,), + 2LaCl, —» 3CaCl, + 2LaPO,

E.T 148



2. lonisation Interference

M(g) — M*(g) + &

problem in the analysis of alkali metal ions: alkali metals
have lowest ionisation energies and are therefore most
easily ionised In flames.

Example: 2450 K, p =0.1 Pa = Na 5 % ionised
= K 33 % ionised

lonisation leads to reduced signal intensity, as energy levels
of ions are different from those of the parent ions.

lonisation of the analyt element can be suppressed by
adding an element that is more easily ionised. lonisation of
the added element results in a high concentration of
electrons in the flame.

Example:
Addition of 1000 ppm CsCI when analysing for Na or K
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Influence of physical properties of the solution

The amount of sample that reaches the flame depends on

a viscosity
1 surface tension
a density

1 solvent or vapour pressure

of the solution.

Physical properties of sample and standard solutions for
calibration curve should match as closely as possible.
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Sensitivity of Atomic Absorption Spectroscopy

A high sensitivity for most elements

a flame atomisation: concentrations at the ppm level

a electro-thermal atomisation (graphite furnace):
concentrations at the ppb level

1 ppm = 10° g/g or 1 ng/g

If we assume that the density of the analyte solution is
approximately 1.0, then

1 ppm=1png/g =1 ug/mL
1ppm Fe=1x10®%gFe/mL =179 x 10° mol/L

Sensitivity = concentration of an element which will
reduce the transmission by 1 %.
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Application of Flame photometer

* Determination of Na*, K+, Ca**,Mg** In
biological fluids (Serum, plasma & Urine),
Analysis of Industrial waste for pollutants

Hardness of water
* Determination of Heavy metal at trace and
ulteratrace level
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w Chapter Five

UV-Visible spectroscopy
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¢ Electromagnetic Spectrum

Micro wave

X-Rays, [y VIS NIR
200nm 400nm 700nm 2500nm
Type of Radiation | Type of Transition
X-Rays Inner Electron
UVVIS Quter Electron
IR Molecular vibration
Micro Wave Molecular rotation
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UV-Visible spectrum

* The part of the electromagnetic radiation
spectrum that you are most familiar with is
"visible light" but

* this is just a small portion of all the possible
types

— Violet :400 - 420 nm
— Indigo : 420 - 440 nm
— Blue : 440 - 490 nm

— Green: 490 - 570 nm
— Yellow : 570 - 585 nm
— Orange :585 - 620 nm
— Red : 620-780 nm



Ultraviolet and visible spectroscopy

It is used to measure the multiple bonds or atomic
conjugation within the molecule.

The UV-Visible region is subdivided as below
— Vacuum UV: 100-200 nm

— Near UV: 200 to 400 nm

— Visible region: 400 to 750 nm

Vacuum UV iIs so named because molecule of air
absorb radiation In these region.

The radiation is assessable only in special
vacuum eguipments.



Basics of UV Light Absorption

Ultraviolet/visible spectroscopy involves the
absorption of ultraviolet/visible light by a
molecule

causing the promotion of an electron from a
ground electronic state to an excited electronic
State

Absorption of this relatively high-energy light
causes electronic excitation.

The easily accessible part of this region
(wavelengths of 200 to 800 nm)

absorption only if conjugated pi-electron systems
are present.



The visible region of the spectrum comprises
photon energies of 36 to 72 kcal/mole, and

the near ultraviolet region, out to 200 nm,
extends this energy range to 143 kcal/mole.

Ultraviolet radiation having wavelengths less than
200 nm is difficult to handle, and is seldom used
as a routine tool for structural analysis

The energies are sufficient to promote or excite a
molecular electron to a higher energy orbital.

The absorption spectroscopy carried out in this
region is sometimes called "electronic
spectroscopy”.



Electronic transitions
— d and f electrons
— Charge transfer reactions

* 1, o, and n (non-bonding) electrons



Absorption Involving d and f Electrons

* Most transition-metal 1ons absorb in the
ultraviolet or visible region of the spectrum.

* For the lanthanide and actinide series, the
absorption process results from electronic
transitions of 4f and 5f electrons:

* for elements of the first and second transition-
metal series, the 3d and 4d electrons are
responsible for absorption.
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D transitions

 Partially occupied d orbitals

— Transitions from lower to higher energy levels
« Splitting of levels due to spatial distribution

similar

Axial direction
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D transitions

 Binding ligands on axis have greater effect
on axial orbitals

dg, d2_j d3_yt
: A d_q, d-LT." djﬁ Ilf
[ | | d
> ! f I—
A & | [
E ! -
JI' | |IJ|||I dn Fad d.rz
i T
- | faaa g Iy
i/ deye dypp dy, / /
| / )/ /
dr dy dyy !‘F' i
dy2, dg_ 2
No Octahedral Tetrahedral Square planar
ligand ligand ligand ligand
field field field field
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D transitions

* A value dependent upon ligand field
strength

— <Br<Cl'<F<OH<C,0,4#~H,0<SCN-
<NH;<en<NO, <CN-
— A 1ncreases with increasing field strength
o f-f
— 4f and 5f (lanthanides and actinides)
— Sharper transitions



Actinide transitions

Pu* (489 nm)

Pu® (835 nm)

Absorbance

0 1 | 1 |

400 500 600

700

Wavelength (nm)

800

Figure 2: UV-vis spectra of organic phases for
13M HNO, system



Charge-transfer Transitions

 Electron donor and acceptor characteristics

— Absorption involves e transitions from donor to
acceptor
« SCN to Fe(lll)
— Product is Fe(l1) and neutral SCN

— Metal Is acceptor

« An exception is the 1,10--phenanthroline complex of iron(lIl) or copper(l),
where the ligand is the acceptor and the metal ion is the donor.



* t, o, and n (non-bonding) electrons

4:;'. o % ﬂﬂ o= {J
'C-- ﬂﬂ X=n
‘,?l O O=n



Sigma and Pi orbitals

(b) & orbital (d) & * orbital
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EMERGY

Electronic transactions involved

i i i ﬁ*[aﬂti—hnﬂdiﬂgj
b . .
i i i . (anti-bonding)
. Nt o
N+ * .
T T o OO
n (non-bonding)
*
e )

T (honding)

g (honding)
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Far ultra-violet ~ Near ultra-violet Visible
(Vacuum u.v.)
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Electronic spectroscopy

 Out of the six transitions outlined, only the two
lowest energy ones (left-most, colored blue)
are achieved by the energies available in the
200 to 800 nm spectrum.

* As arule, energetically favored electron
promotion will be from the highest occupied
molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), and
the resulting species Is called an excited state




Types of Transitions

There are several types of electronic transitions
available to a molecule including:

o to o * (alkanes)
o to T * (carbonyl compounds)

nt to  * (alkenes, carbonyl compounds,
alkynes, azo compounds)

n to o * (oxygen, nitrogen, sulfur, and halogen
compounds)

n to © * (carbonyl compounds)



o ¢ * Transitions

An electroq In a bpnding o orb@tal 1s excited to the
corresponding antibonding orbital.

* The energy required is large.
For example, alkanes as methane (which has only

C-H bonds, and can only undergo ¢ ¢ *
transitions)

shows an absorbance maximum at 125 nm.

Absorption maxima due to ¢ ¢ * transitions are
not seen in typical UV-Visible spectra (200 - 700
nm).

o bonds are very strong and requires higher
energy of vacuum UV.



Ethane

O —>O%*
Amax = 135 nm  (a high energy transition)

Absorptions having A, <200 nm are difficult to observe because

everything (including quartz glass and air) absorbs in this spectral region.



no * Transitions

Saturated compounds containing atoms with lone pairs
(non-bonding electrons) are capable of n ¢ * as transitions.

These transitions usually need less energy than 6 ¢ *
transitions.

They can be initiated by light whose wavelength is in the
range 150 - 250 nm.

The number of organic functional groups with n ¢ * peaks
In the UV region is small.

These transitions are involved in saturated compound with
one hetero atom with unshared pair of electron I.e. saturated
halides, ethers, aldehydes, ketones, amines etc.

These transitions are sensitive to hydrogen bonding eg
alcohol and ethers which absorbs at wavelength shorter than
185 nm therefore used as a solvent in UV



7t ¢ * Transitions

For molecules that possess m bonding as 1n alkenes,
alkynes, aromatics, acyl compounds or nitriles,

energy that is available can promote electrons from a &
Bonding molecular orbital to a m Antibonding
molecular orbital (7w * ).

This is called a © & * transition.

The absorption peaks for these transitions fall in an
experimentally convenient region of the spectrum (200
- 700 nm).

These transitions need an unsaturated group in the
molecule to provide the © electrons.



~

A

~N,

AE= hv

%\44 %\Ar =hc/\
T — T

Example: ethylene absorbs at longer wavelengths:

<
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n it * Transitions

Lone pairs that exist on Oxygen atoms and Nitrogen
atoms may be promoted from their non-bonding
molecular orbital to a w antibonding molecular orbital
within the molecule.

This 1s called an n © * transition and

requires less energy (longer wavelength) compared to a
n t * transition within the same chromophore.

These are available in compounds with unsaturated
centers. eg. Alkenes. They requires lowest energy as
compare to others






Conjugated systems:

\_/ N
/N

/ o R_H_g .-’:;_ X — LuMO
5_\% 5 e e - owo
C i S o —T—l—

Preferred transition is between Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO).

Note: Additional conjugation (double bonds) lowers the HOMO-LUMO energy gap:
Example:

1,3 butadiene: Aoy = 217 nm ; €=21,000

1,3,5-hexatriene A, =258 nm ; &=35,000



Similar structures have similar UV spectra:

O

5

Aay = 238, 305 nm

O
A = 240,311 nm

A =173,192 nm




Table: absorption characteristics of some common chromophores

Chromophore Example Solvent Enax  Transition Type
Alkene C¢H,;CH=CH, n-Heptane 177 13,000 T = 7
Alkyne C;H,,CH=C—CH; n-Heptane 178 10,000 T =t
196 2000 —
225 160 —
Carbonyl CH,CCH; n-Hexane 186 1000 n—c*
!:L 280 16 n—m*
CH,CH n-Hexane 180 large n—=oa*
293 12 n—m*
Carboxyl CH;COOH Ethanol 204 41 n—m*
Amido CH,CNH, Water 214 60 n—rm*
Azo CH,N=NCH, Ethanol 339 5 n—a*
Nitro CH;NO, [sooctane 280 22 n—rma*
Nitroso C,HNO Ethyl ether 300 100 —
665 20 n—a*
Nitrate C,H:ONO, Dioxane 270 12 n=—a*
182
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Activity one:

Transitions n-> ¢ *, t -> w*, n->n* , 6 -> o*, o ->n*
Choose possible transitions from the above list for each
chromophores.

R-OH

R-O-R

R-CH2-R

R-C=C-R

R-C=N

R-CHO

RCOOH




Instrumentation: :

Shutter Photo-

Il:l Reference detector Readout

cell
lnéi\'ﬂ’n

Source

Filter or
monochromator

'-..-"b..r"v"hf"bh_.

Sample
cell
(a)
FPhoto-
detector
Reference 1
Shutter cell P,
I|:| D Feadout
Source i Photo-
kv Filter or Beam- dct:c?ur Dafference |,
monochromator splitter 4 amplifier

P
Mirror DVV\»-

(b)
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Readout

30

Reference
cell

Amplifier

Ond
MIIror

Photo-

Sample
detector

cell

Source

hv Filter or
O - monochromator

Mirror

Sector

Mirror \
Motor

Mirror

Figure: Instrumental designs for UV-visible photometers or spectrophotometers. In (a), a single-beam
instrument is shown. Radiation from the filter or monochromator passes through either the reference cell
or the sample cell before striking the photodetector. In (b), a double-beam-in-space instrument is shown.
Here, radiation from the filter or monochromator is split into two beams that simultaneously pass through
the reference and sample cells before striking two matched photodetectors. In the double-beam-in-time
instrument (c), the beam is alternately sent through reference and sample cells before striking a single
photodetector. only a matter of milliseconds separate the beams as they pass through the two cells.
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|nstrumentation:

A beam of light from a visible and/or UV light source
IS separated into its component wavelengths by a
prism or diffraction grating.

Each monochromatic (single wavelength) beam In
turn 1s split into two equal intensity beams by a half-
mirrored device.

One beam, the sample beam , passes through a small
transparent container (cuvette) containing a solution
of the compound being studied in a transparent
solvent.

The other beam, the reference , passes through an
Identical cuvette containing only the solvent.



The intensities of these light beams are then measured
by electronic detectors and compared.

The intensity of the reference beam, which should
have suffered little or no light absorption, is defined
as l,.

The Intensity of the sample beam Is defined as I.
Over a short period of time, the spectrometer

automatically scans all the component wavelengths in
the manner described.

The ultraviolet (UV) region scanned is normally from
200 to 400 nm, and the visible portion is from 400 to
800 nm.



Solvent effect:

Different compounds may have very different
absorption maxima and absorbances.

Intensely absorbing compounds must be examined in
dilute solution, so that significant light energy Is
received by the detector, and this requires the use of
completely transparent (non-absorbing) solvents.

The most commonly used solvents are water,
ethanol, hexane and cyclohexane.

Solvents having double or triple bonds, or heavy
atoms (e.g. S, Br & 1) are generally avoided.



» Solvents must be transparent in the region to
be observed; the wavelength where a solvent

IS no longer transparent is referred to as the

cutoff

Table: solvents for the UV and Visible regions

Lower Lower
Wavelength Wavelength
Limit, nm Solvent Limit, nm

Water 180 Diethyl ether 210
Ethanol 220 Acetone 330
Hexane 200 Dioxane 320
Cyclohexane 200 Cellosolve 320
Carbon 260

tetrachloride

ET
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« H-bonding further complicates the effect of vibrational and
rotational energy levels on electronic transitions, dipole-
dipole interacts less so

« The more non-polar the solvent, the better (this is not

always possible)

Heptane
solvent

| 1

1.6
— as
phase
1.4 —
) |
)
S 1.2 '
= 1.6 —
Water
solvent
1.4 —
1.2 '

Aldcohol

solvent

26l

Figure: effect of solvent on the absorptioEq spectrum of acetaldehy

280 300

Wavelength, nm

320
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The Spectrum
1. The x-axis of the spectrum is in wavelength; 200-350 nm for UV,
200-700 for UV-VIS determinations

2. Due to the lack of any fine structure, spectra are rarely shown in their
raw form, rather, the peak maxima are simply reported as a numerical
list of “lambda max” values or A

max

Ao = 206 nm
252
317

ﬂL/\ 376




The Spectrum
1. The y-axis of the spectrum is in absorbance, A

2. From the spectrometers point of view, absorbance is the inverse of
transmittance: A =109y, (Po/P)

3. From an experimental point of view, three other considerations must
be made:
I. alonger path length, | through the sample will cause
more UV light to be absorbed — linear effect

Il. the greater the concentration, ¢ of the sample, the more
UV light will be absorbed — linear effect

Iil. some electronic transitions are more effective at the

absorption of photon than others — molar absorptivity, ¢
this may vary by orders of magnitude...
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4. These effects are combined into the Beer-Lambert Law: A=c¢cc |

I.  for most UV spectrometers, | would remain constant (standard
cells are typically 1 cm in path length)

Il. concentration is typically varied depending on the strength of
absorption observed or expected — typically dilute — sub .001
M

I1l.  molar absorptivities vary by orders of magnitude:
« values of 10%-10° are termed high intensity absorptions
«  values of 103-10* are termed low intensity absorptions
« values of 0 to 103 are the absorptions of forbidden
transitions

A is unit less, so the units for € are cm? - M-t
5. Since path length and concentration effects can be easily factored
out, absorbance simply becomes proportional to €, and the y-axis is
expressed as e directly or as the logarithm of ¢
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The Spectrum
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Terminology Chromophore:

Chromophore: A covalently unsaturated group
responsible for electronic absorption.

Or Any group of atoms that absorbs light whether or not
a color is thereby produced. Eg C=C, C=0, NO, etc

A compound containing chromophore is called
chromogen.

There are two types of chromophore

— Independent chromophore: single chromophore is sufficient to
Import color to the compound eg. Azo group

— Dependent chromophore: When more then one chromophore is
required to produce color.

» Eg acetone having 1 kentone group is colorless where as diacetyl
having two kentone group is yellow



Auxochrome:

« A saturated group with non bonding electron when
attached to chromophore alters both wavelengths as
well as intensity of absorption. Eg OH, NH,, NHR
etc.

OR

« A group which extends the conjugation of a
chromophore by sharing of nonbonding electrons.



Substituent Effects

General — Substituents may have any of four
effects on a chromophore

Bathochromic shift (red shift) — a shift to
longer A; lower energy

Hypsochromic shift (blue shift) — shift to
shorter A; higher energy

Hyperchromic effect — an increase In intensity
Hypochromic effect - a decrease In intensity
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« Substituent Effects

1. Conjugation — most efficient means of bringing about a
bathochromic and hyperchromic shift of an unsaturated
chromophore:
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Substituent Effects
2. Conjugation — Alkenes
Extending this effect out to longer conjugated systems the
energy gap becomes progressively smaller:

Energy t Lower energy =
Longer wavelengths

ethylene

butadiene
hexatriene
- octatetraene 200




Activity 1

What type of shift observed in 1&2,3&5 and

486

° }\'maX
1.CH,;-COH 293 nm
2. CH,;-COCI 235 nm
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4, T > ¥ 189
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)J\i 6. T > ¥ 213
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« We will find that the effect of substituent groups can be reliably
quantified from empirical observation of known conjugated
structures and applied to new systems

« This quantification is referred to as the Woodward-Fieser Rules
which we will apply to two specific chromophores:

1. Conjugated dienes
2. Aromatic systems

A. Dienes
1. General Features
For acyclic butadiene, two conformers are possible — s-cis and s-trans

\/\ // \\
s-trans S-CIS

The s-cis conformer is at an overall higher potential energy than the s-trans;
therefore the HOMO electrons of the conjugated system have less of a jump to
the LUMO — lower energy, longer wavelength



A. Dienes

1.

General Features
Two possible &1 - =* transitions can occur for butadiene ¥, > ¥,*and ¥,
> v,

lP4* A 4
175 nm —forb. 175 nm
Sl Bt ‘_ 7\
4, 217 nm tl 253 nm
s-trans ¥, S-CiS
g, Mt "

The ¥, > ¥," transition is not typically observed:
e The energy of this transition places it outside the region
typically observed — 175 nm

e For the more favorable s-trans conformation, this transition is
forbidden
The ¥, > 5" transition is observed as an intense absorption



A. Dienes
1. General Features
The ¥, = 5" transition is observed as an intense absorption (¢ =
20,000+) based at 217 nm within the observed region of the UV

While this band is insensitive to solvent (as would be expected) it is
subject to the bathochromic and hyperchromic effects of alkyl
substituents as well as further conjugation

Consider:

s #f% @ﬁ

Aoy = 217 253 263 nm

max



A. Dienes
2. Woodward-Fieser Rules - Dienes
The rules begin with a base value for A ., of the chromophore being
observed:

acyclic butadiene = 217 nm

W
The incremental contribution of substituents is added to this base value
from the group tables:

Group Increment
Extended conjugation +30
Each exo-cyclic C=C +5
Alkyl +5
-OCOCH; +0
-OR +6
-SR +30
-Cl, -Br +5
-NR, +60
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A. Dienes
2. Woodward-Fieser Rules - Dienes
For example:

Isoprene - acyclic butadiene =
one alkyl subs.

\ Experimental value

Allylidenecyclohexane
- acyclic butadiene =
= = one exocyclic C=C
2 alkyl subs.

Experimental value

E.T

217 nm
+5nm
222 nm
220 nm

217 nm
+ 5 nm
+10 nm
232 nm
237 nm

206



Calculate wavelengths for the following compounds by using Woodward-Fieser
Rules

- acyclic butadiene = 217 nm
one exocyclic C=C +5nm
4 alkyl subs. +20 nm
242 nm
- acyclic butadiene = 217 nm
3 alkyl subs. +15 nm
X
232 nm

E.T 207



A. Dienes

3.

Woodward-Fieser Rules — Cyclic Dienes
There are two major types of cyclic dienes, with two different base values

Heteroannular (transoid): Homoannular (cisoid):
¢ = 5,000 - 15,000 e = 12,000-28,000
base A, = 214 base A, = 253

The increment table is the same as for acyclic butadienes with a couple
additions:

Group Increment

Additional homoannular +39

Where both types of diene
are present, the one with
the longer A becomes the
base

ET 208



A. Dienes
3. Woodward-Fieser Rules — Cyclic Dienes
For example:
1,2,3,7,8,8a-hexahydro-8a-methylnaphthalene
heteroannular diene = 214 nm

1 exo C=C + 5 nm
234 nm

NG N Q@ 3 alkyl subs. (3 x 5) +15 nm

Experimental value 235 nm

ET 209



A. Dienes
Woodward-Fieser Rules — Cyclic Dienes

3.

%FOH

E.T

heteroannular diene =

4 alkyl subs. (4 x 5)
1 exo C=C

homoannular diene =

4 alkyl subs. (4 x 5)
1 exo C=C

214 nm

+20 nm

+ 5 nNm

239 nm

253 nm

+20 nm

+ 5 nNm

278 nm

210



A. Dienes
3. Woodward-Fieser Rules — Cyclic Dienes
Be careful with your assignments — three common errors:

R

This compound has three exocyclic
_— double bonds; the indicated bond is
\ exocyclic to two rings

This is not a heteroannular diene; you would
use the base value for an acyclic diene

Likewise, this is not a homooannular diene;
you would use the base value for an acyclic
diene

E.T 211



Calculate wavelengths for the following compounds by using Woodward-Fieser
Rules

heteroannular diene = 214 nm
RN Extended conjugation + 30 nm
4 alkyl subs. (4 x 5) +20 nm
1 exo C=C + 5 nm
z‘o " 269 nm
O homoannular diene = 253 nm
0’ 2 Extended conjugation + 60 nm
5 alkyl subs. (5 x 5) +25 nm
OCOCH, .C)(:C)H3 +0
2 exo C=C + 10 nm

348 nm



Practical application of UV spectroscopy
1. UV was the first organic spectral method, however, it is rarely
used as a primary method for structure determination

2. Itis most useful in combination with NMR and IR data to
elucidate unique electronic features that may be ambiguous in
those methods

3. It can be used to assay (via A, and molar absorptivity) the
proper irradiation wavelengths for photochemical experiments,
or the design of UV resistant paints and coatings

4. The most ubiquitous use of UV is as a detection device for
HPLC; since UV is utilized for solution phase samples vs. a
reference solvent this is easily incorporated into LC design

UV is to HPLC what mass spectrometry (MS) will be to GC



Visible Spectroscopy
A. Color
1. General
e The portion of the EM spectrum from 400-800 is observable to
humans- we (and some other mammals) have the adaptation of
seeing color at the expense of greater detail

400 500 600 700 800
A, M
Violet 400-420
Indigo 420-440
Blue 440-490
Green 490-570
570-585
585-620
Red 620-780
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Visible Spectroscopy

Color

1.

General

When white (continuum of 1) light passes through, or is reflected
by a surface, those that are absorbed are removed from the
transmitted or reflected light respectively

What is “seen” is the complimentary colors (those that are not
absorbed)

III

This is the origin of the “color whee

520 nr

490 nmn

ET 215



Visible Spectroscopy

e Organic compounds that are “colored” are typically those with
extensively conjugated systems (typically more than five)

e Consider p-carotene

p-carotene, Aypay = 455 NM

Amax IS @t 455 — in the far blue region of the
spectrum — this is absorbed

The remaining light has the complementary
color of orange

ET 216



Visible Spectroscopy
o Likewise:

N NN G S G Y U N

lycopene, Apax = 474 nm

(o]

H
O N ‘
N
H
(0]

indigo

Amax fOr lycopene is at 474 — in the near blue region of the
spectrum — this is absorbed, the compliment is now red

Amay fOr indigo is at 602 — in the orange region of the
spectrum — this is absorbed, the compliment is now indigo!

ET 217



One of the most common class of colored organic molecules are the azo dyes:

EWGs EDGs

e These materials are some of the more familiar colors of
our “environment”

NO, HO
©
o)
H-oN N=N
w,

Para Red Fast Brown Sunset Yellow (Food Yellow 3)




e In the chemical sciences these are the acid-base indicators used for
the various pH ranges:

Methyl Orange

Yellow, pH>4.4 Red, pH < 3.2

PHyd riom
apers @l T°1 .

Mlcro Essential l.aboralory B'klyn, N.Y. M2101.5. A

219



Quantitative applications of
UV/VIs spectroscopy

quantitative analysis of samples
environmental chemistry

— for the analysis of waters and wastewaters
clinical chemistry

— analysis of different analytes such as total serum protein,
serum cholesterol, uric acid, glucose, protein-bound iodine

Industrial chemistry

— for the analysis of a diverse array of industrial samples, including
pharmaceuticals, food, paint, glass, and metals.

forensic chemistry
— blood alcohol using the Breathalyzer test



Chapter 6

Infrared Spectroscopy



dacilciiiiric uic cliciiical idricuutrial yroupos I uic
sample.
« Different functional groups absorb characteristic
frequencies of IR radiation.
« Using various sampling accessories, IR
spectrometers
can accept a wide range of sample types such as
gases,
liquids, and solids. Thus,
* |R spectroscopy is an important and popular tool
for
structural elucidation and compound identification
* Infrared radiation takes a section of the
electromagnetic
spectrum having wavenumbers from roughly
13,000 to 10 cm=, or wavelengths from 0.78 to

ANNN .~



wavenumbers are directly proportional to frequency, as well as
the energy of the IR absorption

v(nem™ ) = — 31—+ 10°
Ao (111 T

Ultraviolet Visible | qull‘red Far infrared Microwave
1 | t % | ' 1 , 1
A 1077 10~1 l 1079 10-= 1071
{ecm)
A=25%10"4em A=25x%10"%ecm
= 2.5 pm = 25 pm
P = 4000 em ™! 7 = 400 em™?

L e e e

L RIS s S SN s .
Figure 12.10 The infrared region of the electromagnetic spectrum.
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Principle: chemical bonds rotate or vibrate at specific
frequencies
* Most electronic transitions require energies Iin the
uv or
VIS regions;
« Absorption of infrared radiation Is thus confined
largely
to molecular species for which small energy
differences
exist between various vibrational and rotational
states.
*+ In order to absorb infrared radiation, a molecule
must
undergo a net change in dipole moment as a
conseqguence of its vibrational or rotational
motion



magnitude of
the charge difference and the distance between
the two
centers of charge.
» As a hydrogen chloride molecule vibrates
longitudinally, a regular fluctuation in dipole
moment
occurs, and a field Is established which can
Interact
with the electrical field associated with radiation.
= |f the frequency of the radiation matches a natural
vibrational frequency of the molecule, there occurs
a net
transfer of energy that results in a change in the
amplitude of the molecular vibration:
= absorption of the radiation is the



* No net change in dipole moment occurs during the
vibration or rotation of homonuclear species such
as O, , N,, or Cl,;

» consequently such compounds cannot absorb In
the infrared

@pling fOlC€ spling force
>
equilibrium stretched compressed
bond length
—> <—

OO



» Molecular Vibrations.
» The approximation is ordinarily made that the behaviour of

a
molecular vibration is analogous to the mechanical model.

Thus,
the frequency of the molecular vibration is calculated from

—

1 jk 1 ,"IH"”L + m,)
" 2aNp 22N mm,

Vy

* The masses of the two atoms for m; and m.;" the quantity k
becomes the force constant for: the chemical bond,
« which is a measure of its: stiffness (but not necessarily its

strength). . .



coulrdirialc

axes (X, Y, z).
v" A polyatomic molecule of n atoms has 3n total
degrees

of freedom.
v However, 3 degrees of freedom are required to
describe

translation, the motion of the entire molecule
through

space.
v Additionally, 3 degrees of freedom correspond to

rotation of the entire molecule.
* Therefore, the remaining 3n — 6 degrees of
freedom are

true, fundamental vibrations for nonlinear
molecules.

- I :If'\f\ﬂlf IMI'\II\I\I Ilhf\ | T W aalealeaVYeaaley a OIF\ ': 'FI lhAﬂmAﬁ+ﬂl



= Among the 3n — 6 or 3n — 5 fundamental vibrations (also
known as normal modes of vibration),
* those that produce a net change in the dipole moment
may

result in an IR activity
* The total number of observed absorption bands is
generally

different from the total number of fundamental vibrations.
» Itis reduced because some modes are not IR active and
a single frequency can cause more than one mode of
motion to occur.
« Conversely, additional bands are generated by the
appearance of overtones (integral multiples of the
fundamental absorption frequencies),
« combinations of fundamental frequencies, differences of
fundamental frequencies, coupling interactions of two
fundamental absorption frequencies, and coupling
Interactions between fundamental vibrations and overtones
or combination bands (Fermi resonance).
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are
less than those of the fundamental bands.
 The combination and blending of all the factors thus create a
unique IR spectrum for each compound.
* The major types of molecular vibrations are stretching and
bending.
« The various types of vibrations are illustrated in Fig. below
 Infrared radiation is absorbed and the associated energy is
converted
Into these type of motions.
*The absorption involves discrete, quantized energy levels.
« However, the individual vibrational motion is usually
accompanied
by other rotational motions.
* These combinations lead to the absorption bands, not the
discrete
lines, commonly observed in the mid IR region.



TS il

Symmetric AAsymmeltlric

{za) Stretching vibrations

3\/\ Y

In-plane rocking In-plane scissoring
Out-of-plane waggsin Out-of-plane twista

(b)) Bending vibrations

Figure: Types of molecular vibrations. note that + indicates motion from the page
toward the reader and - indicates motion away from the reader.
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Instrumentation

There are 3 types of IRs.

* Dispersive, FTIRs (Fourier Transform Infrared
Spectrophotometer) and Filter photometers

* Dispersive uses heated solid source and changes frequency
over

time by moving grating, mirror or detector. Originally used
prisms and later grating.

Detectors respond for heat than photon

 Largely replaced by Fourier Transform — Allows for all
frequencies to be measured at once:

A FTIR Uses a Moving Mirror and Powerful Computer
Calculations to Determine Which Wavelengths of IR Energy
Were Absorbed

advantage — No slits: Better speed and sensitivity

* Filter photometers :Designed to monitor the concentration of
air pollutantes such as CO



A Dispersive IR Spectrophotometer

Syvnchronous
motor

- Chart

Synchronous

motor
Attenuator '

Reference

——— =+

\ T ' ] )
S{Jun:r:E —_— —-———.——_?':b Grating
_,.r"'f + ,.w"f Transducer
i———F—E— _ 4 Chopper L"f_,___'____
Sample . I

Monochromator

Filter, Preamp
maodulator, Svynchronous

amplifier rectifier

Figure: Schematic diagram of a double-beam, dispersive IR spectrophotometer. The
heavy black lines indicate mechanical linkages, and the light lines indicate electrical

connections. The radiation path is designated by dashed lines.
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IR Spectrum
Plot IR energy vs. %transmittance (%T)

— Energy scale in wave numbers, wn (cm-1)

— %T scale

« Compares intensity of IR striking sample (l,,) with intensity of
IR leaving sample ()

« 100%T no light absorbed by sample

* 0% all light absorbed by sample

incident IR (1..) transmitted IR (1)

w
=
=
T
E
m

%T =100 X (I / 1..)




Record
— Wave number location of IR “band” (position of max %T)

— Intensity of IR “band”
s = strong (low %T), m = medium, w = weak (high %T)
VS = very strong, vw = very weak

100% T




. \I
E ,f
!k {. i. ‘ |
a { ' | ¥ r
\ J |
E o R c:|-13c:++2<:+12<:|-|2<|:|-1c:|-|3 |
\ys; ‘i OH

3000 2500 2000 1500

Wave number, cm™
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Characteristic Absorptions

Table 12,1 Characteristic IR Absorptions of Some Functional Groups
Fiunetional yrowp olass Banud pusition fom ') Intensity of absorption
Alksnes, alkyl groups

¢ H 28502980 Modium to strong
Alkenas

=C—} Ju-3100 Medium

C=( 16401640 Mechiam
Alkynes

=(-—-H 3300 Strong

{ 2100-2280 Modium

Alkyl halides

C—Cl B00 -804 Strong

C—BOr BOU-61X) Strong

{ SO0 Slrong
Alcobols

0-—H 34003850 Strang, broad

0—-0 10501150 Strongs

ET
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Aromatics

\I
% '—H 330 Medium
g
"
» \
a. ( 1600, 1500 Strong
o
Amines
N—H 003500 Medium
G—N 1060, 1230 Medium
Carbonyl compounds”
=0 16501750 Strong
Carboxyheo acads
O-—H Z500—-34100 Strong, very broad
Nitrilas
(=N 22102260 Medium

Nitro compounsds
NO,; L1540 Strong

*Acids, esters, addehycdes, and ketomnes.
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IR Major Regions to Examine

Wavelength (um)

16

2.5 3 4 D A 7 8 9 10 12 14
| | | 1 | LY 5 | |
I | |
= 80 F | i l
= N—H | | ¢=0 |
= 60 F =N I Fingerprint region
= O—H | ! == |
- | C=C | |
= 40 =
Z C—H ' L ae—as 1
= | | |
= 20 | | | |
2 r | I
0 | ! % | : | | |
4000 3000 2000 1600 1200 1000 S00

Wavenumber (cm=1)
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OH, NH, CH

| CHBCHECHECHE?HCH:., |

OH

3500 3000 2500 2000 1500
Wave number, cm!




IR spectra of ALKANES
C—H bond “saturated”
(spd)  2850-2960 cm
+ 1350-1470 cm™
-CH,- bend + 1430-1470
-CH; bend + ) and 1375
-CH(CH,), + “ and 1370, 1385

-C(CHy), + ¢ and 1370(s), 1395 (m)

E.T
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HIT-N0=1737 [SCORE= 1 1[SDBS-N0=2118 [ IR-NIDA-14L110 : LIOUID FILHN
HEXAHNE
n-hexane
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HIT-ND=1236 [BCORE= ( 1[SDBS-NO=897 [ IR-NIDA-05221 : LIOUID FILM
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IR of ALKENES

=C—H bond, “unsaturated” vinyl

(sp?) 3020-3080 cm-?

bend + 675-1000
RCH=CH, + 910-920 & 990-1000
R,C=CH, + 880-900
cis-RCH=CHR + 675-730 (V)

trans-RCH=CHR +965-975

C=Cbond 1640-1680cm™* (v)

ET
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IR spectra BENZENES
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In a “matching” problem, do not try to fully analyze each spectrum. Look for
differences in the possible compounds that will show up in an infrared

spectrum.

biphenyl allylbenzene
CHj
CHs
B D CH3CH,CH,CH,CH3
o-xylene n-pentane

1,2-diphenylethane

F @CHZCHZCHZCHg

n-butylbenzene
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Chapter 7

NMR Spectroscopy
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A strong magnetic field causes the energies of certain nuclei
to be split into two or more quantized levels, owing to the
magnetic properties of these particles.

Transitions among the resulting magnetically 'induced energy
levels can be brought about by the absorption of EMR of
suitable frequency,

just as electronic transitions are caused by the absorption of
ultraviolet or visible radiation.

The energy differences between magnetic quantum levels for
atomic nuclei correspond to radiation energies in the
frequency range of O.l to I00OMHz (wavelengths between 3000
and 3 m),

which is in the radio-frequency portion of the electromagnetic
spectrum.



The nuclei of many isotopes have a characteristic spin (I).
* Integral spins (e.g. 1=1, 2, 3 ....),
* Fractional spins (e.g. | =1/2, 3/2,5/2 ....),
* No spin, | =0 (e.g. *2C, 10, 37§, ....).
* |sotopes of particular interest and use to organic
chemists are
o 14 13C, 19F and 31P, all of which have | = 1/2.
Spin Properties of Nuclei
* Nuclear spin is related to the nucleon composition:
e Odd mass nuclei (i.e. those having an odd number of
nucleons) have fractional spins.
Examples: | =1/2 ( 'H, 13C, 1°F)



1=3/2 (1B)
1=5/2 (10)
* Even mass nuclei composed of odd numbers of protons
and neutrons have integral spins.
e Examples: =1 ( %H, N
* Even mass nuclei composed of even numbers of protons
and neutrons have zero spin (1=0).
e Examples: 1?C and €0
* Spin 1/2 nuclei have a spherical charge distribution, and
their NMR behavior is the easiest to understand.
* All nuclei with non-zero spins have magnetic moments

(K).



Nuclear Spin States

¢ Any atomic nucleus that has an odd mass,
an odd atomic number, or both also has a
spin and a resulting nuclear magnetic
moment.

¢ The allowed nuclear spin states are
determined by the spin quantum number, /,
of the nucleus. |

¢ A nucleus with spin quantum
number / has 2/ + 1spin
states. If | =1/2, there are
two allowed spin states.

®
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Magnetic

Isotope Atﬂ;”ﬂ:g;?é Spin (l) Mc}r:rni Muﬁgzzi;g]y;ric

'H 79.9844 1/2 2.7927 26.753
H 0.0156 l 0.8574 4,107
B 81.17 3/2 2.6880 —

- 1.108 1/2 0.7022 4,728
70 0.037 52 -1.8930 -3,628
19F 100.0 1/2 2.6273 25,179
295j 4,700 1/2 -0.5555 -5,319
31p 100.0 1/2 1.1305 10,840

Ephrem T.
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The following features lead to the NMR phenomenon:

1. A spinning charge generates a magnetic field.

The resulting spin-magnet has a magnetic moment (p)
proportional to the spin.

2. In the presence of an external magnetic field (B,), two
spin states exist, +1/2 and -1/ 2.
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té ¢

+ 5 (ore) - S(or[)
Spin Energy States

The magnetic moment of the lower energy +1/2 state is aligned
with the external field, but that of the higher energy -1/2 spin
state is opposed to the external field.

Note that the arrow representing the external field points North.

3. The difference in energy between the two spin states is
dependent on the external magnetic field strength, and is
always very small.
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0 E"u B

The two spin states have the same energy when the external
field is zero, but diverge as the field increases.

4 Proton Spin Energy Differences
1
_l—'_'_._'_'_'_'_'_'_'_'_'_'_'__'_'_ _?
- T
L ) - - ! -
(MHz) 100 _EI:I Z7F0 ZR0 S00

2,24 4,73 B33 246 11.73
1 1 1 L 1 T

B, (tesla)
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Energy Levels in a Magnetic Field

The potential energy E of a nucleus is given by

e v

B
2:-1:D

where m is magnetic quantum states given by
m=11-1, 1I-2, .., -I
and B, is an external magnetic field.
The energy for the lower energy state (m = +1/2) is
vh
=

B,

E‘+1;’2 = =

B them = -1/2 it is

vh
L =——0B
! -2 = 0
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Thus the difference in energy AE between the two is

i Bﬂjj_’* 5
dn 21

AEJ’_hB _

0 0
a1

Recall that AE = hv,

Thus the frequency required to bring about the transition is
_ o8

"n

V
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4. For spin 1/2 nuclei the energy difference between the two

[
Ll
7
L
—t
=

spin states at a given magnetic field strength will be
proportional to their magnetic moments.

Magnetic Moments for the four common nuclei:
IH p = 2.7927 31P p = 1.1305
19F u = 2.6273 13C u = 0.7022

Approximate frequencies that correspond to the spin state energy

separations for each of these nuclei in an external magnetic field of

2.34 T.

o= 2.34 1 pe, 4.68u
YSht T h

19F1H

, — N
0 29.2 4.5 _ 94 100
V (MHz)
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A Model for NMR Spectroscopy

y magnetic moment, p

L

A

A Spinning Charge
in a Magnetic Field
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The frequency of precession is proportional to the strength of the
maganetic field, as noted by the equation:

w,_=YB

0 0

The frequency w, is called the Larmor frequency and has units
of radians per second.

The proportionality constant y is known as the gyromagnetic
ratio and is proportional to the magnetic moment.

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-

Hlf the precessing nucleus will absorb energy and the magnetic

ent will flip to its I = -1/2 state.
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This excitation is shown in the following diagram. Note that
frequencies in radians per second may be converted to Hz (cps)
by dividing by 2n.

energy is o
¢

absorbed

g A

b b4 !

'.1.
o)
E;'x:h rf energy ) K

B

_ i

.\-—-\.h.-ll

The energy difference between nuclear spin states is small compared
with the average kinetic energy of room temperature samples, and
2 the +1/2 and 1/2 states are nearly equally populated.
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Excitation by RF Energy and Subsequent Relaxation

2 2
M, Mg
' excitation
Y > ¥
receiver # receiver
coil ' coil
L | &
B, put B, i

The net magnetization shifts away from the z-axis and toward the y-axis.

After irradiation the nuclear spins return to equilibrium in a
process called relaxation.
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CL Activity 1: nuclear spin states
1.List allowed spin state with spin qguantum number
2 & 5/2.

m=I,I-1,I-2,....... —
eq. 21+1
2x2+1=5 2,1,0,-1,-2
2X5/2+1=6 5/2,3/2, %,-1/2, -3/2, -5/2



Magnetic Shielding

 |f all protons absorbed the same amount of
energy in a given magnetic field, not much
information could be obtained.

e But protons are surrounded by electrons
that shield them from the external field.

* Circulating electrons create an induced
magnetic field that opposes the external
magnetic field. =>




Shielded Protons

Magnetic field strength must be increased for
a shielded proton to flip at the same

frequency.

A /S
’/ \/
‘ /

( 8 60 MHz
o

absorbs

.‘"'I”
14.092.0 gauss

naked proton
absorbs at 14,092.0G

[ J
£2)

14.092.0 gauss

glectrons
shielding

effective
field

does not
absorb

shielded proton
feels less than 14.092.0G

EphremT.

effective
field
14.092.0
# 60 MHz
absorbs
1‘";"
14.092.3 gauss

stronger applied field =>

compensates for shielding
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Protons in a Molecule

Depending on their chemical environment,
protons in a molecule are shielded by
different amounts.

absorb at a higher field

{more shielded,

H
H—C—O:
Y .
\< H less shielded,
H :
absorbs at a lower field
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NMR Signals

The number of signals shows how many
different kinds of protons are present.

The location of the signals shows how
shielded or deshielded the proton is.

The intensity of the signal shows the number
of protons of that type.

Signal splitting shows the number of protons
on adjacent atoms. =>



The NMR Spectrometer

sample tube

detector

|
magnet |
q
[P
i LV —]

|

; D
"

NS

|
magnet w

controller

| RF
. transmitter

absorption

recorder

magnetic field
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frequency
radiation
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Procedure

1. A solution of the sample in a uniform 5 mm glass tube is
oriented between the poles of a powerful magnet.

2. It is spun to average any magnetic field variations, as well as
tube imperfections.

3. Radio frequency radiation of appropriate energy is broadcast
into the sample from an antenna coil (colored red).

4. A receiver coil surrounds the sample tube, and emission of

absorbed RF energy is monitored by dedicated electronic
devices and a computer.

B. An NMR spectrum is acquired by varying or sweeping the

I magnetic field over a small range while observing the RF
signal from the sample.
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As an example, consider a sample of waterina 2.3487 T
external magnetic field, irradiated by 100 MHz radiation.

If the magnetic field is smoothly increased to 2.3488 T, the
hydrogen nuclei of the water molecules will at some point
absorb RF energy and a resonance signal will appear.

— [nicreasing Magnzdc Field at Frequency of 100 MHZ - cee

H

E. ‘%D
-
H

1 1
ot L= 23488 T

Since protons all have the same magnetic moment, we might
expect all hydrogen atoms to give resonance signals at the
same field / frequency values.
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Resonance: the absorption of electromagnetic
radiation by a nucleus and the flip of its nuclear
spin from a lower energy state to a higher energy

state.
> The instrument detects this and records it as

a signal



Fortunately for chemistry applications, this is not true.

= [1ire5 Magnetic Field at Fixed Frequency emmpe
oo (11745 1] FTEURNCY AT Flea MANED: FIELT s
s (123520 SFIEIING DY Extranuclear eloctrons mepe

Hatom I"ﬁr:* ig I'jc - e Mot Organic Hydragen
5 found In this region

TR T S T ’

i
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Why should the proton nuclei in different compounds

behave differently in the NMR experiment ?

»Since electrons are charged particles, they move in response to
the external magnetic field (B,) so as to generate a secondary
field that opposes the much stronger applied field.

= Induced Field

(from electron miotion])
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The secondary field shields the nucleus from the applied field, so
B, must be increased in order to achieve resonance (absorption of
RF energy.

'1_.."|* {4l |- L :'- '|| | r ‘—
s [110723550 STIRI0INT DY EXETANUCIGAT EIRCETONS s

M == [ncregsing Magnetic Feid at Fixed Frequency s Sh‘E‘dEd

H stor Mg CHy Wost Organic Hydroge
5 faund in s reqion
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Chemical Shift
The location of different NMR resonance signals is dependent on
both the external magnetic field strength and the RF frequency.

— [roregzing Magnetic Field at Fixed Frequency —m-
-#— [nCreasing Frequency at Fixked Magnetic Field —
[ rrreased Shielding by Extranuclear 2lectron s sl

Ha

':
CI?CI,' Cl'-.. l,-'I:I Hal HE(I:—"’ ‘L|I:_2 II:_|EI
C=0 e P
—|f =, HaC=MOs rrg_[j H:C.,_C__fl: 2 HaC=31-CHa
H H Hal Hz Ha
H H
cl, H pLany M=k, THa
H H st HzLT TCHz £=0 H3I:—(]|3—CH3
o Cl H —|2CHCIJ__,':H2 HsC CHs

IH MR Resonance Signals for some Different Compounds
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The location of an NMR signal in a spectrum is reported
relative to a reference signal from a standard compound
added to the sample.

A reference standard should be

1. Chemically unreactive

2. Easily removed from the sample after the measurement
3. Should give a single sharp NMR signal that does not
interfere with the resonances normally observed for
organic compounds.

Tetramethylsilane, (CH,),Si, usually referred to as TMS,
meets all these characteristics



— [NCreasing Magnetic Field at Fixed Frequancy e
e [ Cre35iNg Frequency at Fixed Magnetic Field

CHs
H3C-5i-CHs
CHa
) | ) ™S
HaC
cl, A 3,
H H A =0
cl”H HalC
H
215 Hz
B, =234 T | 734z e 530He |« :
1075 Hz
B, =11.75 T{ ) BTOHz e 2550 Hz < i

The Separation of Resonance Signals (in Hz) Increases with Increasing Field Strength
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To correct these frequency differences for their field
dependence, these differences are divided by the spectrometer

frequency (100 or 500 MHz in the example)

— [creasing Magnetic Field at Fixed FreqUency e
e [ Cr2gzing Frequency at Fixed Magnetic Field s

Chermical Shift

Wzamp — Wref & CHs
d = ( v ) x 10 HaC-Si-CHa
ref 1
CHs
T™S
Cl 3t
ﬁi X -
cl 5C
215 Hz
Bo=234T{ | 734rz |« S30Hz <
1075 Hz
By =11.75T 670 Hz | 2090 Hz * -
734 5,30 215 0.0
| | | 1 | | | 1 — o
10 g g 7 G 4 z Z 1 0



This operation gives a locator number called the Chemical Shift,
having units of parts-per-million (ppm), and designated by the
symbol 6.

— [ncreasing Magnetic Field at Fixed FregUency e

e [N asiNg Freguency at Fixed Magnetic Field
Increased Shielding by Extranuclear elections e

EE CH
e 3
C'SCRC_D cl, H3C, K H3C—E;i—CH3
K = C=cC, HaC=NO5 5=0 HzCECHCHz CHa
H H HaC Hz TM5
iZ] .--D-m. El:'-.l C =
::Ci 2(% I:|: z =0 3':—'?:3—': 3
Cl ECHD,.-'C 2 3z CH=
9.05 .40 4,22 Y 1.4= 0.0
724 5. o0 =,/ 2,15 0,30 5
I I I I I I I ' I I I I
10 9 o 7 3 o 4 2 £ 1 0]
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Commonly used solvents:

* CCl, — no interfering H, but poor solvent for many polar
compounds and is also toxic.

e Deuterium labeled compounds: deuterium oxide
(D,0), chloroform-d (DCCl,), benzene-d6 (C.D),
acetone-d6 (CD,COCD,) and DMSO-d6 (CD,SOCD,) are
now widely used as NMR solvents.

* Deuterium is invisible in a spectrometer tuned to protons.

* One factor contributing to chemical shift differences in
proton resonance is the inductive effect.

* The shielding effect in protons with high electron density
is large, and a higher external field (B,) will be needed
for the RF energy to excite the nuclear spin.



Example

* Since Si is less EN than C, the electron density about the
methyl hydrogens in Si(CH,), is expected to be greater

than the electron density about the methyl hydrogens in
C(CH,),.

* The protons in TMS (with high e density) are said be
shielded, and lie at higher magnetic field (upfield).

* Elements that are more electronegative than carbon
should exert an opposite effect (reduce the electron
density).

* Methyl groups bonded to such elements display lower
field (downfield) signals (they are deshielded).



Proton Chemical Shifts of Methyl Derivatives

Compound (CH;).C (CH;);N (CH,),0 CH,F
o 0.9 2.1 3.2 4.1
Compound (CH,),Si (CH,),P (CH,),S CH,CI
3.0

) 0.0 0.9 2.1

Proton Chemical Shifts (ppm)

X=0R | X=SR

Cpd. / Sub. | X=CI X=Br X=I

CH;X 3.0 2.7 2.1 3.1 2.1
CH,X, 5.3 5.0 3.9 4.4 3.7
CHX, 7.3 6.8 4.9 5.0

Note that chemical shift increases as EN increases.
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Proton Chemical Shift Ranges*

| | | | ] | | | |
J A vematics ~opqr Ethers Sulfides  3at alkanes
R-L Loromaties - RC=CH;  pOcHRs-cH R
. Aleohols e
RCH=CHR—— Ho-CH¢ \Rr=CE

Low Field

PW-CH—— Ar-CH—— —— RyC=CR-CH

~ High Field
L Regiun

F-E-l _C-CH CE

i Br-CH¢
Reglon Esiers
RCO5CH | NC-CH
0 N-CH —— MRS
R birude RCONH ROH :
PROH | B NH
I [ I I I I I I I I ! I
120 1o o 20 a0 10 all 30 40 30 20 14 00 ppre (&)
* For samples in CDCl, solution. The  scale is relative to TMS at & =
0.
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Signal Strength

The magnitude of NMR signals is proportional to the
molar concentration of the sample.

Example

For equal molar amounts of benzene and cyclohexane,
the signal from cyclohexane will be twice as intense as
that from benzene because cyclohexane has twice as
many hydrogens per molecule.

*Similarly, for samples incorporating two or more
different sets of hydrogen atoms, the ratio of hydrogen
atoms in each distinct set can be determined.



Methods

1) Through horizontal integrator trace (light green) which
rises as it crosses each signal by a distance proportional to
the signal strength.

o :
H i
HyC CH " M
3 3 ':|":H1"|:_':| 'D-CH3
T (H;
TMS TMS TMS
T T T T T T T




2,23
HyC CHsy
H H
TMS
0 9 8 6 5 4 3 2 1 0 &(ppm)
CHy 1.65
CI—CH;—(:S—CI
CHy
TS
10 g 5 6 = 4 3 2 1 o &(ppm)
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HiyC o 1.05
Hyc—e—d!
¥ i q
Hyc H
TME
] inteqration 4 {EE 4
1 i L] 1 1 L} 4 1 L 1 1 L} 1
10 9 8 7 & 5 4 < 2 i o Slppm)
CH3
H—CEC—JID—-D—H
CHy
1.53
TMS
17, integration # 77 5 45
I ' | ] ® 1 ' ] = 1} ' I | ] I ' ] 1} I
10 9 = 7 6 5 4 3 2 1 o alppm)
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FIHNMR e e A

& (ppm)

o) CH;

| l

Ol —C—CHS —(I:—CH;‘
OH'

6spdccs Eb )

| total et
1] 15|

Fam)

losTr

10 9 8 7 6 5 4 3 2 1
o (ppm)
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Activity 1 Structurally Equivalent Atoms & Groups
For each of the compounds A through F indicate the number of structurally

distinct groups of equivalent hydrogens

~

P
B or—cH; —-:I:— CHo—Er
CH

G e

) Erb

F W

Sk

EphremT.
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HzC, '|3H3
H-o—o—CHs
H .z CHs
o
|
Er—_H-u—ﬂI:—-““Ha—Er
ey
Hx Hx=
— e T
H=Z Ly CH=
H=- H=
Er H-
Er—l-"'::'--..__l_I
HoCm
H:
Hz Hez
< = < HE
HS:_,-'—' '--hi:id_- mﬁ_.-'
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The Influence of Magnetic Field Strength

LI 20 54 450 =1n 27 180 a0 0 Hz
H ad MHz
H CH=—0OH
H H
H TrM=
: 4
FER 6.6 3. 0
g 7 & s 4 N 1 0 & (ppm)
I | | | | ] I ] |
2800 2400 2000 1600 1200 g00 400 OHz
H 400 MHz
‘ ! H CHs=0H
i
7.3 12 o -
H ™S
729
Jnrthnﬁ 76Hz
i
ad.1 21,2 10.7
' ' J " T T T y T ' T Y T T
8 7 3 g 4 3 2 1 0 dippm)
_a—
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Influence of Hydrogen Bonding

* The OH proton signal is seen at 2.37 6 in 2-methyl-3-butyne-2-0l,
and at 3.87 6 in 4-hydroxy-4-methyl-2-pentanone.

* A six-membered ring intramolecular hydrogen bond in the latter
compound is in part responsible for its low field shift.

-
H—C=C —'il:—':"H
CHy

tio = 8 ¥ & s & 3 2 1 0 oaippm)
H
o7 O
HyC— &
JC—
III.H..-""M.I:H]
Hit Hz
TME
.81 ‘
1 ntegrat 2 L W= J ]
T T ] L B I ' ! I
10 3 8 7 & 5 3 2 i o alppm)
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n-Electron Functions

Anomalous observations from chemical shift chart:

1. The low field resonance of hydrogens bonded to
double bond or aromatic ring carbons.

2. the very low field signal from aldehyde hydrogens.

3. The hydrogen atom of a terminal alkyne, in contrast,
appears at a relatively higher field.

All these anomalous cases seem to involve hydrogens

bonded to pi-electron systems.

The field induced pi-electron movement produces strong

secondary fields that perturb nearby nuclei.

Example:

The pi-electrons associated with a benzene ring



The electron cloud above and below the plane of the ring
circulates in reaction to the external field so as to generate an

opposing field at the center of the ring and a supporting field
at the edge of the ring.

Induced
Magrietic Field

This kind of spatial variation is called anisotropy, and it is
common to nonspherical distributions of electrons

EphremT.
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Regions in which the induced field supports or adds to the
external field are said to be deshielded.
* Regions in which the induced field opposes the external field are

termed shielded.
The anisotropy of some important unsaturated functions

b H.

'\-'".'.

Row, '/
'.""I::_I:: s

H#a wp
SRR

a=5-7 ppm

a=29-10 pprn

Ephrem T. 326



Spin-Spin Interactions
Consider the dichloroethane isomers.

lII H
Cl—l'lj—C—Cl

373

TME

i ] 4 3 2 1

1,2-dichloroethane
displays a single
resonance signal from
the four structurally
equivalent hydrogens

¢
H=0=5—
H Cl
2,06
THMS
11,5 =4 integration #
| ! | ! | ! | ! | ! | ! |
G 9 Ly 3 2 1 o &

1,1-dichloroethane

the two signals from the
different hydrogens are split
into close groupings of two or
more resonances.



The signal splitting in proton spectra is usually small, ranging
from fractions of a Hz to as much as 18 Hz, and is designated as
J (referred to as the coupling constant).

In the 1,1-dichloroethane example all the coupling constants are
6.0 Hz.

G
H—_—Ii
|l| |I:| J =&.0 H=
g
TS
1I_1'_.I5 EI_S'._Il integration &
| ' | b | ' | ' | ! | T |
& S <} = ! 1 O &
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Causes of signal splitting, and useful information

obtained from it.

If an atom under examination is influenced by a nearby

nuclear spin (or set of spins), the observed nucleus

responds to such influences.

* This spin-coupling is transmitted through the connecting
bonds, and it functions in both directions.

* For spin-coupling to be observed, the sets of interacting

nuclei must be bonded in relatively close proximity (e.g.

vicinal and geminal locations), or be oriented in certain

optimal and rigid configurations.



Some spectroscopists place a number before the symbol J to
designate the number of bonds linking the coupled nuclei
(colored orange below).

H H H H
G C—C—(C—0C
sl [ ]
- -
Germinal Hydrogens Vicinal Hydrogens

a vicinal coupling constant is 3J and a geminal constant is 2J.

General rules summarizing important requirements and

characteristics for spin 1/2 nuclei :

1. Nuclei having the same chemical shift (called isochronous) do
not exhibit spin-splitting.



2. Nuclei separated by three or fewer bonds (e.g. vicinal
and geminal nuclei ) will usually be spin-coupled and will
show mutual spin-splitting of the resonance signals (same
J's),

* provided they have different chemical shifts.

* Longer-range coupling may be observed in

molecules having rigid configurations of atomes.
3. The magnitude of the observed spin-splitting depends
on many factors and is given by the coupling constant J
(units of Hz).
* Jis the same for both partners in a spin-splitting
interaction and is independent of the external magnetic
field strength.
4. The splitting pattern of a given nucleus (or set of
equivalent nuclei) can be predicted by the n+1 rule.



n is the number of neighboring spin-coupled nuclei with the
same (or very similar) Js.

Example

If there are 2 neighboring, spin-coupled, nuclei the observed
signal is a triplet ( 2+1=3 ).

Mo Coupled
Hydrogens

Cine Coupled
Hvdrogen

Tweo Coupled
Hydrogens

Threse Coupled
Hydrogens

-
n::—n:::—f:—H
. e B Singlet
|
H
c—dcn
&

LN e 2 T riplak

o
g | | e, B Droub =t
i ) i )
JI
a

1
ey
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The intensity ratio of the lines is given by the numbers in Pascal's

triangle.

Relative Peak Intensities of Symmetric Multiplets

Number of Equivalent
Protons Causing Splitting

Number of Peaks
(multiplicity)

Area Ratios
(Pascals triangle )

—

)

Lid bl =

an =

| (singlet)
2(doublet)
3 (triplet)
4 (quartet)
5 (quintet)
G (sextet)
7 (seplet)

Thus, a doublet has 1:1 or equal intensities, a triplet has
an intensity ratio of 1:2:1, a quartet 1:3:3:1, etc.

EphremT.
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If a given nucleus is spin-coupled to two or more sets of
neighboring nuclei by different J values, the splitting due to one
J set is added to that expected from the other J sets.

i H
Mo Coupled \,:_.:’; .
— s A Singlet
Hydrogens £
Z i
J
i H s
Ore Coupled 11ﬁ::l:fr P o A Doublet
Hydrogen (,e‘ I i
Hi c RS S
.l.-lJl'I '-III..\.'\.
He; H ;: B ;’f m";
Two Coupled \C:Cf I‘-E'I I;E‘,I
Hydrogens N : : ; : A Doublet
Hl{-"( . B N of Doublets
L e
HE H IIIIII IIIIII IIIIII IIIIII IIIIII IIIIII IIIIII IIIIII
Three Coupled \C:Cf I | I I I I | | A Doublet
Hydrogens N, oy of Doublet
H, = of Doublets
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Splitting for Ethyl Groups

Ephrem T.
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13C NMR Spectroscopy
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Pairs of isomers (A & B) which display similar proton NMR spectra

H

( CHs

H” oy M
| | c=C

g CHy foh
‘xﬁf HEE

Z

A B

CHs

Hal

H

CH;

H

H

H

H

B

CHs

CH;

HC
i 0

CHy g H

H HiC CHs
0 g

These difficulties would be largely resolved if the carbon atoms of a
molecule could be probed by NMR in the same fashion as the
hydrogen atoms.
Fortunately, 1.1% of elemental carbon is the 3C isotope, which has
a spin | =1/2, so in principle it should be possible to conduct a

carbon NMR experiment.

It is worth noting, that if much higher abundances of 13C were
naturally present in all carbon compounds, proton NMR would
become much more complicated due to large one-bond coupling

of 13C and 1H.



Obstacles needed to be overcome before carbon NMR
emerged as a routine tool:

i) As noted, the abundance of 13C in a sample is very low
(1.1%), so higher sample concentrations are needed.

ii) The 13C nucleus is over fifty times less sensitive than a
proton in the nmr experiment, adding to the previous
difficulty.

iii) Hydrogen atoms bonded to a 13C atom split its NMR
signal by 130 to 270 Hz, further complicating the NMR
spectrum.

Solution

Use of high-field pulse technology coupled with broad-
band heteronuclear decoupling of all protons.



Unlike proton NMR spectroscopy, the relative strength of
carbon NMR signals are not normally proportional to the
number of atoms generating each one.

| 13C Chemical Shift Ranges |

&ldehydes, RCH=0 R,C=CH, i"-F : | : -
I{et:nnes, R3C=CI: RHC=CHR L=, | B

iZ-H &Saturated H]laanels

REC:CHE A F

Lromatios . . C-NE,4
Heteroaromatics S C—0H 5 C-5R
R-C0,H _
Clarboxylic Aeids —— = JBCEN . COR Cmdsy
R—C0,R! B}
Esters ——— Sﬁuﬂd&s,ﬂﬂfmn&sp SO’:‘H:: L=
R.-CONE. _ U
2 C=CR b

Lrrades ——

| | | | |
200 150 100 50 00 ppmis)



The isomeric pairs previously cited as giving very similar proton
NMR spectra are now seen to be distinguished by carbon NMR.

Hz | | By, Hs T
': - n H».‘.-""-.._.-r 3
Mg B (Hy N
HE% f|:|'|'2 31\[—“! N r|:| (|:
AR Tt
E“ﬁ" " b - H IL i
; H H
A ; q :

|
||

Hh:;.‘-ﬂc ;':H3 HHC; &C;H

=

HE:;% __f[:xH HgC IC-‘%_;C\'-.CHE

|
i 0

)
I

Ug

Lsignal 2 signl dsignals 4 signals

Ulpm 204 1235
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Structurally Equivalent Atoms & Groups

For each of the compounds A through F indicate the number of
structurally distinct groups of carbon atoms, and also the number
of distinct groups of equivalent hydrogens.

CH=
HS':"'H.

A s MNumber of distinct carbon atoms: .. e A R
Mumber of distinct hydrogen groups: I i =
Hs< CHx
i Number of distinct carbon ato Numbe e
R i umber of distinct carbon atoms: ... Number o o - L, o
B ErcH 7R B of distinct hydrogen groups: L
CHx =
ber of d 5 22 e
o Number of disinct carbon atoms: ... T i
f/><\\‘ ¢ Number of distinct hydrogen groups: s ol
Er Er E:’_
5 B p  MNumber of distinct carbon atoms: ... LI T T
Mumber of distinct hydrogen groups: HaC—
Hz
EE I';E — H
L ' c = .- - =
E E Number of distinct carbon atoms: ... HsiC = =

Number of distinct hydrogen groups:

o E HE-::"”':'“‘-: He
; T Number of distinct carbon atoms: ... Hzs L L —CH3
Numbes of distinct hydrogen groups: [ e
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Activity 2 Structurally Equivalent Atoms & Groups
For each of the compounds A through F indicate the number of structurally
distinct groups of equivalent carbons.

2= M=

I:I
g l: X}O
T

HOZC CozH

-

H=— ZHz=

m
: D

H=iZ iZH=

Zl

-
i
T
i

-
11
Hoo —H
e = 1 =
HEC,___C::CHE
Hooo _H=
=
Ho " o
B 11 |:I_“_,
Con ) N [t il M P
= = =
Oz H
N
o H g"'
HO oo™ s T s ioia H
H
-
D HE-:: "““E:Hz
H e — e H
He oo =
c::-
E |—|2-:1” "‘“:;:Hz
HII-—I-_ _C'L“H
H=1_ _H=
TH=
L |
g . &
-u\_l:I:—':’_,-
|
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1. You have three unlabeled vials each containing a
trichlorobenzene isomer. In order to correctly identify each
compound and properly label its container you have taken their 13C
nmr spectra. Match the spectrum characteristics given below with a
compound from the following group:

1,2,3-trichlorobenzene

1,2,4-trichlorobenzene

1,3,5-trichlorobenzene

13C NMR:
(i) Two peaks between 6125 and 140 ppm
1,3,5-trichlorobenzene
(ii) Six peaks between 6125 and 140 ppm
1,2,4-trichlorobenzene

(iii) Four peaks between 6125 and 140 ppm
1,2,3-trichlorobenzene



Spin-Spin Splitting

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

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

* These complex splitting patterns are
difficult to interpret.



Proton Spin Decoupling

* To simplify the spectrum, protons are
continuously irradiated with “noise,” so
they are rapidly flipping.

 The carbon nuclei see an average of all the
possible proton spin states.

* Thus, each different kind of carbon gives a
single, unsplit peak.



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.



Interpreting :3C 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. =>



Two 13C NMR Spectra

13C NMR

TMS

2-butanone

TMS

lllllllllllllllllllIlllIJllllllllllllllIllllllllllllllIlllIlllllllllllllllllllllllllllllllllllllllllllllllllllllllllllIllll

240 220 200 180 160 140 120 100 80 60 40 20 0
d (ppm)
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Using DEPT to Count the Hydrogens Attached to 13C
(Distortionless Enhancement of Polarization Transfer)

In DEPT, a second transmitter irradiates *H during the
sequence, which affects the appearance of the 13C
spectrum.

some 13C signals stay the same

some 13C signals disappear

some 13C signals are inverted



Figure #3

@ CCH,CH,CH,CH,

CH

CH,
CH,
CH,

120 100 80 60

Chemical shift (6, ppm)




Figure #5

@ CCH,CH,CH,CH,

CH CH,

140 120 100 80 60

Chemical shift (0, ppm)




MRI

Magnetic resonance imaging,

“Nuclear” is omitted because of public’s fear
that it would be radioactive.

Only protons in one plane can be in resonance
at one time.

Computer puts together “slices” to get 3D.
Tumors readily detected.



Spin-Spin Splitting in 1H NMR

What splitting pattern in the 1H nmr spectrum would you expect
for the hydrogen atom(s) colored red in the compounds shown
below?

Your choices are: s singlet d doublet ttriplet q quartet
m multiplet

A __ CH(CH2)s D ©H 3 O=CHa—NI(CH 3)5
H 2
’
—k E o ~h2
B Br— S NO3 Il
= H -
} |
: C (CHzCHaD )2 CHIOH 4 F (CHg)gC —O—CHa-CH -

EphremT. 354



Mass Spectroscopy

CHAPTER 8



Point of Mass Spectroscopy

Determine a molecular mass for a sample.

Use the molecular mass to determine possible
molecular formulas

Determine pieces of the molecule from the
fragmentation pattern.

Use this information to make a guess about the
structure or identity of the molecule.

NOTE: This information alone is not enough to fully
characterize a molecule. Other spectral data would
be necessary.



How Mass Spec Works

A sample is injected
into a GC/MS.

Components are
separated through GC.

Each item goes through
a mass spectrometer

A mass spectrum for
each compound is
detected and recorded
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He inlet = ‘ o
source  mass filter
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The guts of it

Already in the gas phase
molecules are bombarded
by high energy electrons. —

Knock an electron out of the
molecule> generates the &
Molecular ion (M*)

M* fragments

All charged species are
accelerated through a \235 1L
magnetic field based on SiSTa R

. . e T
their mass-to-charge ratio

(m/z)

Collector

359



Abundance

10000

000

6000

4000

2000

What comes out?

41
85

29 [?
27
71
| N |

114

25 50 75 100
m/2

125

A plot of m/z versus
relative abundance

The tallest peak is
the base peak and
everything else is
relative to that

The highest
numbered peak is
probably the
molecular ion

All other peaks are
fragments



Still not sure what that graphy thing is?

Only charged species are
deflected through the
magnetic field to the
detector

Multiple masses are shown

These masses are indicative
of how the molecular ion
split up

Figuring out the pieces is
like doing a puzzle

A puzzle for nerds

Abundance

10000

000

6000

4000

2000

41
85

29 [?
27
71
| N |

114

25 50 75 100
m/2

125



The Mass Spectrum

Example: methane CH, + e > CH," + 2¢
miz=(1x12)+(4x1)=

. C H
Base peak: most abundant ion

—_—
o
©

N

80.—
60.
40.

20+

0. T T T T I T T T T ! T T T T | T T T T _I T T 1 1 T T T i T T T T
11. 12. 13. 14. 15. 16. 17. 18.

Relative ion abundance (%)

mass-to-charge ratio (m/z)



The Mass Spectrum

Alternate data presentation...
m/z (amu) Relative abundance (%)

M+2 | 4CIH, or 2C3HH,or...
M+1 | 3CH, or L2C2H?H,

M |12ClH,
M-H
M -2H
M -3H
M -4H

Molecular ion (M7 intact ion of substance being analyzed
Fragment ion: formed by cleavage of one or more bonds on molecular ions
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Lets Go!

10000

43
Base peak =43
8000
= This is a hydrocarbon T &000
m
=
. =
* |t has an even number for its 2 4000
mass ol 7
27
2000 71 @85
= Assume that there are carbon
atoms Lo ol 114
D 25 50 75 10 125

= Carbon has a mass of 12 miz

= Hydrogen has a mass of 1

Molecular ion peak = 114
364



Math it up

* Assume there is nothing * 9 carbon atoms has a
but Carbon and Hydrogen mass of 108

init e 114-108=6
* Divide 114/12=9 * There could be 9 carbons
 There are up to 9 carbon and 6 hydrogens (C4H)
atoms in the molecule * Not very likely
* If there were 8 carbons
then
— 114-96=18
— C8H18

 Probable



Look for evidence

Fragmentation

* CgH g is octane. This would
contain CH; and CH, groups. e
— CH;=15 2000
— CH,CH, = 15+14=29
— CH,CH,CH, = 15+14+14=43

G000

4000

Abundance

* Do vyou see evidence of

these peaks? 7
2000

41
249

25

e Commonly look for
m/z — base peak = ? % 25 50 BT w12

m2

366



Tips for doing this

Know atomic and
molecular masses

— Carbon =12

— Hydrogen=1

— Nitrogen = 14, etc.

Look at the molecular ion
peak.

— Odd # = odd number of
Nitrogen atoms (1, 3, etc.)

— Even # = zero or even
number of Nitrogen atoms
(0, 2, 4, etc.)

Look at the difference
between molecular ion
and base peak or other
prominent peaks

Subtract out non-carbon
atom masses and divide
remainder by 12

— The integer refers to the
maximum number of C’s

— Remember that 12 H’s
have the mass of 1 C



|lsotopes

Rougly 1% of the C in the world is 3C.

About 1/3 (~37%) of Chlorine is 3’Cl. The rest is
3>Cl,

— Makes M+2 peaks in a 3:1 ratio.

About 50% of Bromine is °Br. The rest is 81Br.
— Makes M+2 peaks in a 1:1 ratio.
Look for M and M+2 peaks and try to determine

if these halogens have been (fragmentation) or
are present.



Isotopic Abundance

TABLE 12-4 |sotopic Composition of Some Common Elements

Element M M+1 M+2
hydrogen 'H [00.0%

carbon C 08,00 HC [ 1%

nitrogen N 09.6% N 0.4%

OXygen %0 09.8% 0 0.2%
sulfur 8 03.0% 1g (.80 #g 4,20,
chlorine P 75.5% 0] 24.50;
bromine "Br 50.5% “Br 40,50
iodine 2] 100.0%
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Abundance

%

(8)]
T

5
T

(]
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80 100
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Mass Spectrum — Formula — Structure

How do we derive structure from the mass spectrum?

100

80

’) CH3
60 ' |
w0 ) H—C|3—CI
20 CHs
0_ S \1 . ;‘\I !‘ I |I‘. — ‘} —
0 15 30 45 60 75 90

Not trivial to do this directly
eStructure comes from formula; formula comes from mass spectrum

100

80

CHs

% C3H7CI % H_(::—C|

CHj;

60 |
40

20

0 S \1 . ;‘\I I |I‘. : ‘}
0

i ] ]
0 15 3 45 60 75 90




Mass Spectrum — Formula — Structure

How do we derive formula from the mass spectrum?
*m/z and relative intensities of M, M+1, and M+2

100

. M: m/z = 78
60 - C2H603

- C,H.Cl
7 M C.H,N
| CeHs

‘ etc.

0 N .|1 : ,‘|| !I‘M |I i||.| | ‘| |

0 15 30 45 60 75 a0

A few useful rules to narrow the choices



How Many Nitrogen Atoms?

Consider these molecules:

NH,

Formula: | NH,

m/z (M): | 17

Conclusion

*When m/z (M) = even, number of N in for
*When m/z (M) = odd, number of N in formula is odd

H,NNH,

N,H,

32

CH

NO,

8 Q /CH3
O,N NO H,C
2 2 3 \N N
A
0 T N

CHj

C/H5N;305

227

CgH1oN,0O;

194

IS gven

}The Nitrogen Rule



How Many Nitrogen Atoms?
A Nitrogen Rule Example

Example: Formula choices from previous mass spectrum

M: m/z =78 «—— m/z even
C,HO, even nitrogen count

C;H.ClI even nitrogen count
discarded —€zHzN-+—— odd nitrogen count

C,Hs <+ even nitrogen count



How Many Hydrogen Atoms?

One pi bond Two pi bonds

/\)\ f\— HCECJ_\

C6Hl4 C6H12 C6H10
max H for 6 C H count = max - 2 H count = max - 4

Conclusion: Each pi bond reduces max hydrogen count by two




How Many Hydrogen Atoms?

One ring Two rings

NN <:>
I D <

CeH 14 CeHa, CeHao
max H for 6 C H count = max - 2 H count = max - 4

Conclusion: Each ring reduces max hydrogen count by two




How Many Hydrogen Atoms?

One nitrogen Two nitroqens

U QIR

CH,4
C6H14 C6H15N C6H16N2
max H for 6 C H count=max + 1 H count = max + 2
Conclusion:

Each Nitrogen increases max H count by one

*The same for P, As, Sb, B

*No change in number of Hydrogen for O, S, Se,Te

*One Hydrogen subtract from saturated Hc for F, CI, Br, |
‘Ex. C,H, C,H.F C,H,F,



Index of Hydrogen Deficiency

* |HD = number of pairs « IHD =The SUM of the

of hydrogen that must number of rings, double
be removed from the bonds, or the number of
corresponding saturated triple bonds
hydrocarbon.

hydrogens and halogens‘l l—nitrogens

HD=c- B N4

T 2 2
carbons



For example

C6H12 C6H6

« IHD=6-12/2+1=1 « IHD=6-6/2+1=4

e Thereis 1 ring or double * There are 4 rings or double
bond. bonds or some combination

of both.

CsHqBr C;NH,

« IHD=5-10/2 +1=1 « IHD=3-9/2+%+1 =0

* Ring or double bond * There are no rings or double

bonds.



Mass Spectrum — Formula
Example #1

m/z Molecular ion Relative abundance  Conclusions

= | 102 w Mass (lowest isotopes) = 102
% —— Even|number of nitrogens
S
< 103 M+l 6.9% 6.9/1.1=6.3 Six carbons*
g
O 104  M+2 0.38% <4%sono S, Cl, or Br

- Oxygen?

*Rounding: 6.00 t0 6.33 = 6; 6.34t0 6.66 =6 or 7; 6.67 to 7.00 = 7




Mass Spectrum — Formula
Example #1

Mass (M) - mass (C, S, CI, Br, F, and 1) = mass (N, O, and H)
102 - C; =102 - (6 x 12) =30 amu for N, O, and H

Oxygens Nitrogens 30-O-N=H Formula Notes

0 0 30-0-0=30 =€gHzz— Violates hydrogen rule
1 0 30-16-0=14 C,H,,O Reasonable

2 0 30-32-0=-2 <€zH=05 Not possible

0 9% 30-0-28=2  C4H,N, Reasonable

*Nitrogen rule!

«Other data (functional groups from IR, NMR integration, etc.) further trims the list



m/z Molecular ion Relative abundance

Mass Spectrum — Formula

Example #2

157

158

159

M

100%

9.39%

34%

Conclusions

Mass (lowest isotopes) = 157
Odd number of nitrogens

9.39/1.1=85
Eight or nine carbons

One CI; no S or Br



Mass Spectrum — Formula
Example #2

Try eight carbons: M - Cg4 - Cl =157 - (8 x 12) - 35 = 26 amu for O, N, and H

Oxygens Nitrogens 26-0O-N=H Formula Notes
0 1* 26-0-14=12 Cg4H,,CIN Reasonable

*Nitrogen rule!

Not enough amu available for one oxygen/one nitrogen or no oxygen/three nitrogens



Mass Spectrum — Formula
Example #2

Try nine carbons: M - Cy - Cl =157 - (9 x 12) - 35 =14 amu for O, N, and H

Oxyogens Nitrogens 14-0O-N=H Formula Notes
0 1* 14-0-14=0 C,4CIN Reasonable

*Nitrogen rule!

Not enough amu available for any other combination.



Eule of Thirteen:

Used to generate the possible formula for a given
molecular mass.

1. Generate a base formula consisting of C and H,

not necessarily the actual formula ;
M { '
— =11+ . |—|
13 13 Collne

2. Calculate the index of deficiency, U, for the
base formula.

n—r+2

-

U=

386



J. If needed - find the formula with ng atoms of O for
the same M;

New formula = Base formula + ng O —ngC — 4ngH
which changes U to U+n, |

4. If needed - find the formula with ny atoms of N for
the same M,

New formula = Base formula + ny N -n,, C -2ny H
and recalculate U; Fractional s — unlikely formula.

L' < 0 Is an impossible combination of atoms and
iIndicates likely presence of O and N.

387



Ex. Consider an unknown substance with a molecular mass of 94 amu.
94 3

=74+ —
13 13

According to the formula n=7 and r=3. The base formula must be C.H,,
The index of hydrogen deficiency isU=

(7-3+2)

ﬂ
-

=3

The formula must contain 3 ring or double bond.

0




* If we wish to add oxygen with the same mol.mass,
* the mol. Formula would become C H,O.

v’ Base formula=C,H,, U=3

v Add: +O

v" Subtract:-CH,

v Change the value of U: AU=1

v New formula=CH.O

v New U: 4
*The other possible molecular formulas with mole. Mass
of 94 amu are:
C.H,0, U=5 C/H,S U=5
C,H,N U=3.5 CH,Br U=0



Process of Interpreting a mass spectrum

« MS allows one to determine the molecular weight of an
unknown compound if the M+- peak can be identified.

1. The nitrogen rule is the following:

» A compound has an odd molecular weight if and only if there are
an odd number of nitrogen atoms in its formula.

»  The nitrogen rule holds for compounds containing H, C, N, O, Si, P,
S, or any of the halogens,
2. Every C-containing ion has a small peak accompanying it
that weighs one mass unit more.

» The ratio of the intensities of the (M) and (M+1) peaks is
directly proportional to the number of C atoms in the ion.

» The peak is due to small amounts of naturally occurring 13C,
which has 1.1% natural abundance.



* The intensity of the (M+1) peak allows one to
determine exactly of how many C atoms a particular
lon consists.

* For example, a C; 1on has a 6.6% probability of
having one 13C atom in It, so its (M+1) peak Is 6.6%
of the intensity of the M+- peak.

* |f no information about intensities of (M) and (M+1)
use Rule of Thirteen.

3. The presence and size of an M+2 peak tells you
whether Cl or Br atoms are present.

* Cl (75% 3ClI, 25% 3’Cl) and Br (50% °Br, 50% 81Br)



4. Calculate the degrees of unsaturation in your formula.

= You may have too few (fewer than zero, I.e. a negative
number) or too many degrees of unsaturation in your
compound.

= Too few degrees of unsaturation means that you have too
many H atoms.

d.

If you have too few number of degrees of unsaturation, you
must add degrees of unsaturation, i.e. remove H’s without
changing the molecular weight.

There are a few ways to do this.

Replace CH, with O. This has the effect of adding one degree
of unsaturation.

Replace C,H, with N,. This also has the effect of adding one
degree of unsaturation.

Replace H16 with O. This has the effect of adding eight degrees of
unsaturation



(b) If you have a very large number of degrees of
unsaturation, you may want to subtract degrees of
unsaturation.

—  (Most of the compounds | would have you identify have 0-5
degrees of unsaturation.) Replace C with H12.

— This has the effect of subtracting seven degrees of unsaturation
without changing the molecular weight.
5. You now have your first reasonable formula for your
compound.

— Once you generate a reasonable formula, you may do the
replacements to generate new formulas with the same molecular
weight.

6. Draw at least one structure for each formula.

—  It’s useful to remember that a six-membered ring with three
double bonds (e.g. a phenyl group, C;H:; or one or more N
atoms may replace CH groups in the ring) uses up four degrees
of unsaturation.



7. The molecular ion, unfortunately, is not always observed. One can
also gain information from the fragmentation pattern.

« The fragmentation pattern constitutes a kind of "fingerprint" for a
compound.

 Different structural isomers and even stereoisomers give
different fragmentation patterns, so the fragmentation pattern
can be used to distinguish different compounds that have the
same molecular formula.

« The fragmentation pattern also provides evidence for and
against certain structural elements in the unidentified compound.
If the major fragments can be identified, and if a reasonable
mechanism for their formation from the molecular ion can be
written, then this constitutes evidence that the parent ion has been
correctly identified.



* For example, when a fragment ion of M= 91
IS observed, It Is almost always the very
stable benzyl cation PhCH,+ suggesting
that a benzyl group Is present In the
parent compound.

 Ethyl esters, RCO,Et, often show fragments M
— 45 (for the fragment RCO) and

« M- 73 (for the fragment R).



Example. The mass spectrum of a compound shows an
M+ peak at 124 amu and no M+2 peaks. Determine
some molecular formulas for this compound.

(1) Nitrogen Rule =>even No of N

(2) It will be clear from the M+2 peak how many CI or Br
atoms you have.

— For each Cl or Br atom, subtract 35 or 79 from the
molecular weight, and write Cl or Br in your formula. In
the present case, no Cl or Br atoms are present.

(3) Determine the base formula by rule of thirteen.
124/13 =9+ 7/13 n=9 r=7
_ C9H16
(4) Calculate the degrees of unsaturation in your formula.
« U=(9-7+2)/2 =2



5. You now have your first reasonable formula for your compound.
Once you generate a reasonable formula, you may do the
following replacements to generate new formulas with the same
molecular weight.

— (a) Replace CH, with O. (Adds a degree of unsaturation.)
— (b) Replace C,H, with N,. (Adds a degree of unsaturation.)
— (c) Replace CO with N,,. (Leaves degrees of unsaturation unchanged.)

e Thus:

« CH, = C,H,O (Three degrees of unsaturation.)
« C,H,O = C.,H_,N, (Three degrees of unsaturation.)
e C,H,0O = C,H,0, (Four degrees of unsaturation.)
« C,H,O = C,H;N,O (Four degrees of unsaturation.)
« C¢HgN,O0 = C.HgN, (Four degrees of unsaturation.)
* Eftc.



6. Draw at least one structure for each formula. It’s
useful to remember that a six- membered ring
with three double bonds

* (e.g. a phenyl group, C;H:; or one or more N
atoms may replace CH groups In the ring) uses
up four degrees of unsaturation.

* More problems:
(1) 88 amu, no M+2.
(2) 119 amu, no M+2.

(3) 108 amu, and there’s an M+2 peak that i1s 1/3 the
size of M.
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Interpreting Mass-Spectral Fragmentation
Patterns

« The way molecular ions break down can produce characteristic
fragments that help in identification

— Serves as a “fingerprint” for comparison with known materials in
analysis (used in forensics)

— Positive charge goes to fragments that best can stabilize it

H.0—C—CH,| — H,0—C* + +CH;

CH; CH,

mlz = 57



Mass Spectral Fragmentation of Hexane

e Hexane (m/z = 86 for parent) has peaks at m/z = 71,
Elexpne s parent) has p
CH,CH,CH,CH,CH,CH,
Hexane

E_

[CH,CH,CH,CH,CH,CH,]*

Molecular ion, M™
(m/z = 86)

~ N

mlz: 71 57 43 29

Relative
abundance (%): 10 100 (base peak) 75 40

© Thomson - Brooks Cole



100

Hexane

80 —
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40—

20—

Relative abundance (%)

11|l

«——M" =86

I
10 20

© Thomson - Brooks Cole
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Practice Problem 12.2: methylcyclohexane or
ethylcyclopentane?

100

N @ ®
o S o
| | |

Relative abundance (%)
DN
i
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I .

I

Sample A
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Sample B

10 20 40

©2004 Thomson - Brooks/Cole
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Mass Spectral Cleavage Reactions of
Alcohols

 Alcohols undergo a-cleavage (at the bond next to the
C-OH) as well as loss of H-OH to give C=C

T4+ 1+
\
RCH,%C—OH| — C—OH | + RCHj;
i H OH 1+ B 1+
\C_C/ Dehydration X \C - C/ iy HZO
71 N / 0\

© Thomson - Brooks Cole 404



Mass Spectral Cleavage of Amines

* Amines undergo a-cleavage, generating

radicals

© Thomson - Brooks Cole

Alpha

cleavage

\
C—NR,
4

+ RCH,*



Fragmentation of Ketones and
Aldehydes

« A C-H that is three atoms away leads to an
Internal transfer of a proton to the C=0, called
the McLafferty rearrangement

 Carbonyl compounds can also undergo o
cleavage



Fragmentation of Ketones and
Aldehydes

+o +
. H H
\Cj (O ~o” >0
| | Melafferty T |
//C\/C_\/C\R rearrangement /C\ \C/C\R
/\ |
- O — Alph —O 1"
>|| —£= 5 RCHp* + | |
RCH2 S C Rr cleavage C_Rr

© Thomson - Brooks Cole
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abundance

100

80

60

40

20

0

Mass Spectra

of Alkanes
More stable carbocations will be more

abundant.

43

M — 43 C|3H3

CH; — CH—CH,—CH,—CHj;
2-methylpentane
M-—+—=15
M — 29 e
‘ 57 Né;
'!' ™ 'I T |' L !Il 'Ill il T T T T T T T
10 20 30 40 50 60 70 &8 90 100 110 120 130 140 150 160

mlz
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Mass Spectra
of Alkenes

Resonance-stabilized cations favored.

// allylic position

+ +
H CH : H CH H CH
Ne=c 2Q — Nl s Need? | vongen
/ \\ \ CF% /TN 7N —
H;C H -cleave here H;C H H;C H
methallyl cation, m/z 55
100
Pan o Y 4
trans-2-hexene
[}
g2 60
3]
E
2 40 M
84
20 |
ol Al l||l l [.‘I

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

mlz

409
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2,2,4,6,6-pentametylheptan

Slc
a9
Xllé
a4 170M*-
7—1. j
L | . A o

LA L LA e B O O e e
40 60 80 100 120 140 160 180



dihexyleter
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Vilken o-klyvning ger det storsta fragmentet for
efedrin?

100 - S8 g\
| OH NHCH;,
. : CH—i'_HOHS
50—
] 165M+-
1T % e b T g
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3-metyl-3-hexanol
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