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UV Visible Spectroscopy (Chapter |

UV Visible Spectroscopy

1.1. UV-VISIBLE SPECTROSCOPY

1.1.1. Introduction

Ultraviolet and visible spectroscopy deals with the recording ot the absorpuon of
radiations in the UV and visible regions of the ¢lectromagnetic spectrum. The UV region
extends from 10-400nm. It is sub-divided into the near UV (gqunartz) region
(200-400nm) and the far or vacuum UV region (10-200nm). The visible region extends
from 400-800nm.

Absorption of electromagnetic radiations in the UV and visible regions induces the
excitation of an electron from a lower to higher molecular orbital (electronic energy
level). Since UV and visible spectroscopy involves electronic transitions, it is ofien called
electronic spectroscopy. Organic chemisis use UV and wvisible spectroscopy for
detecting the presence and clucidating the nature of conjugated multiple bonds or
aromatic rings.

1.1.2. Theory

Ultraviolet absorption spectra anse from transiton of electron(s) within a molecule or
of ions from lower to higher electronic energy levels. The ultraviolet emission specira
arise from the reverse type of transition. For radiation to cause electronic excitation, i
must be in the UV region of the electromagnenic spectrum.

When a molecule absorbs UV radiauon of frequency v sec ', the electron in that molecule
undergoes transition from a lower to a higher energy level or molecular orbital The
energy difference is given by

E=hverg

The actual amount of energy required depends on the difference in energy between the
ground state (E;) and excited state (E;) of the electrons Thus, the above equanion
becomes:

E| - Eﬂ= hv

It is known that the total energy of a molecule 15 equal o the sum ol Clectronie
vibrational and rotational energies. The magnitude of these energies decreases in the
following order, Eqe < Evin < Er.

As UV energy is quantised, the absorption spectrum ansing from a single electronic
transition should consist of a single discrete line. But. a discrete hine 15 not obtaned
because electronic absorption 1s superimposed upon rotational and vibrational sub-level

For this reason, the spectra of simple molecules in the gaseous stale conlun nuarmow
absorption peaks, where each peak is representing a (ransiton from a particular
combination of vibrational and rotational levels in the electrome ground state 10 4
corresponding combination in the excited state. This is shown in figure 1.1

uturePharmacist
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Ev Different molecules absorb radiation of different wavelengths. An absorption spectrum

: will show a number of absorption bands corresponding to structural groups within the
molecule. For example, absorption that is observed in the UV region for the carbonyl
group in acetone matches with the same wavelength as the absorption from the carbonyl

Ev, group in diethyl ketone.

Ev; (Electronic Excited State)

e 1.14. Electronic Transitions
For most molecules, the lowest-energy occupying molecular orbitals are the c-orbitals,
which correspond to o-bonds. The m-orbitals lie at somewhat higher energy levels; and
the orbitals holding unshared pairs, i.e., the non-bonding (n) orbitals, lie at even higher
energies. The unoccupied or anti-bonding orbitals (t* and c*) are the orbitals of highest

Gv, (Electronic Ground) energy. Figure 1.2 shows a typical progression of electronic energy levels.
L &
— = Gvostate 4 N, e O R s
Figure 1.1: Energy Dwmﬂ-m“"'“’“" X /E‘ p_‘ 1 o — o*
In case of complex molecules having more than two atoms, discrete bands coalesce to o ’ 4: .
produce broad absorption bands or band envelopes. Energy absorbed in the UV region Energy —
produces changes in the electronic energy of the molecule resulting from transitions of » Occupied levels
valence electrons in the molecule. Three types of electrons involved in organic i, " j
molecules are: o o o
1) o-Electrons: These electrons are involved in saturated o-bonds, such as those (@) (b)
between carbon and hvdrogen in paraffin. As the amount of energy required for Figure 1.2: Electronic Energy Levels and Transitions

exciting the electrons in o-bonds is much more than that produced by UV light, 1 )] the compounds other than alkanes, the electrons may undergo several possible
compounds containing ©-bonds do not absorb UV radiation. Thus, paraffin transitions of different energies. Some of the most important transitions are illustrated in

compounds are frequently useful as solvents. figure 1.2(b). Clearly, the energy required to bring about transitions from the Highest
Occupied Energy Level (HOMO) in the ground state to the Lowest Unoccupied

2) =-Electrons: _'Ihes.e _electrons are involved in_ unsaturated hydrocarbons. Typical Energy Level (LUMO) s less than the energy required to bring about a transition from a
compounds with n-bonds are trienes and aromatic compounds. lower occupied energy level. Thus, in figure 1.3 an n — 7t* transition would have a lower

3) n-Electrons: These electrons are not involved in the bonding between atoms in energy than a T — 7* transition. For many purposes, the transition of lowest energy is the

molecules. Examples of organic compounds containing these electrons are nitrogen, most important.
oxygen, or halogen. As n-electrons can be excited by UV radiation, any compound A ¢ —» o* Inalkanes
having nitrogen, oxygen, sulphur, halogen compounds, or unsaturated hydrocarbons ¢ —» n* Incarbonyl compounds
may absorb UV radiation.
n —p g+ In alkenes, alkynes, carbonyl
. . Increasing energy compounds, azo compounds, etc.
1.1.3. Principle .
: . o ) .. i n —» g+ In oxygen, nitrogen, sulphur, and
Absorption of electromagnetic radiation by substances in the visible and UV regions of halogen compounds
the spectrum ranges from 200-700nm changes in the electronic structure of ions and 2 ——a q¢ Incarbonyl compounds

molecules. UV and visible light are energetic enough to promote outer electrons to higher
energy levels. UV-vis spectroscopy is usually applied to molecules and inorganic ions Of
complexes in solution. The UV-vis spectra have broad features that are of limited use for
sample identification but are very useful for quantitative measurements. The analyt® 1.14.1.

Figure 1.3; Electronic Transitions

Electronic Transitions of Organic Species

concentration in solution can be determined by measuring the absorbance at some The different types of electronic transitions are: o S
wavelength and by applying the Beer-Lambert (Beer’s) Law. 1) © — o* Transition: A transition of an electron from a bonding sigma orbital to
higher energy anti-bonding sigma orbital is designated as & = G~ (sigma 10 ™!
Many molecules absorb UV or visible light. Absorbance of a solution increases a5 star). In alkanes, this is the only transition available. Sigma hund: hﬁf:::lmmgth&
atenuation of the beam increases. Absorbance is directly proportional to the path length therefore this transition 11: a I:_ng; ;I;I:;E?AP':“ZS ﬂ;ﬁﬁ:ﬁ;ﬁ th dosa in VaCUNN
(b) and the concentration (c) of the absorbin ies. Beer’ . : ' UV light of ~ . diitacags ; -
) e g speci r's Law states that: IUE\; :‘:g:"ﬂ:“‘;ﬁzﬂ below 200nm oxygen present in air begins to absorb. This can be

; re 1.4.
Where, a = Absorptivity (a proportionality constant). shown in figu
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2) m — o* Transition: This transition involves

3)

4)

1.1.4.2.
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s Mﬁ.—bﬂﬂ'd-iﬂg
c* o
== » Anti-bonding
Lone pair;
E o { Non-bonding
. Bonding
Bonding
o
Figure 1.4: Electronic Energy Levels

saturated compounds wj -

heteroatom with unshared pair of electrons (n electrons), €.g., Saturated ha};

alcohols, ethers, aldehydes, ketones, amines, e€IC. These transitions require
comparatively less energy than ¢ — C* transitions. The n — O™ transitiopg -
sensitive to hydrogen bonding. For example, alcohols form hydrogen bonds with the

solvent molecules. Such association occurs due to the presence of nun-bﬁnding
electrons on the heteroatom and thus, this transition requires greater energy.

%X — 7n* Transition (K-Band): This transition is available in compounds wjg
unsaturated centres, e.g., simple alkenes, aromatics, carbonyl compounds, etc. This
transition requires lesser energy than n — ¢* transition. In a simple alkene, although
several transitions are available, the lowest energy transition 1s the T — 7* transitiog
and an absorption band around 170-190nm in unconjugated alkenes is due to this
transition. For example, in saturated ketones, the most intense band around 150nm

is due to ™ — 7* transition.

n — n* Transition (R-Band): In this transition, an electron of unshared electron
pair on a heteroatom is excited to n* anti-bonding orbital. This transition involves
least amount of energy than all the transitions and therefore, gives rise to an
absorption band at longer wavelengths. For example, in saturated aliphatic ketones,
the n — m* transition at around 280nm is the lowest energy transition. This n = =*
transition is forbidden by symmetry consideration, thus the band intensity due to this
transition is low, although the wavelength is long (lower energy).

Electronic Transitions of Inorganic Species

A large number of inorganic salts containing atoms with electrons in d-orbitals give weak
absorption bands in the visible range. The ions and complexes of the elements of the firs!
two transition series belong to this group and are coloured. The colour of these species i$
due to transitions amongst d-orbitals. The complex formation of these ions with solvent
molecules or with other ligands lifts the degeneracy of the five d-orbitals. As 2
consequence, these split into groups having different energies. The electronic transitions

from the lower energy d-orbitals to higher ener

gy d-orbitals are responsible for the

observed colour. These transitions are called d-d transitions

The blue colour of aqueous solutions of of

; copper sulphate and the violet colouf
potassium permanganate are some of the examples. The ions of lanthanides and actinidc®
e alm coloured, however, these involve f-f transitions. The nature of spectrum if thes¢
10ns 15 different because the f-electrons are relatively less affected by external infl

UV Visible Spectroscopy (Chapter 1) 19

due to the shielding effect by the occupied orbitals of higher principal quantum number.
These ions absorb the radiation of UV and visible region in narrow bands. The
representative visible spectra of the ions of transition and inner transition elements are
given in figure 1.5,

4—

NI

400 500 600 700

w
I
—

Molar absorptivity
[ %)
|

Molar absorplivity

l |

300 400 500 600 700 800
Wavelength (nm) Waw::h.:ngﬂ: I:jnm )

(a)
Figure 1.5: Absorption Spectra for the (a) Transition, and (b) Inner Transition Element lons

1.1.5. Chromophores

Originally, a chromophore was considered a system responsible for imparting colour to
the compound. Nitro-compounds are generally yellow in colour. Clearly, nitro group is
the chromophore that imparts yellow colour. Similarly, aryl conjugated azo group is a
chromophore for providing colour to azo dyes. Now, the term chromophore is defined as
any isolated covalently bonded group that shows a characteristic absorption in the

UY or visible region.

Absorption occurs irrespective of the fact whether colour is produced or not. Some of the
important chromophores are ethylenic, acetylenic, carbonyls, acids, esters, nitrile
group, etc. A carbonyl group is an important chromophore, although the absorption of
light by an isolated group does not produce any colour in UV spectroscopy.

Types of Chromophores
1) Chromophores containing n-electrons and undergoing n — = transitions, e.g.,

ethylenes, acetylenes, eic.
2) Chromophores containing both m-electrons and n (non-bonding) electrons, and

undergoing T — m and n — 7 transitions, e.g., carbonyls, nitriles, azo compounds,
nitro compounds, €tc.

The other types of chromophores are:
1) Independent Chromophores: A single chromophore imparts colour to the

compound. For example, azo group, -N=N-, nitroso group, -NO, and o- and p-
quinonoid groups, etc.

2) Dependent Chromophores: More than one chromophore is required 10 produce
colour in the chromogen. For example, C=0 group, C=C group, etc. Acetone
having one ketonic group is colourless, diacetyl having two ketonic groups is yellow,
and triketopentane having three ketonic groups is orange.

Identification of Chromophores _ | N
There are no set rules for the identification of a chromophore. The change in position as

well as the intensity of absorption depends on a large number of factors. Following points
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2) Absorption bands near 270-350mj with very lo¥ intensity (Enas 10-100) are becyy,,
of n—n* transitions of the carbonyl gruup -
3) Simple conjugated chromophores, like dienes OT B

: ,mzuim}*
values ranging from 10 1,000-10,000 reveals the presence of

4) Absorption with Emg, value ranging from 1.9 : an
aromatic system. If aromatic nucleus s subﬁ}lm“d with g : xlzl?n::ia;nc? gfund the
chromophore, absorption takes place at still higher values ol € Octliciens,

1.1.6. Auxochromes

An auxochromic group can be defined as any group which dnest: “::dl?g“m as 3
chromophore but whose presence shifts of the absorption band towards the req ¢4
of the spectrum (longer wavelength). Absorption m'lnngﬂ wavelength is due to the
combination of a chromophore and an auxochrome to give rse to another chromophore,

20

o, p-unsaturated ketones,

An auxochromic group is called colour enhancing group. Auxochromic groups do ne
show characteristic absorption above 200my. Some common aumchmnuc' £roups are
—OH, —OR, —NH,, —NHR, —NR;, —SH, etc. The auxochrome effect is due 1o ji
ability to extend the conjugation of a chromophore by the sha_ling nf‘nun-bon,ding
electrons. Thus, a new chromophore has a different value of absorption maximum as wej|
as extinction coefficient. For example, benzene shows an absorption maximum g
255mL [€max 203, whereas aniline absorbs at 280mjt [€msx 1430]. Hence, amino (—NH,)
group is an auxochrome.

LE ] E

NH, NH,
Amax = 280 nm Amax =254 nm
(Emax = 1430) (Emax = 160)

In aniline, — ﬁH; group acts as a chromophore. But in anilinium ion, there is no lone
pair of electron on nitrogen atom.

Mechanism

All auxochromic groups contain non-bonding electrons. Due to this, there is an extension
of conjugation of the chromophore by sharing the non-bonding electrons.

CH;==CH—N—(CHy); «—> :CH,—CH==Ri(CH,),
The extended conjugation has been responsible for bathochromic effect of auxochrome.

1.1.7. Spectral Shifts

The position of absorption maximum and absorption intensity can be modified in
different ways by some structural changes or solvent change as given below:
1) Bathochromic Shift: It is an effect in which the absorption maximum is shifted

towards longer wavelength due to the presence of an auxochrome or by the change
of solvent (figure 1.6).

Such an absorption shift towards longer wavelength is called bathochromic or red

shift. The n — nt* transition for carbonyl compounds experiences bathochromic shift
when the solvent polarity is decreased.

UV Visible Spectroscopy (Chapter 1) 2]

2) Hypsochromic Shift: It is an effect in which the absorption maximum is shified
towards shorter wavelength. Such an absorption shift towards shorter wav:lfnﬂlh 13
called hypsochromic or blue shift. It may be caused by the removal of conjugation
and also by changing the solvent polarity.

Hyperchromic
shift

Wavelength (Apex) —
Figure 1.6: Absorption and Intensity Shifts

3) Hyperchromic Shift: It is an effect in which the intensity of absorption maximum
increases, i.e., the value of €y,, increases. For example, the B-band for pyridine at
257Tmy (Emax 2750) is shifted to 262myl (Emax 3560) for 2-methyl pyridine (i.e., the
value of €,,, increases). Introduction of an auxochrome usually increases the
intensity of absorption.

4) Hypochromic Shift: It is an effect in which the intensity of absorption maximum
decreases, i.¢., the value of €, decreases. It may be caused by the introduction of group
which distorts the geometry of the molecule. For example, biphenyl absorbs at 250mu
(Emax 19000) whereas 2-methyl biphenyl absorbs at 237my (Epe; 10250) (ie., the value
Of Emax decreases) due to the distortion caused by the methyl group in 2-methyl biphenyl.

1.1.8. Solvent Effect on Absorption Spectra

A most suitable solvent is one that does not itself absorbs radiation in the region under
investigation. A dilute solution of the sample is always prepared for spectral analysis.
Most commonly used solvent is 95% ethanol. Ethanol is a best solvent as it is cheap and
is transparent down to 210myi. Commercial ethanol should not be used because it is
having benzene which absorbs strongly in the ultraviolet region. Some other solvents
which are transparent above 210mp are n-hexane, methyl alcohol, cyclohexane,
acetonitrile, diethyl ether, etc. Some solvents with their upper wavelength limit of
absorption are given in table 1.1:

Table 1.1: Solvents with Upper Wavelength Limit

Solvents A of Absorption (my)
Ethanol 210

Hexane 210
Methanol 210
Cyclohexane 210

Diethyl ether 210

Water 205

Benzene 280
Chloroform 245

THF (Tetrahydrofuran) 220

Carbon tetrachloride 203 ol
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22 these are less polar and haye ]&.q

be used becaus® Lroscopy,
Hexane and other hydrocarbom u:ﬂI:_ investigation. For UV spec Py ﬂha““l* “fite'

’ : . L
interactions with the molecule und .

and cyclohexane serve the best purpose- _ hifted f
. of absorption maximum 8¢t $ o 3 Pang,
intensity ¢ By increasing the solvent _li

the solvent polarity. Polay;

The positions as well as the d ty
: arbons do not experj 1
d conjugated hydroc ence .

chromophore by changing
compounds such as dienes an
appreciable shift.

Hence in general, the absorption maximu ted carbonyl
with the change in polarity of solvents. The o,f-unsatura ¥l compg,
show two different shifts:

1) n—n* Transition (Less Intense): In this “5}5‘51 ; i
wavelength by increasing the snlven*l polarity. In th:f &Tiﬂﬂ:&ﬂ?ﬂg{ﬂqﬂd State j,
more polar as compared to the excited state. The hydrog g With g,

. i : !
molecules occurs to a lesser extent with the carbonyl group in the excited stage, For

example, absorption maximum of acetone is at 279my in hexanc as compgrey lo
264mL in water.

2) m—m* Transitions (Intense): In this case, the ahsnfptinn band moves to longe,
wavelength by increasing the solvent polarity. The dipole-dipole interactiong Wi
the solvent molecules lower the energy of excited state more than that of the £roung
state. Hence the value of absorption maximum in ethanol will be greater thap
observed in hexane. Figure 1.7 depicts the absorption shift with change in SOlven

m for non-polar compounds is usually shiﬁuj
Nd

the absorption band moves tq ]

polarity.
B
* o D i B '

I ‘....‘ D

" CD>AB
A AB>CD

Non-polar c = ot

solvent Polar solvent Non-polar C
solvent Polar solvent

Figure 1.7: Absorption Shift with Change in Polarity of the Solvent

In short, *-orbitals get more stabilised by hydrogen bonding with the polar solvents (ike
water and ethanol). It is because of greater polarity of n*-orbital compared to n-orbital,
Thus, small energy will be needed for such a transition and absorption shows a red shift.
The n—o6* transitions are also very sensitive to hydrogen bonding.

Alcnl?ui_s as well as amines form hydrogen bonding with the solvent molecules. Such
associations occur because of the presence of non-bonding electrons on the heteroatom
and thus, transition requires greater energy. In general, it is said that:
1) \:Ten_a group [sa;,rl, carbonyl) is more polar in the ground state than in the excited
S1ale, Increasing solvent polarity stabilises the non-bondin | |
‘ g electrons in the ground
state because of hydrogen bonding. Thus, absorption is shifted to lower wavelength.

2) When the group is more polar in the excited state, absorption gets shifted to longef

wavelength with increase in solvent : : : :
; polarity, which 2
bonding electrons in the excited state. % helps: in stabilising the nof-

The increase in solvent polarity shifts n—mr*

and n—g*
T—7* bands 1o longer wavelengths. aads o shorter wavelengts =
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1.2. BEER & LAMBERT’S LAW - DERIVATION

1.2.1. Introduction -

In a typical absorption spectral measurement, a monochromatic radiation 1s made to fall
on a sample taken in a suitable container, called cuvette. In such a situation a part of the
radiation is reflected, a part is absorbed, and a part is transmitted. The intensity of
original radiation (P,) is equal to the sum of the intensities of reflected (P,), absorbed
(P,), and transmitted (P,) radiations, i.e.,

Po=P.+P,+P,

The effe~t of reflection can be compensated by passing equal intensities of beams
through the solution and solvent contained in the same or similar container and
comparing the transmitted radiations. Thus, the above equation can be rewritten as:

P,=P,+P,

The intensity of transmitted light is measured and is found to depend on the thickness of
absorbing medium and the concentration, besides the intensity of the incident radiation. This
dependence forms the basis of spectrometric determinations and is given in terms of two
fundamental laws. One is Bouguer’s law or Lambert’s law, which expresses the
relationship between the light absorption capacity of the sample and the thickness of the
absorbing medium; and the other is Beer’s law, which expresses the relationship between
the light absorptive capacity of the sample and its concentration. The two laws are combined
together to give Beer-Lambert’s law. These laws are individually discussed below:

1) Lambert’s or Bouguer’s Law: Lambert and Bouguer independently studied the
decrease in radiation intensity when it passes through a substance and made the
following observations:

1) The amount of monochromatic light absorbed by a substance is proportional to
the intensity of incident light, i.e., the ratio of the intensity of transmitted light to
that of the incident light is constant.

if) The intensity of transmitted light decreases exponentially when the thickness of
substance, through which the light is passing, increases linearly.

These :.:-hscrva.l:iﬂns, called Lambert’s law can be translated into a mathematical
expression as described below:

W
[
L]
i
]
|
5
i
|
i

P ¢ P
e & .-._.I-E....l'_.df.l..-_ - —
P, " Vo P
/—h— — —— :-_' ———————— b —— —
< dP, . o
< b =

Figure 1.8: lllustration for the Lambert’s Law

In figure 1.8, if P, represents the radiant power of incident light and P represents the
radiant power of transmitted light after passing through a slab of thickness b,
consider a small slab of thickness dx, then the change in power (dP,) is proportional
to the power of incident light (P,) multiplied by the change in thickness (dx) of the
slab through which the light is passed.
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Or, dP = -—kP;dI . -{1}
onstant and the negative sign indicates that radi

Where, k is the pro rtionality € il .
pﬂ:: dac:'iascsirit?ahsnrptinn. Equation (1) can e

dP, o< P.dx

dP, i +(2)
PI

On integrating equation (2) within the limits of Po 10 P for intensity and 0 tg }, -
the thickness:

P ip b

I - =--k!dx

Po Fx 0

P
In—=-=kb eul(3)

L]

Equation (3) is the mathematical expression for Bur.lguer-Lamhert law o
Lambert’s law. On changing this equation to base 10 logarithms and re-arranging.

log %o X b=k’db veenn (4)

P 2303

The ratio P/P, has been inverted to remove the negative sign. Lambert’s law applie
to any homogeneous non-scattering medium, regardless of whether it is gas, liquig
solid, or solution.

2) Beer’s Law: In 1852, Beer and Bernard independently studied the dependence of

intensity of transmitted light on the concentration of solution. It was observed thy
the relation between the intensity of transmitted light and concentration was exactly
the same as found by Lambert for the intensity of transmitted light and the thickness
of absorbing medium.

Let us assume a monochromatic radiation beam of intensity P, traversing any
thickness of solution of a single absorbing substance of concentration c. If ¢ is
changed by a small amount dc to ¢ + dc, the change in transmitted power dP, is
proportional to the incident intensity P, and dc.

Hence, dP, =< P,dc
dP, = -k"P,dc wisild)

Where, k” is the proportionality constant and the negative sign indicates that radiant
power decreases with absorption. On rearranging equation (5):

& k dc
P I (1)

X

On integrating equation (6) within the limits of P, to P for intensity and 0 to c for
concentration:

B c
dP, .. )
;.[ ) o or, In-=—_kc
b 0 %
P k
Or, log o~ ;e
%810 *7303° ikl
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Equation (7) is the mathematical expression for Beer’s law. The Lambert’s

and Beer’s laws are combined to obtain equation (8):

lﬂggn-:abc ...,“{E}
P

In this expression, ‘a’ is a constant (combining two constants k', k™ and the numencal
factor) and is called absorptivity (extinction coefficient) whose value depends on unit
of concentration (c) used and is a function of wavelength of the mnl':ﬂﬂhmrflahﬂ light
used. The concentration is generally expressed in terms of E“‘Mf“' _E“d b’ in cm.
Therefore, it has units of cm™g'dm’. However, if the concentration 1S exprcs_scd. as
mol/dm® and b in cm, then it is called molar absorptivity (molar extinction
coefficient) and expressed as €. Its unit is cm™'mol”'dm’. The modified expression

for the Beer-Lambert’s law is:
lngP—; =¢gbc csee(9)

The term log P,/P is called absorbance and is represented as ‘A’. Thus:
A:lﬂgﬂ l--.---( l{]]

Now the expression for Beer-Lambert’s law becomes:

lﬂngp‘?‘EI = A = abc or ebc sl k1)

1.2.2. Deviations
According to Beer’s law, the absorbance (A) (for a monochromatic radiation beam) of a
solution containing an absorbing compound (X), is proportional to its concentration (c),
and is given by:

A= ebc

Where, &= Molar absorptivity of X at particular wavelength.
b = Optical path length.
1.000

0.800

0.600
L =430nm

0.400

Absorbance

h=570nm

0.200

0.000
0.000 4.00 8.00 12.00 16.00

Indicator concentration (M x 10°)
Figure 1.91 Chemical Deviations from Beer’s law
for Unsbuffered Solutions of the Indicator
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deviations. Real deviations are m

ions of the absorbing compe, ™

. nt
Beer's law is subjected to certain real and apparc |
between the absorbing Species By

usually encountered in relatively cnnctnju'altd 50::;
(>0.01M). These deviations are due 10 the interactio
due to alterations of refractive index of the medium.
m Bacr—Lmuhm‘s Law are:

types ns that may occur fro : '
Ee Ehhr:tmiu] va;i:til:sﬂﬂThcs: deviations appear When the ﬂtfﬁﬂfblrl:)i species Underg,
association, dissociation, or reaction with the solvent to give products that 3

: t of such departures can be predicted frop,
differently from the analyte. The exten the equilibrium constants fo,

T ing species and
molar absorptivities of the absorbing speC ffects of such processes g

ilibrium i ince the €
equilibrium involved. Unfortunately, since the
analyte are unknown, there is no opportunity (o COITect the measurement. Typ;
equilibrium that gives rise to this effect includes monomer-dimer Ef]ﬂ‘lilhnum.
analyte association equilibyj,

complexation equilibria, acid-base equilibria, and solvent-

The plots of figure 1.9 illustrate the kinds of deviations fmm. B_f:cr's lavfr that ocey
when the absorbing system undergoes dissociation Or associauon. Notice that the
direction of curvature is opposite at the two wavelengths.

2) Instrumental Deviations by the Stray Light: Stray radiation, commonly cqjeq
stray light, is defined as radiation from the instrument that is outside the nomjpg
wavelength band chosen for the determination. This stray radiation often js the
result of scattering and reflection of the surfaces of gratings, lenses or mirrors, filters,
and windows. When measurements are made in the presence of stray light, the
observed absorbance is given by:

Po + P

P+P,

Where, Pg = Radiant power of the stray light. Stray light always causes the apparen
absorbance to be lower than the true absorbance. The deviations due to stray light are
most significant at high absorbance values. Because stray radiation levels can be as
high as 0.5% in modem instruments, absorbance levels greater than 2.0 are rarely
measured unless special precautions are taken or special instruments with extremely
low stray light levels are used. Some inexpensive filter instruments can exhibit
deviations from Beer's law at absorbance as low as 1.0 because of high stray light
levels or the presence of polychromatic light.

3) Deviations by the Polychromatic Radiation: Strict adherence to Beer’s law is
phscnred only with truly monochromatic radiation. Monochromators are used to
isolate portions of the output from continuum light sources; hence a truly
monochromatic radiation never exists and can only be approximated, i.e., by using a
very narrow exit slit on the monochromator.

A'=log

The incident radiation consists of just two wavelengths (\' and A"), with )

" . z B me {Pﬂ
and Py"). Considering that A = —log(P/P,), then the power of radiation (P) to come
out from the cell for each wavelength would be:

P = P,10 7€
- P.ul ﬂ_a e

Where €' and €" = Molar absorptivity for each
absorbance (A,,) will be: v wavelength. Therefore, the measured
Po+P;y J

P’'+P*
Am ==lo =|Dg .
Py +Fy Pul[]"m +p5m-=‘bf
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1.2.3. Limitations +

The linearity of Beer-Lambert's law is limited by chemical and instrumental factors.

Causes of non-linearity include: _

1) Deviations in aEsnrptiwity coefficients at high concentrations (>0.0IM) due to
electrostatic interactions between the molecules in close proximity,

2) Scattering of light due to particulates in the sample,

3) Fluorescence or phosphorescence of the sample,

4) Changes in refractive index at high analyte concentration,

5) Shifts in chemical equilibria as a function of co nccr!ufitifm, _ 1
6) Non-monochromatic radiation deviations can be minimised by using a relatively flat

part of the absorption spectrum such as the maximum of an absorption band, and
7) Stray light.

1.3. WOODWARD-FIESER RULE

1.3.1. Introduction

Woodward-Fieser Rules describe the effect of alkyl substituents or ring residues. From
the study of UV absorption spectra of a large number of compounds, Woodward gave
certain rules for correlating An,, With molecular structure. Since then these rules have

been modified by Scott and Feiser because of more experimental data.

The modified rules, known as Woodward-Fieser rules, can be used to calculate the

position of A, for a given structure by relating the position of Ay, with the position and

degree of substitution of chromophore. Application of Woodward-Fieser Rules on

different classes of compounds is discussed below:

1) Woodward-Fieser rules for calculating A, in conjugated dienes, trienes, and
polyenes, and

2) Woodward-Fieser rules for a,B-unsaturated carbonyl compounds

1.3.2. Woodward-Fieser Rules for Calculating A, in

Conjugated Dienes, Trienes, and Polyenes
Before considering the rules for dienes, trienes, etc., it will be useful to discuss some

terms involved in the rules:
1) Homoannular Diene: It is a cyclic diene having conjugated double bonds in the

same ring. For example,
j .HJ
CH,y
2) Heteroannular Diene: It is a cyclic diene in which double bonds in conjugation are
present in different rings. For example,

(-0 0 O

3) Endocyclic Double Bond: It is a double bond present in a ring as shown below in
structure (a).
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Exocyclic

O O

- Exocyclic double d
Endn-c;;! :::1 double Y Sond dnub::}hﬂﬂ

@) ®)

4) Exocyclic Double Bond: It is a double

atoms is a part of a ring system as shown a
rules, each type of diene or triene system
absorption takes place. This consttutes

extending conjugation and polar groups (such as -Cl,

double bond

Ring A has one El'ldDC}rc]m

docyclic and one :r_mcytlic double
s bond. Ring B has one

endocyclic double bond only,

[ns[tuml:ntﬂl Methods of An&l}'ﬁ‘

bond in which one of the doubly

bove in structure (b). According to
is having a certain fixed value at y;
the basic value or parent value, Ty,

S . us alkyl substituents or ring residues, double
contributions made by various alky B, and ~OR) are: s edt;:ﬁ

basic value to obtain Ay, for a particular cuﬁpﬂlfﬂd- 'Il‘hi _Emm values gy
contributions of different substituents/groups are given in table 1.2:

Table 1.2: Parent Values and Increments for Different Substituents/Groups

1) Parent Values _
i)  Acyclic conjugated diene and heteroannular conjugated diene | 215nm
ii) Homoannular conjugated diene 253nm |
iii) Acyclic triene 245nm
2) Increments
i) Each alkyl substituent or ring residue nm
11) Exocyclic double bond Snm
iii) Double bond extending conjugation 30nm
iv) Auxochromes =
a) -OR 6nm
b) -SR 30nm
¢) -CIl,-Br S5nm
d) -NR, 60nm
e) —-OCOCH; Onm

Example 1: Calculate A, for 1,4-dimethylcyclohex-1,3,-diene.

H;C—@_Cl‘h

Solution: The given compound is a homoannular diene which is having two alkyl
substituents and two ring residues (as depicted below by dotted lines).

e o

. Parent value for homoannular diene =253nm

Two alkyl substiuents =2x5 =10nm
Two ring residues =2x5 =10nm
. Calculated value
Observed value
Example 2: Calculate A,,, for

e

=273nm
= 265nm

UV Visible Spectroscopy (Chapter 1)

Solution: Base value = 214nm

Ring residue = 3 x 5 = 15nm
Exocyclic double bond = 1 x 5 = 5nm
Calculated value = 214 + 15 + 5 = 234nm

29

1.3.3. Woodward-Fieser Rules for a,f-Unsaturated

Carbonyl Compounds
Woodward-Fieser rules for calculating An,, for a,p-unsaturated carbonyl compounds
modified by Scott may be summed-up in table 1.3:

Table 1.3: Parent Values and Increments for Different Substituents/Groups

1) Parent Values
i) a,p-unsaturated acyclic or six-membered ring ketone 215nm
ii) a,p-unsaturated five-membered ring ketone 202nm |
iii) a,p-unsaturated aldehyde 210nm
iv) a,p- unsaturated carboxylic acids and esters 195nm
2) Increments
i) Each alkyl substituent or ring residue
a) at a-position 10nm
b) at p-position 12nm
) aty and higher positions 18nm
11) Each exocyclic double bond 5nm
iii) Double bond extending conjugation 30nm
1v) Homoannular conjugated diene 39nm
v) Auxochromes Positions
a | Py |8d
a) -OH 35130 - | 50
b) -OR 35130 17 | 31
c) -SR = 1851 = |=
d) -OCOCH; 6 | 6|6 |-
e) -Cl 15|12 - | -
f) -Br 25 |30 | - | -
g) -NR; - 195 - | -
Example 3: Calculate A, for the compound.
C
CH; ! C=—=—=CH,
CH,

Solution: The given compound is an a,p-unsaturated acyclic ketone which is having an

alkyl substituent to a-position.
. Parent value for a,p-unsaturated acyclic kctone

One alkyl substitution in a-position
~. Calculated value
Observed value

=215nm
= |0nm

= 225nm
= 220nm
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Example 4: C t for the structure. o
B2 COMPES T 1.4.2. Sources of Radiation o
The best source of light is the one which is more stable, more intense Eﬂd"‘ﬂhlth gives
range of spectrum from 180-360nm (up to 400nm). The djffmntlsuumts available are:
1) Hydrogen Discharge Lamp: In these lamps, hydrogen gas is stored under relatively
high pressure. When an electric discharge is passed through the lamp, excited
0 hydrogen molecules will be produced which emit UV radiations. 'rl'hhc E;;ﬂ pressure
i i i tinuum rather a simple
Solution: The given structure represents an u,.ﬂ-unsa!:malcd ﬁ-m:frfbercd ring 'f“ﬂne in the hydrogen lamps causes the hydrogen to emit a con p
having a ring residue at a-position and another nng residue at 3-position. It is having 5, hydrogen spectrum.
exocyclic double bond, a double bond extending conjugation, and a homoannular djep, Hydrogen lamps cover the range of 3500-1200A. These lamps are s_tal:lnlc, z_*uhust: and
component. | widely used. If deuterium (D) is used instead of hydrogen, the emission intensity 18
’\J‘\ , ‘ increased by as much as a factor of 3 at the short-wavelength end of the UV range.
P ny I 2) Deuterium Lamp: It is similar to hydrogen discharge lamp, hqt filled with
deuterium in the place of hydrogen. It offers 3-5 times more intensity than other
a types. Deuterium lamps are more expensive than hydrogen lamps but are used when
higher intensity is required.
9 3) Xenon Discharge Lamp: In this lamp, xenon at 10-30 atmospheric pressure is filled
. Parent value =215nm m and it has two tungsten electrodes. The intensity is greater than the hydrogen
One a ring residue = 10nm discharge lamp. |
One & ring residue = 18nm 4) Mercury Arc: This contains mercury vapour and offers bands which are sharp. The
One exocyclic double bond = 5nm spectrum is not continuous. Hence, it is not widely used.
One double bond :xte::lding mqjugatinn ™ Jiam 5) Tungsten Lamp: This lamp is similar in its functioning to an electric light bulb. It 1s
One homoannular conjugated diene = o a tungsten filament heated electrically to white heat. It has two shortcomings. The
<. Calculated value =317nm intensity of radiation at short wavelengths (<350nm) is small. Furthermore, to
Observed value =319nm maintain a constant intensity, the electrical current to the lamp must be carefully
controlled.
1.4. INSTRUMENTATION 1.4.3. Wavelength Selectors
Wavelength selectors consist of three parts:
1 1) Filters,
1.4.1. _ Introduction 5 MonocHioomiice aud
The essential parts of a spectrophotometer are: 3)  Slits
1) Radiation Source: Both the tungsten and D, lamp are present in the UV-visible '
specirophotometer. 1.4.3.1. Filters
2) Wavelength Selector: It constitutes three essential parts: Filters provide high radiation throughout, approximately 50-80% efficiency. The two
i) Filter: Absorption and interference filters are mainly used. tl};FesAﬁmﬁnml:Tilte s B et i et Toonn: Tl indaaadilons: if
i . : - ; : g rption rs: These filters derive their effec m bulk in o
i ::i qg:chrnmatur. It gives the desired wavelength in the entire UV or visible radiation within the material. Absorption filters are produced in a variety of host
D - ; materials, like gelatin, glass, liquid, and plastic. Glass filters are used in automated
11) Slits: There are two slits, i.e., entrance slit and exit slit. chemical analysis equipment and colorimetry. The scattering type depends on
3) Cells or Cuvettes: For holding the sample soluti : scattering crystals formed within the glass mass through a fnducnnn and thermal
3 4 on and the pure solvent (refezence) treatment. Shorter wavelengths are scattered and absorbed, while longer wavelengthis
4) Detector: Thc-mpst commonly used detectors are photo-emissive cells or phototubes are unaffected. Cut-on and cut-off (or sharp-cut) filters are widely used as
st phofoumiitipiier fubes. blocking filters to suppress unwanted spectral orders from interference filters and
5) Recording System: Recording is done by recorder pen. diffraction gratings.
6) Power Supply There are a wide variety of plastic filters, of both sharp cut and intermediate
bandwidth types. Plastic filters may be produced cither by bulk colourants

introduced into the basic batch or through subsequent d}‘re‘ treatments of c!cu_- base
stock. Cut-on types, unlike their glass counterparts, exhibit no fluorescence in the

visible region.

Spectrophotometers are of two types:
1) Single-beam spectrophotometers, and
2) Double-beam spectrophotometers.
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2) Interference Filters: These filters, as '[hr, name i:chI::’l:cst; F;Eb based op the
phenomenon of optical interference. A simple twoO- ry-Peroy) filte,

consists of a dielectric spacer film (CaF, MgF2 Of Slohm‘j“l’“:lhﬂd between e
parallel, partially reflecting metal films, usually of silver (figure 1.10). Thl‘—: thiﬂkm-_“
of dielectric film is controlled to be only one, two, O m_hﬂlf'wa"ﬂﬂ thick, The

are referred to as first-, second-, or third-order filters, respectively. Se

Transparent spacer film

Slit (one-half wavelength thick)

‘ =
B i ’ Beam3  Slit
: u!é ’
) .ﬂ-. ‘ Beam 2
— |
) .h.l . Y
o -~ 0 - Beam 4
Y L]
Y
T T Wavelength (A)

\/ Surface B

Semi-transparent silver films
Figure 1.10: Path of Light Rays through Interference Filter

A portion of the incident radiation normal to the filter (beam 1) passes through beam
2, while another portion (beam 3) is reflected back from surface B to surface A.
Portion of this reflected radiation is again reflected from surface A through the
dielectric layer and exits as beam 4 parallel (actually coincident) to beam 2.

Thus, the path travelled by beam 4 is longer than that of beam 2 by twice the
product of the dielectric spacer thickness and its refractive index. When the layer
thickness (b) is half the wavelength of the radiation to be transmitted in the refractive
index (n) of the dielectric, beams 2 and 4 are in phase and interfere constructively.

The expression for central wavelengths at which full reinforcement occurs is:
_2nb
m

Where, m = Order number. Since partial reinforcement occurs for other path
differences, the filter actually transmits a band of radiant energy. Furthermore, the
angle of incidence of the radiation must be 90°. Any phase shifts on reflection are
ignored. The bandwidth is 10-15nm, Full Width at Half Maximum (FWHM)
transmission; the maximum transmission is usually 40% with this type of filter.

1.4.3.2. Monochromators (Prisms and Gratings)

The monochromator is used to disperse the radiation according to the wavelength. Th
essential elements of a monochromator are an entrance slit, a dispersing element, and
an exit slit. The entrance slit sharply defines the incoming beam of heterochromatic
radiation. The dispersing element disperses the heterochromatic radiation into itS
component wavelengths whereas exit slit allows the nominal wavelength together with 3
band of wavelengths on either side of it. Position of the dispersing element is always
adjusted by rotating it to vary the nominal wavelength passing through the exit slit.
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The dispersing element may be a prism or grating. The prisms are generally made of
glass, quartz, or !'used silica. Glass has the highest resolving power but it is not
transparent 1o radiations having the wavelen gth between 2000-3000A because glass
ahsnrh§ strongly in this region. Quartz and fused silica prisms are transparent throughout
the entire UV range and are widely used in UV spectrophotometers. Fused silica prisms
are little more tr:?nsparent in the short wavelength region than quartz prisms, and are used
only when very intense radiation is required. The mirrors in the optical system are front
surfaced because glass starts to absorb in the UV region.

Characteristics of a Monochromator

1) Itallows the largest entrance slit width for the band pass required.

2) It has the highest dispersion.

3) The largest optics is affordable.

4) Longest focal length is affordable.

5) Highest groove density will accommodate the spectral range.

6) Optics and coatings are appropriate for specific spectral range.

7) Entrance optics will optimise endues.

8) If the instrument is to be used at a single wavelength in a non-scanning mode. it must
be possible to adjust the exit slit to match the size of the entrance slit image.

Types of Monochromator

1) Prism Monochromator: A single-pass monochromator has been illustrated in
figure 1.11. The sample is kept at or near the focus of the beam, just before the
entrance slit (A) to the monochromator. The radiation from the source after passing
through the sample and entrance slit, strikes the off-axis parabolic Littrow mirror
(B), which renders the radiation parallel and sends it to the prism (C). The dispersed
radiation after reflecting from a plane mirror (D) returns through the prism a second
time and focuses onto the exit slit of the monochromator, through which it finally
passes into the detector section.

Prism Plane mirror
(C)
(D)
\
»— — Exit slit
: |
Littrow = +—a Source
mirror (B) 1(A)

Figure 1.11: Single-Pass Monochromator

In double-pass monochromator4figure 1.12), there occurs a total of four passes of
radiations, i.e., (1), (2), (3) and (4) through the prism. Thu: douhl:‘ pass
monochromator produces more resolution than the monochromator in the radiation,

before it finally passes on to the detector. _
Prism

Littrow mirmor

Off-axis

s \ Exit slit
parabolic murror Ex

Entrance slit

Plane mirrors
2: Double-Pass Monochrfemator

Figure 1.1
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: an alternative means of
2) Grating Monochromator: Gﬁ'[.mgs rating (figure 1.13) consists of a Serieg % he continuous Spectrum emitted by the source. Rather, a definite band of radiation is
monochromatic light. A dlffl'ﬂ;"”rfng surface that is produced by taking tbp]iw sassed by the monochromator. This finite band arises from the slit distributions. The
parallel grooves (lines) on a reflect! gusing a machine, or from one which " »ntrance or aperture of a monochromator is a long, narrow slit whose width is generally
from a master carefully prepared be considered as separate mirrorg ¢, ° idjustable. Inside the monochromator, the rays diverge from the entrance slit and

provide

: an ; i : ; :
hnlpgraphacal]y gem_:ralcfi. The EFD‘_JJIEF;II i light eflected from neighbouring lluminate the collimator mirror, which renders the rays parallelly and focuses them on
which the reflected light interacts Wi el fied ferentially the wavelength tha % he dispersing element. Leaving the collimator, the parallel set of rays is a broadened
0 o iuericect G B 10 the incident beam is changed. § sersion of the entrance slit.

reflected when the angle of the grating
This rectangle of radiation must be large enough to illuminate the entire side of the prism

When parallel radiation illuminates a reflecting mffr:;smn E;i““g'h‘hﬂ Multip}, or the length of the grating. In turn, the dispersing device separates the incident
reflections from the mirror grooves will ﬂ:'rﬂlffp and I TE jtl Eacd Other. If th, »olychromatic radiation into an array of monochromatic rectangles, each of which leaves
reflected waves are in phase, interference is said to be constructive and the reflecyyg dispersing device at a slightly different angle. The monochromatic rectangles overlap.
light is not affected. If the reflected waves are out {ff PUASE, EReeis degtmm“ I'he dispersed beam is intercepted by a second collimating mirror identical to the first (or
interference and light of the wavelength at which such interference occurs will NOt be 3 segment of the first collimator), which is used to focus and reduce each rectangle to an

propagated. mage of the entrance slit. These final images fall in a plane called the focal plane, in
Exir slit : ~hich a stationary exit slit is located. The distance between the second collimator and the
| Spectrum :xit slit is called the focal length of the monochromator.
-'--v-D--:' ______________ 1.4.4. Sample Cells or Cuvettes
Sample containers, which are usually called cells or cuvettes, must have windows that are

ransparent in the spectral region of interest. Quartz or fused silica is required for the
JV region (wavelengths less than 350nm) and may be used in the visible region. Silicate
glass is ordinarily used for 375-2000nm region because of its low cost compared to
juartz. Plastic cells are also used in the visible region.

_—— - O . S e e e omm

-+

. 7 =
Entrance - ::'Ff ¢ : 3
slit : : . )
_________________________________________ | 0 Y
Figure 1.13: Grating Monochromator i Cylindrical

The relationship that determines the wavelength of reflected light is expressed by: |

nA = 2dsin6 P
Where, n = Order.

d = Separation of the reflecting surfaces (or lines). - GPT“'F':EI, d S‘“Ppc:d _Sm!’ P E."‘d
0 = Angle of incidence of the radiation. R o emimiere

_ 2
Grating monochromator possesses the following advantages over prism I'R . Semi-mic
monochromator: H [ cn;::um
1) Grating can be made with materials which are not attacked by moisture like "

aluminium. On the other hand, metal salt prisms get subjected to etching from I i

atmospheric moisture.
ii) - Grating monochromators can be used over considerable wavelength ranges. 11
11i) Grating offers better resolution and energy transfer. i.
iv) Grating has constant bandwidth due to linear dispersion, < '
v,:r Gratmg requires !ess mmphcamd' wavelength drive mechanism. Tall micro Minimum height Sampling Demountable
vi) Stray light is limited to imperfections at the grating surface. micro flow

Figure 1.14: Commercially Available Cells used in UV-Visible Spectrophotometer
1.4.3.3. Slits [he best cells have windows that are perpendicular to the direction of the beam in order

There are two slits, i.e., entrance slit and exit gljt. The main function of the entrance slit o minimise reflection losses. The most common cell path length for studies in the UV
is to provide a narrow source of light so that there should be no overlapping of ind visible regions is of lcm; matched, calibrated cells of this size are available from
monochromatic images. From this, the exit sjjy selects a narrow band of ttllsii‘ﬂ"‘w'j everal commercial sources. Many other cells with shorter and longer path lengths can be
spectrum for Dhﬁervali_ﬂn by the detector, Ip practical spectrophotometry, the >urchased.

monochromator module is not capable of i1solating a single wavelength of radiation fro®
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For reasons of economy, cylindrical cells are sometimes used. Particular care must p, UV Visible Spectroscopy (Chapter 1)
taken to duplicate the position of such cells with respect to the beam; oth

variations in path length and reflection losses at the curved surfaces can cause signif lie, PMT can detect very weak signals. The sensitivity of photo-emissive cell (photocell) can
S s . . . Can; be increased considerably by employing the photomultiplier tube (figure 1.16).
error. Some typical UV-visible cells are shown in figure 1.14. P
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1.4.5. Detectors

Detectors used in UV-visible spectrophotometers can be called as pholw
detectors. The most commonly used detectors are:

1) Phototubes or photo-emissive cells,
2) Photomultiplier Tubes (PMT),

Incident
3) Photovoltaic cell or barrier-layer cells, and light
4) Photomultiplier Silicon photodiode array detector.
. s Photocathode
1.4.5.1. Photo Tubes or Photo-Emissive Cells
This detector is composed of an evacuated glass tube, which consists of a photocathog, : _
and a collector anode. The photocathode is coated with elements of high atomic volup Figure 1.16: Schematic Representation of Photomultipier Tube

(like caesium, potassium, or silver oxide), which can liberate electrons when ligh; When the light radiation is incident upon the cathode surface, electrons are ejected. These
radiation falls on it. This flow of electrons towards anode 'produce:s a cumren gre accelerated to the sensitive surface of the dynode where secondary electrons are
proportional to the intensity of light radiation. Composite coatings llkc caesium/caesium emitted in greater number than initially striking the plate. These electrons in tum are
oxide/silver oxide can also be used, which increases the sensiuvity and range of accelerated to the surface of another dynode maintained at a higher potential, where the
wavelength in which the detector can be used (UV region). number of electrons is again increased by a factor of 4 or 5. The process is repeated

Anode wire several times until a large number of electrons arrive at a collector. The number of

: electrons falling on the collector measures the intensity of light incident on the cathode
# z’,..;;[,lght rays

/ surface.
Pl ~pEEd = lectrons
. _/E DC amolifier and As the output of a photomultiplier tube is only several milli—amperes,_ it can be used to
e mdnﬁt Saciia measure intensities about 200 times weaker than those measurable with a photoelectnc
cell and amplifier. The response time of a photomultiplier tube is 107 s. A
photomultiplier tube must be carefully shielded from stray light.
1.4.5.3. Photovoltaic Cell or Barrier-Layer Cells
.RI , )\ This cell is also known as photronic cell and operates without the use of a battery. It
consists of a metal base plate (of iron or aluminium), that acts as an electrode. On its
i surface, a thin layer of a semiconductor metal (like selenium) is deposited. Then, the
AEDC surface of selenium is covered by a very thin layer of silver or gold that acts as the
o Rowesmely @ second collector electrode (figure 1.17).
Figure 1.15: Photo Tube or Photo-Emissive Cell RO g

Transparent
The signal from the detector can also be amplified using an amplifier circuit (figure metal layer

1.15). Phototubes have better sensitivity when compared to photovoltaic cell, and hence '/l l l l l l l l l i
are more widely used. St

M—“

1.4.5.2. Photomultiplier Tubes (PMT) syes

S

This type of detector is the most sensitive of all the detectors, is expensive, and is used if I

Metal base plate
sophisticated instruments. The principle employed in this detector is multiplication of

photoelectrons by secondary emission of electrons. This is achieved by using ?
photocathode and a series of up to 10 anodes (dynodes).

Galvanometer

Figure 1.17: A Typical Photovoltaic Cell

Each dynode is maintained at 75-100V higher than the preceding one. At each stage. ™ When the radiation is incident upon the surface of selenium, clectrons are generated at

collected by the silver. Accumulation of
¢ voltage difference between the silver

electron emission is multiplied by a factor of 4 or 5 due to secondary emission

the selenium-silver interface. These electrons are
electrons; and hence an overall factor of 10° is achieved.

electrons on the silver surface creates an electni
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surface and the basis of the cell, and if the external circuit has a low resistance (aboy
41)09 or less), a photocurrent will flow which is directly proportional to the intensity
the incident radiation beam. If this cell is connected to a galvanometer, a CUrrent wj
flow that will vary with the intensity of the incident light.

These cells offer the advantages of being rugged and requiring no external powe
supply; however, their use is generally limited to the visible region. The wavelengy

response (450-650nm) is close to that of the human eye. High level of illumination j
required to avoid the problems of amplifying the output which arise from the smg]
resistance of the external circuit.

1.4.5.4. Silicon Photodiode Array Detector
The principle involved in silicon photodiode detector is that upon exposure to light th

electrical properties of the detector change (this is the internal photoelectric effect)
Solar cells have the similar structure and work on the same principle.

The diode array is a multichannel detector that makes simultaneous measurement of
wavelengths of dispersed radiation. It is made up of an array of silicon photodiode;
situated on a solo silicon chip (generally 1024). Each diode is scanned for response.

Though photorultiplier tube is more sensitive, diode array detector is beneficial for
simultaneous measurement of wavelengths. Since alignment problems are absent in diode
array detector, it is more rugged than the photomultiplier tube. In diode array detector,
optical performance variations with wavelength change are null, which are generally seen

in scanning monochromator instruments.

Light from grating
monochromator

; ; Depletion
n-dnped Si n I'Fg'lﬂﬁ

Figure 1.18: Diode Array Detector

Silicon photodiodes are advantageous Over photomultipliers because of their low cost
low sensitivity in the light-receiving surface, and no need of special power supply. I
obtains photometric data like that of photomultipliers if the light intensity is relatively

large.

1.4.6. Recording System
The signal from the photomultiplier tube is finally received by the recording system. The
recording is done by a recorder pen. This type of arrangement is only done in recording

UV spectrophotometers.
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1.4.7. Power Supply

The power supply serves three main functions:
1) It decreases the line voltage to the instruments operating level with a transformer.

2) Itconverts ACto DC with a rectifier if direct current is required by the instrument.

3) It smoothens out any ripple that may occur in the line voltage to deliver a constant
voltage to the source lamp and instruments.

1.4.8. Single Beam UV Spectrophotometer

The steps involved in a single beam UV spectrophotometer (figure 1.19) are:

1) UV radiation is given off by the source.

2) A cunvex lens gathers the beam of radiation and focuses it on the inlet slit.

3) The inlet slit permits light from the source to pass, but blocks-out stray radiation.
4) The light then reaches the monochromator, which splits it up according to wavelength.
5) The exit slit is positioned to allow light of the required wavelength to pass through.

6) Radiation at all other wavelengths is blocked-out.

7) The selected radiation passes through the sample cell
the intensity of the radiation reaching it.

8) By comparing the intensity of radiation before and after it passes through the sample,
it is possible to measure how much radiation is absorbed by the sample at the

particular wavelength used.
9) The output of the detector 1s usually recorded on graph paper.

to the detector, which measures

Slit
Source —l——v Monochromator = —— Detector |}— Slg“a] proc
[Gl‘&ﬁﬂg} and read-out
Tungsten
lamp

Reference cell or
sample cell

Figure 1.19: Single Beam Spectrophotometer
One problem with the single beam system s that it measures the total amount of light

reaching the detector, rather than the percentage absorbed. Light may be lost at
reflecting surfaces or may be absorbed by the solvent used to dissolve the sample.
Furthermore, the source intensity may vary with changes in line voltage. For example,
when the line voltage decreases, the intensity of the light coming from the source may
decrease unless special precautions are taken. Consequently, the intensity of radiaton

may be constantly changing. -
Another problem is that the response of the detector varies significantly with the

wavelength of the radiation falling on it. Even if the light intensity is constant al all
wavelengths, if the wavelength is steadily increased from 200-750nm. the signal from the

detector starts at a low value, increases to a value that is steady over a wide range, and
then decreases once more. This relationship between the signal from the detector and the

wavelength of radiation is called the response curve.

Spectrophotometer
1.4.9. Dﬂllbl'ﬂ Beam Uy pe - is also called a UV-visible

A double beam spectrophotometer (figure 1.20),
spectrophotometer and it utilises two SOUrCes:

1) A tungsten lamp (400-800nm), and
2) AD,lamp (200-400nm).
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Reference
AL' cell
'.
1 T 1 | De i Difference > Rja;:!-
Source || M hromat . Lecio lifi u
[ 1 R or Beam spliter amplifier Gt
Tungsten Mirror
ke s
\ cell

Figure 1.20: Double Beam Spectrophotometer
The steps involved in a double beam UV spectrophotometer are:

1) The radiation from the selected source passes through a fixed slit to the surface of
reflection grating (monochromator), and from the diffracted radiation. the desired

wavelength is selected.

2) This selected beam of light falls on a V-shaped mirror, called a beam splitter that
splits the radiations into two beams; one of which passes through the reference cell
containing pure solvent and the other simultaneously passes through the sample

solution cell.

3) The transmitted light from the two cells go to the photoelectric detector alternatively,
and the difference in the absorbance by the solvent and the sample solution is

measured electronically with very high accuracy.

Although the double beam instruments are more complicated and expensive, they do

offer the following advantages:

1) It is not necessary to continually replace the blank with the sample or to zero adjust

at each wavelength as in the single beam units.

2) The ratio of the powers of the sample and reference beams is constantly obtained and
used. Any error due to variation in the intensity of the source and fluctuation in the

detector 1s munimised.

3) Because of the previous two factors, the double beam system lends itself to rapid
scanning over a wide wavelength region and to the use of a recorder or digital

readout.

1.4.10. Comparison of Single Beam and Double Beam

Spectrophotometers

The essential features of single and double beam spectrophotometers are given in table 1.4:

Table 1.4: DifTerence between Single and Double Beam Spectrophotometers

| Instrumental Single Beam Double Beam Spectrophotometer
| Parameters Spectrophotometer

Common Name Visible spectrophotometer |UV-visible spectrophotometer
Source Tungsten lamp 400-800nm |Tungsten and D, lamps 200-400nm
| \and 400-800nm, respectively -
‘Wavelength Selection Monochromator prism or Monochromator prism or grating

; rating

\Amex Determination  |Possible Possible ~
]wm Pyrex glass tube Pyrex and quartz cells _:
| - Photoelectric effect Photoelectric effect

Quantitative Analysis |Coloured solutions Coloured and colourless solutions B

B
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1.5. APPLICATIONS

1.5.1.

Introduction

UV-Vis spectroscopy has been mainly applied for the detection of funcuonal groups

(chromophore), the extent of conjugation,

detection of polynuclear compounds by

comparison, etc. Some of the important applications are:
1) Detection of Functional Groups: The technique is applied to detect the presence or

2)

3)

4)

5)

6)

absence of a chromophore. The absence of a band at a panic:ular. wavelength may be
regarded as an evidence for the absence of a particular group In the cumpﬂlum:i. A
little information can be drawn from the UV spectrum if the molecule 15 very

complicated. If the spectrum is transparent above 200my, it shows the absence of:
i) Conjugation,

ii) A carbonyl group (aldehydes and ketones),

iii) Benzene or aromatic compounds, and

iv) Bromo or iodo atoms.

Extent of Conjugation: The extent of conjugation in polyenes R—(CH=CH).—R
can be estimated. Addition in unsaturation with the increase in the number of double
bonds (increase in the value of n) shifts the absorption to longer wavelength. It is
found that the absorption occurs in the visible region, i.e., at about 420mp, if n=8 1
the polyene. Such an alkene appears coloured to the human eye.

Distinction in Conjugated and Non-Conjugated Compounds: It also distinguishes
between a conjugated and a non-conjugated compound. The following isomers can
be readily distinguished since one is conjugated and the other is not:

o)
(i) (CH3;,C==CH ! CHj
o)
(i) CH,==C—CH, !! CH,
CH;

The forbidden n — m* band for the carbonyl group in the compound (i) will appear
at longer wavelength compared to that for the compound (ii). The alkyl substitution
in an alkene causes a bathochromic shift. The technique is not much useful for the
identification of individual alkenes.

Identification of an Unknown Compound: By comparing the spectrum of an
unknown compound with that of a known compound, the former can be idenufied. If
the two spectra coincide, the two compounds must be identical. If the two spectra do
not coincide, the expected structure is different from the known compound.

ldmﬁﬁcaﬁnnufnCompoundlnMﬂmtSalvmls:Smmﬁmmcmmpumd
structure changes with the change in solvent Chloral hydrate shows an absorption
maxhnumatzgfhnpinmwhjle&:ahsupdondisappcarsiqﬂm aqueous solution.
Cleaﬂy,ﬂmmmpmndmntainsacmylgrwpmruxmachNﬂlm structure is
CCl;.CHO.H,0, whereas in aqueous solution it is present as CC1,.CH(OH):.

Distinguishes between Equatorial and Axial Conformations: Thu. technique also
distinguishes between equatorial and axial conformations. Consider the following

conformations:
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7) Determination of sw“'"gﬂwim the n-electrons of carbonyl oxygen. Dye ,
the EI'D'I.IIId state 1S lowered dependmg on the stl'enmh
a

hydrogen bonds.

Thus, n — «*
wavelength. Hence,
and polar protic solvent, the stren

1.5.2. Spectrophotometric Titrations

In a spectrophotometric titration, the equivalence point is determined i
spectrophotometer. In this technique, the titration vessel is kept directly in the ﬁgmml
of the instrument. Then, the absorbance of the solution is determined after adding tirg
and a plot of absorbance as a function of volume of titrant is prepared. Typical titraty

curves are shown in figure 1.21.

wansition of carbonyl compounds 1s shifted towargs i

by measuring the Amax Of 2 carbonyl compound in g Oy
gth of hydrogen bond can be determined.

ilf the titration reaction is complete, the titration curve will consist of two straight [
“mng at the equivalence point, similar to amperometric and conductomet

m . & .- . L]

mﬂlﬂ 0!::1' th:md' 1:1 the tration reaction is not complete, there occnrs appreci

= ﬁmmﬁnn m:q;::u;npe point region but extrapolation of the two linear segments
Infersection gives the equivalence point volume.

1) Curve (a) is characterict; :
) mﬁi‘:’?m is the EE;H case where 6nly the titrant absorbs. An interesi#
absorbance readings are take on of arsenic(Ill) with bromate-bromide, Wher g

0 at the wavelength where bromine absorbs.

Product does : *
consumed by the titrant, th:;laorbm In ﬂlat region. As soon as arsemitl’
(bromine) alone. will increase due to the colour of the "

2) Curve (b) is

characteristic of 5 absorbs
— case : ¥
:I;vI:II:k of tlm is the titrag; uleE'e only _lhe product of reaction 74508
ngth. This wavelengyh jg ge) Iﬂl with EDTA, carried out T’;

ected because at this position the ED

complex possesses a
Much greater absorhap
compared to conner solution alon®

Absorbance

3)

4)

1.5.2.1.

Absorbance
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4'

E E
Equivalence § E Equwg;l:nﬂ:c
__~ point e | / .
Volume of Titrant Volume ﬂf Titrant
(a) (b)
o
g
quuival:ncc point < 8 % Equivalence point
ol "l i
Volume of Titrant Volume of Titrant
(c) (d)
Figure 1.21: Titration Curves

Curve (c) is characteristic of a case where only the substance being titrated absorbs,
while the titrant and the product do not absorb. An example is the titration of p-
toluidine in butanol with perchloric acid at 290nm wavelength.

This wavelength is selected because p-toluidine sharply absorbs at this wavelengih;
whereas the titrant, perchloric acid shows no absorbance in this region. As soon as
the whole quantity of p-toluidine reacts with perchloric acid, the absorbance will

become constant after the equivalence point.

Curve (d) is obtained when a coloured analyte is converted into a colourless product
by a coloured titrant. When titrant is added, the analyte colour starts fading due to the
formation of a colourless product. But after the equivalence point, absorbance again

rises due to the colour of the titrant alone.

Choice of Wavelength

A number of criteria are considered in the choice of wavelength. It may be necessary {0

balance one against another: _

1)
2)

3)

4)

In figure 1.22, the solid lin
and the dashed line represe

may be either caused by the necessary €X
natnrally ncenrring in the EIUdIL‘d Sj'ﬁlfm.

The highest absorption peak will -j.rield the maximum sensituvity.
A chosen wavelength should yield a minimum interference from other species that

may be in the system.
Because of the errors that arise from sharply nising or
absorption curves, these sections should be avoided.

Care should be taken to avoid a sharp band if the sht width exceeds the bandwidth.

e represents the absorption curve for the sample species
nts the absorption curve of interference. This interference
cess of one of the colour-forming reagents or Is

sharply falling portions of the
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Figure 1.22: Choice of Experimental Wavelength

When all the factors are considered, point B would be the chosen wavelength when using
a 2Unm bandwidth. Whereas, the compound possesses a greater absorptivity, and thus a
greater potential sensitivity is observed at both A and F than at B. This advantage is lost
when the potential for interference (dashed line) as well as the slit width are considered.

Points C and E are avoided because of the error associated with absorbance
measurements on sharply rising or falling curves. Point D would yield an accurate
reading but its sensitivity is less than one-third of that at point B.

1.5.2.2. Apparatus

In order to carry out spectrophotometric titrations, a special titration cell (figure 1.23) of
5-100ml capacity is employed that fits in the cell compartment of the spectrophotometer.
The cell is made up of perspex sheet. As the

matenal perspex is opaque to UV light, two Opening for
openings are made in the cell to accommodate - burette
cellular quartz windows. SHe I'

These windows are inserted in such a way that 1
the beam of monochromatic light passes :{
through their centres to the photoelectric cell. ‘
The cell has two small openings, one for the tip

of a microburette and the other for a micro | e
stirrer, Except the quartz windows, the whole =
cell is covered with black paper to exclude all L

extruncous light. Figure 1.23: Titration Cell

Quartz
" windows

1.5.2.3. Technique

The experimental technique is simple and involves the following steps:
1) The solution to be titrated is taken in the cell,

2)  Then, the cell is kept in the light path of a spectrophotometer.

3)  The spectrophotometer is adjusted to the wavelength at which experiment is to be

carried out and the instrument is set at zero absorbance (if the reactant is colourless)

OF at some other starting value (if the reactant is coloured) that lies within the
linearity range of the instrument,

4)  Aflter this a known volume of titrant is added to the stirred solution in the cell and the
absorbance is read again,

UV Visible Spectroscopy (Chapter 1)

3)

6)
7

45
This is‘ repeated at several points before the end point and at several points after the
end point.

Finally, absorbance is plotted against the volume of titrant added.
From this graph, the equivalence point is obtained.

1.5.2.4. Dilution Correction

Since absorbance depends upon concentration, the effect of dilution should be taken into
consideration. This error can be overcome by one of the following methods:

1)

2)

Either the titrant 15 made much more concentrated than the solutuon to be utrated so
that there is negligible change in volume, or

A simple correction factor is included in the calculation.

A=A,V+v

Where,
A and A' = Corrected and measured absorbances, respectively.
V = Original volume of solution.
v = Volume of titrant added.

For best results, appropriate dilution corrections must be made and the above
equation becomes:

. z[m]mm,
vV

Where,
A, = Corrected absorbance.
V; and V, = Respective initial and added volumes,
A,, = Measured absorbance.

However, a negligible error will result from ignoring dilution corrections 1f the titrant
concentration is much greater than the concentration of the solution being titrated.

1.5.2.5. Applications

Some typical methods of analysis by spectrophotometric titrations are:

1)

2)

3)

4)

Aclid-Base Methods: Phenols can be titrated with NaOH. Absorbance occurs due to
the formation of phenolate 1on,

Oxidation-Reduction Methods: Ce(lll) can be titrated with Co(lID, formng
Ce(1V).

Complexometric Titrations: Bi(lll) can be titrated with thiourea: copper(ll) i~
added, resulting in the formation of Cu-EDTA complex; or thiourca s added
resulting in the disappearance of bismuth thiourca l‘l1ﬂlp!t‘!. Fe(lll) can be ttrated
with EDTA., resulting in the disappearance of Fe sulphosalicyhc acid complex.

Cu(1l) can be titrated with EDTA, resulting in the formation of Cu-EDTA complex

'-'"PIE"I' and bismuth in o mixture can be estimated by just a single titeation wiath
EDTA. Measurements are made at 745nm, where copper FDTA complex absorhs

strongly but bismuth complex does not,
SO, lons can be titrated with Badlh) ions, resulting in the

. Titratlons: . Mgl
Precipitation 1 jons can be titrated with ThelV) wons Reacton of Thlv)

a of turbl o
uppearance of urbidity. gk
with the indicator SPADNS results in a precipiate.
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1.5.2.6. Advantages _ *
Spectrophotometric  titrations have several advantages over direct spectrophotometric

T;mh;ts ]zan be applied to a large number of non-absorbing constituents as only one
absorber is to be present among the reactant, the titrant, or the reaction products.

2) Presence of other absorbing species at the analytical wavelength does not cause
interference because only the change in absorbance is significant.

3) It can be applied to highly coloured solutions that could not be determined by the

visual indicators.
4) It can be applied to such reactions that tend to be appreciably incomplete at the

equivalence point.

5) It is quite accurate. One can obtain accuracy and precision of a few tenths per cent
with comparative ease by spectrophotometric titrations.

6) In contrast to normal absorbance procedures, it is not necessary that the titration be
performed in the region or wavelength of maximum absorbance. Thus, a greater
choice of wavelengths is available.

7) Relauvely large quantites of other absorbing species at the chosen wavelength are
necessary before noticeable interference results.

8) Turbid solutions may be titrated in selected circumstances.

9) More dilute solutions may be employed than in other types of titrations.

10) A variety of equipment may be employed.

1.5.3. Single Component Analysis Methods

The methods involved in the calculation of single component analysis are:

1) Direct Analysis: Essentially all compounds containing conjugated double bond or
aromatic rings, and many inorganic species absorb light in the UV-visible regions. In
these techniques, the substance to be determined is dissolved in a suitable solvent
and diluted to the required concentration by appropriate dilutions, and then
absorbance is then measured.

2) Indirect Analysis: This method involves analysis after addition of some reagent.
These methods are based on the conversion of analyte by a chemical reagent having

different spectral properties. Chemical derivatisation may be adopted for any of the
several reasons:

|} If the analyte absorbs weakly in the UV-region.

i1) The interference from irrelevant absorption may be avoided by converting the
analyte to a derivative, which absorbs in the visible region, where irrelevant

__ absorption is negligible. _

i) This technique can be used to improve the selectivity of the assay in presence of
other UV radiation absorbing substance.

iv) Cost.

Methods of Calculating Concentration in Single Component Analysis
1) By using the relationship A = abc.

2) By using the formula Cu = (A/A,) x C,.

3) By using the equations y = mx + c.

4) By using the Beer's curve.

1.5.4. Multicomponent Analysis Methods

U‘_ﬁf.sp_egtmphﬂtnmctric techniques are mainly used for multicomponent analysis, thus
minimising the cumbersome task of separating interferents and allnwiné the
determination of an increasing number of analytes, consequently reducing analysis time
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and cost. Multicomponent UV spectrophotometric methods are based on recording and

mathematically processing absorption spectra. The multi et scaleis ta
offer the following advantages: COHpon thods

1) Avoiding prior separation techniques, e.g., extraction, concentration of constituents,
and clean-up steps that might be required.

2) Spectral data are readily acquired with ease.

3) The process is fast, accurate, and simple.

4) Wide applicability to both organic and inorganic systems.

5) Typical detection limits of 10~ to 10™ M and moderate to high selectivity.

Different UV spectrophotometric multicomponent analysis methods include:
1) Simultaneous equation method,
2) Difference spectrophotometry,

3) Derivative Spectrophotometry (DS),
4) Absorbance ratio spectra method,

5) Derivative ratio spectra method,

6) Double divisor ratio spectra derivative method,
7) Successive ratio-derivative spectra method,

8) Q-absorbance ratio method,

9) Isosbestic “isoabsorptive” point method,

10) Absorptivity factor method,

11) Dual wavelength method,

12) Ratio Subtraction Method (RSM),

13) Mean centering of the ratio spectra,

14) Absorption Factor Method (AFM), and

15) Multivariate chemometric methods.

1.5.4.1. Simultaneous Equation Method (Vierordt’s Method)

If a sample contains two absorbing drugs (x and y) each of which absorbs at the Amax of
the other, both the drugs can be determined by this method. The information required is:
1) The absorptivities of x at A, and A; (ax, and ax;, respectively).

2) The absorptivities of y at A; and A; (ay; and ay;, respectively).

3) The absorbance of diluted samples at A, and A; (A1and Az, respectively).

Let C, and C, be the concentration of x and y respectively in the diluted samples. Two
equations are constructed based upon the fact that at A, the absorbance of the mixture is

the sum of the individual absorbance of x and y:

Ai=aybCi+a,bC, weiei(12)
AymasbCoxgabl, L e (13)

For measurements in 1cm cells, b =lcm. On rearranging equation (13):
(14)

C, =-J—{A _aﬂcl} ......
ﬂ}.?_

On substituting equation (14) in equation (12) and rearranging:
c = A2y —Agy) | k1)
) (aﬂljl e a:llﬂ}

C, = A2 —Azty)
(llzljl -n:!lri}
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1.5.4.2. Difference Spectrophotometry o + _ _ _
The selectivity and accuracy of spectrophotometric analysis of samples containing In this particular example, if one draws the best guess of the tangent to the spectrum with

absorbing interferents may be markedly improved by this technique. The essential featyr, an interfcﬁr[g band as shown by the broken lines, the reading of 0.4 for the absorbance of
of this method is that the measured value is the absorbance difference ( ﬂ'._A') +hf:twe:::n twg the analyte 'S_ﬁ“' too low, '-'r'hcreas a guess at the maximum of the analyte peak gives an
equimolar solutions of the analyte in different chemical forms exhibiting differen absorbance of 1.9, far too high. Referring to the derivative spectrum in the lower right of

spectral characteristics. The criteria for applying difference spectrophotometry to the figure 1.24, one takes as the measure of the analyte absorbance the vertical distanc
between the adjacent maximum and minimum of the first derivative. Now the estimate of

48

assay of the substance in the presence of other absorbing substances are that: I ot »
1) Reproducible changes may be introduced in the spectrum of the analyte by adding the analyte ahand ance 1s low by only 12%. Whenever the interfering band is broader than
one or more reagents. the analyte by HI_IEHS_t a factor of two, it is usually advantageous to base the

2) The absorbance of the interfering substances is not altered by that reagent. measurement on the derivative spectra. If two substances (X and Y), absorb in the same
spectral region, the absorbances are additive, 1.e., A = Ay + Ay, and each substance follows

L . ot =M
The simplest and the most commonly employed techniques for altering the spectral Beer's law, then P =Py107. The first derivative of P with respect to & becomes:
ol ( 2| pbey| & (17
xdl ) Y daL § A J'

properties of the analyte is the adjustment of pH by means of aqueous solutions of acids, g;= 107A %2!'__2‘][]3;\““‘*
1.5.4.3. Derivative Spectrophotometry (DS) If P docs not vary significantly with wavelength in the spectral region of interest, dPy/d).
In this technique, the first or higher derivative of absorbance or transmittance with €40 be qeglcclu-d. If the "’“!1“' a11’5‘“'"P"_""1f)’ ﬂ_f one component (say ey) varies only slightly
respect to wavelength is recorded versus the wavelength. In a derivative spectrum, the With A in the spectral region under investigation, bCy(de/dA)y can be neglected, and
ability to detect and to measure minor spectral features is considerably enhanced. This equation (17) reduces “E'

alkalis, or buffers.

enhancement of characteristic spectral detail can distinguish between very similar spectra P _ 5 303pbC .'_:!EJ (18)
and follow subtle changes in a spectrum. Moreover, it can be of use in quantitative *Lda X
analysis to measure the concentration of an analyte whose peak is obscured by a larger

overlapping peak due to something else in the sample (and thus avoid prior separations) Under the same conditions, the differentiation of A = Ay + Ay with respect to A yields:

(figure 1.24). dA [ de ]
icackif7 ot o Y e
dl x dl x .-..-[]g}

Thus, the first derivative is directly proportional to the concentration of X, provided that
Py and ey do not vary appreciably with wavelength in the spectral range measured. If the
interfering substance (Y) has an absorption band close to X, the first derivative curves are
distorted [figure 1.24 (b)] unless the two absorption bands are nearly identical in Agg,
and bandwidth, in which case the first derivative curve is of no help.

Normal spectra

Second-derivative spectra are also sometimes useful. At Ap,,, the second derivative is

Analyte band alone With interfering band : : i 3
directly proportional to concentration. For adequate sensitivity, d"e/dA” must be large.
This requires a narrow absorption band (4nm or less); thus the second-derivative method

Is most useful for atomic and gas molecular spectra.

First denivatives A variety of different experimental technigues have been used to obtaif.derivative
-f- - ! spectra. If the spectrum has been recorded digitally or is otherwise av?ilahlc in-curqput_:r—

readable form, the differentiation can be dome numerically. Alternatively, the 'f'f""'“““-'

ﬁ 1.0 ipectra may be recorded dlfﬂ:“}" in real time, either by wav:l:‘ngth modulation or by
»btaining the time derivative of the spectrum when the spectrum 1 scannedura constant

ate. In the latter case, a quite simple electronic differentiator is used.

Most modern UV-vis spectrophotometers are capable ntf n-:cnrding dell'l;vufivc s_pecuu:
D“al-wavelenglh spectrophotometers can obtain first-denvative spccul.:'n y scanning
ipectrum with a small, constant difference between the two wavelengths.

Analyte band alone With interfering band A
(a) (b) 1.5.44. Absorbance Ratio Spectra Met

: i f two compou
Figure 1.24: First-Derivative Spectrometry for Quantitative Measurement of the The absorption spectrum of the mixture 0

Intensity of a Small Band (a) Alone and (b) Obscured by a Broader Overlapping ¢ll” is defined by the equation:
Band Am =3, C;+a, C,

od

nds (x and y) “measured in lem

A2
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Where,
Ay = Absorbance of the mixture.

a, and a, = Molar absorptivities.
C, and C, = Concentrations of x and y.
If the absorbance of the mixture is divided by the absorbance of a standard solution
(absorbance A’ =a_C)), the following equation results:
Ay _Cx Ay
TR
Al CE AI

The ratio {é’ﬂ‘ is a constant value, which can be eliminated by taking the differenc,

X

absorbance ratio amplitudes between two wavelengths (A, and A,, peak to P

measurement).
— == n ......
a2 f, a2 L Tl ), 1At ),

Equation (3) illustrates that the amplitude difference in the mixture absorbance n

between two wavelengths (A; and A», termed peak to peak, peak to trough, maximum
minimum measurement, or ratio difference spectrophotometric method) is equal to
same amplitude difference for compound y after cancelling the constant interference (

to compound x.

1.5.4.5. Derivative Ratio Spectra Method

This simple spectrophotometric method developed by Salinas ef al, is based on
derivation of the ratio spectra for resolving binary mixtures. It permits the use
wavelength of highest value of analytical signals with several maxima and mins
which gives an opportunity for the determination of active compounds in the presenct
other compounds and excipients that could possibly interfere in the assay.

=
G

equation (23). so concentration of y can be easily determined without any interferes

from the drug x.
Cx

Calculaton of the first denivauve will remove the constant value due to

A,

Al

el

Ay

d A0
AY

X

The difference between the two spectra f".%'. and i';' (figure 1.25) is due 10
A° A”

3
constant interference value due to compound x (E‘;‘ J . Elimination of such interfer¢

can be done by measurement of ratio spectra difference between two waveleng®

ma!
also used 1o improve linearity, mean % recoveries, and decrease relative stad® However, if the standard concen 0
deviation. A derivative ratio spectrum was modified for the determination of 7 very cjoco 10 each other: C° =CJ or b O

mixtures using the derivative ratio spectra zero-crossing method. This meth®

calculating derivative of the ratio spectra. Second derivative of the ratio spectra

realised by measurement of amplitudes at the zero-crossing points in the deriv?
a0 spectra
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51

Amplitude

11 b

oYX’

ﬂ L] L} | L
210 230 250 270 290 310 330 3;ﬂ
Wavelength (nm) —

Figu{.ln 1'.115: gntin Spectrn of a Standard Solution of ¥ and a Mixture Solution
x and y) Containing the same Concentration of ¥, Using x° as a Divisor

1.5.4.6. ]_)nuble Divisor Ratio Spectra Derivative Method
'Ijl:{s 'methnd is based on the use of the derivative of the ratio spectrum obtained b
d::ndmg the absorption spectrum of the temary mixture by a standard spectrum of z
mixture of two E_lf the three compounds in the mixture, and measuring at either the
maximum or minimum wavelengths. It can only be used for the mixtures having known
ratio of the concentrations of two interfering compounds (used as double divisor). If a
mixture of three compounds (x, y, and z) is considered, if Beer’s law is obeyed f;".ur all
cnmpm_mds over the whole wavelength range used, and if the path length is lcm, the
absorption spectrum of the ternary mixture at wavelength A can be written as:
An=38;+C+3,C,+3,C, el 24)

Where, A, = Absorbance of the mixture.

ax, ay and a, = Absorptivities of x, y and z, respectively.

G, C, and C, = Concentrations of x, y and z, respectively.

A similar equation for two compounds in the same ternary mixture as in a standard binary

mixture can be written as:
Ap=2a,C) +a,C) ..(25)

If equation (24) is divided by equation (25) corresponding to the spectrum of a standard
solution of two of the components in the ternary mixture. the ratio spectrum is obtained as:

A_ _a,C, +a,Cy " a,C, (26)
— g ﬂ ﬂ EERL T
a,Cy +a,C] a,Cy+a,C, a/C;+aC,

The ratio of the sum of (a, C, + 3, Cy) to the sum of (a,C;+a,C,)is equal to a
constant (k) with respect to A. On replacing the above constant in equation (26):
A_ a:E;_
EICE +3,C? EACE +33C2

e 2T)

= k(constant) +

rations of C° and Cj in equation (28) are equal or

..(28)
a,C, +a,C) =C;(a, +3a,)
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On substimuting equation (28) in equation (27): E““’E""mfﬁi 's the mathematical foundation of multi-component analysis that
P _delermination of concentration of each of the active compounds in the
An = kiconstant ) ~ iats ----(29) solution (x in this equation) without interference from other compounds of the T.c:ma.rym
fatfa‘;c'*: .al—.a:,_-c’; syst:mfyandzinﬂ:&seaquaﬁnns}.
If the first derivative of equation (29) is taken. the derivative of a constant is zero: 1.5.4.8. Q-Absorbance Ratio Method
] ~ ) ) This method (also termed absorption ratio method) is a modification of the
d A, _d a2, G ...(3q, Simultaneous equation method. According to this method, the ratio of absorbance at any
P "Dl e +a) O two wav:lengths_ for a substance, that obeys Beer’s law, is a constant value independent
| Ay TSy T L - ﬂfﬂlﬂmﬂmmﬂﬂdpﬂmlmgﬂ].Thiscunstantistennadasﬂufner’sl}uoﬁemﬂr(}-
. ) X s _ ralnt This method involves the measurement of absorbance at two wavelengths, one
Equation (30) is the mathematical fmﬂdﬂ!ﬁl}ﬂ of mn.tucompoﬂeﬂ ' analysis, “’hlt being ﬂ?ﬂ_ﬂ'—ﬂm of one of the components (i) and the other being a wavelength of equal
permits the determination of the concentration of each of the acuve compounds j absorptivity of the two components (i), called the iso-absorptive point. The
solution withoot interference from the other components of the ternary system. concentration of each component can be calculated as:
G=Q=-Q/Qxu-Q)*A, (36)
1.5.4.7. Successive Ratio-Derivative Spectra Method _ G=Q-x%-Q*A, (37)
mmﬁmmmm;mnﬁmufmcmwmm
ni:mﬁmhannmdmbmuﬂrmﬂnnfmnmﬂspauﬁ-hﬁbmedmnwm |
saccessive derivative of ratio spectra in [wo steps. C; and G = Concentrations of x and y, respectively.
A = Absorbance of sample at iso-absorptive wavelength.
A mixmore of three compounds (x. y. and z) is considered. If Beer's law is obeyed in & a; and a, = Absorptivity of x and y at isoabsorptive wavelength, respectively.
Y idering the length as 1cm, the absorbamn
whole :,r.tk:ng:h range ﬁ::.ﬂ:imm :;,.c “ﬁi‘m as“h gth G Absorbance of the sample solution at 5., of one of the components (3.,) (38)
of ternary mixture ’cﬂ‘:h : e a1 - Absorbance of the sample solution at isoabsorptive wavelength
Ay oy by * 8% s 0 _ Absorbanceof xat A, of one of the components (i-) 39
Where. : Absorbance of x at isoabsorptive wavelength o)
A,:\’mofﬂrabsmbancemfﬂwmixm_ P . )
e caie s . y at » . of one of the components (7,)
and 2, = Absorptivity vectors of x. y and z, respectively. = max A 40
o e, 2 Q Absorbance of y at isoabsorptive wavelength 9

Q.Qlﬂdﬂ,=cmmnf1.y,andz,rcs;mcﬁvﬂly,

On dividing equation (31) with 2, corresponding to the spectrum of a standard solu 1 5§49, Isosbestic “Isoabsorptive” Point Method
of z in ternary mixture: Erram and Tipnis developed the isosbestic point method. This technique can be used
B=AJa,=aC/a,+2,C/a,+C e (32 only if the spectra of the same concentration of the two studied drugs cross at a isosbestic
: ’ or iscabsorptivity point. At the isosbestic point, both drugs have equal absorptivities and
If the first derivative of equation (32) is taken, since the derivative of a constant (&) thcfir mixture acts as a single component and gives lhelsame absorbance as pure drug.
rerO" This theory can be confirmed experimentally by recording the absorbance spectra of a
certain concentration of the two drugs and the absorbance spectra of a binary mixture

dB = E . ...i C.la,] e (33 containing the same concentration. The absorbance value at the isosbestic points (Amse)
- {alt:':.fa.ﬂ] - [3._ ¥ £ g 2
dz. da dr. =~ was determined, and the total concentration of both drugs was calculated (figure 1.26).

On dividing equation (33) with (d/ds.x(a,/a,). corresponding to the derivative of the @ g;n.. the concentration of one of them in this mixture can be measured using other

f the spectra of standard solutions of y and z. the second ratio spectrum is obtained 25 spectroscopic method (DS), the chCEﬂt'I'ﬂtiﬂL of the u:m:; can : vi]aluzlmad by
/ ) 1 ' tained between sorban and the
dB/dxa . (d/d».)[a,C,/a,] . l,34Sllbtl'at:m:m. A linear correlation was ob

: , : i idered. The
= - corresponding drug concentrations. A mixture of two drugs (x and y) 1s consid
(d/diya,la,) (d/dafa,/a,) 4 absorbance n?:aclfdrug can be calculated at any wavelength (&) from the equation:

A= Al*pc.

f the first derivative of equation (34) is taken, since the derivative of a constant (G/

o - Fordrug x: A, =A, jon bCx
db d (d/drya,C, /a,) | (3Fordrugy: A, =A, e be,
e

F |
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Where,
A;and A, = Abso
C,and C, = Concentral -
Sl . A I = Absurpll‘-’l“ﬂ'
Axiem and A, _ il Iﬂ”mmh

is lcm and concentration i 12

ively-
. n.spct,tnﬂr

fx and Y- avely-
Ibﬂﬂflfﬂii of X and ¥ I'ESFI:

5ﬂf1

:c point, and at this 2
IfC, =C, and A, = A,. this » 1S called the isosbest po
= and A, = Ay
AA lr'-’i i 1%

k lem

2.500

X lem

Tz.mn*

0.000 — v 300.0 350.0 400.0
Wavelength (nm)  —

Figure 1.26: Zero Order Absorption Spectra of 20ugmI™’ of Metronidazole (—,

20ugmi™ Diloxanide Furoate (- - - - - ) and (1:1) Mixture Containing 10ugmI™! o
each () Using Methanol as a Blank

For a mixture of both drugs, the absorbance at this A can be calculated as:

1% 1'%
Ay =A, Gy +Ay Cn.-[
lcm lem
1% 1'%
A=A, (Cu+Cy,) =A,  (Cpo)
lem lem

Where, Ay = Absorbance of the mixture of both drugs at isosbestic point.
Cau and Cyy = Concentrations of x and y in the mixture, respectively.
Crw = Concentration of the mixture of both drugs.

Therefore, (Cyy+C,y) = (Cn)

e S e o b dgs. b concetion of ¢ S
~/ @ny other method, the concentration of the second ‘ =
can be calculated by subtraction. This method has been successfully applied o Ay, Ay and A, = Absorbance of x
: ’

fu".i',l"m"-.;ﬁ:" f::smad:iz:ﬁnﬁg:n :ramﬂm,w _binary mixtures, e.g., metroni
' - astatin, and sitagliptin and metformin.

1.5.4.10. Absorptivity Factor Method

for the analysis of bin i ' of
ary muxture if on] i . : jvity ¥ +
Y there js a large difference in absorptivity ¢ ., the total concentration of the mixture (FC, + C

the drugs, so there is no
ce of an 150absorptive point. In isoabsorptive

and ¥ respectively. when the Path |,
&

i S 0.4-

V Visible Spectroscopy (Chapter 1) 55

n;fssir.lg point is_n_h_lain:d only between different concentrations of the two drugs at

hich the absorptivities of the two drugs are not equal, but they are equal to the inverse
‘the ratio of the used concentrations.

fs 0.9 -

. =

0.8 -

0.7 +

0.6 4
0.5 4

— Salm Bug/ml

ce

0.3 1
0.24~"
0.1+
0
-0.1

===Flu 16ug/ml

Abso

_.-_\.-.-:h ——
300 350 400

Wavelength (nm) —»

Figure 1.27: Zero Order Spectra of 8ugmlI™' Salmeterol and 16ugml™
Fluticasone Showing the Absorptivity Factor Points

r two drugs (x and ?r,'l in the mixture, the concentration of y can be determined by using
y of the well-established spectrophotometric methods: drug x can be determined by the

mrptiﬂty faﬂur miethod. This method depends on the calculation of the absorptivity
ctor, which is the ratio between two absorptivities (ax and ay) at intersection point with
¢ same absorbance value. This point is called the absorptivity factor point (kg). This

summarised as follows:
Ay =A,
4 b,Ci=2a,b,C,  (Where, b,=b, = Icm)
a, Cs=a, C,

a: _,C]"___F

N g O

y x

ol a, = Fa,

here, F = Absorptivity factor.
a, and a, = Absorptivities of x and Yy, respectively.
r mixture of x and y, the total absorbance of x and y at absorptivity factor point (kg)

n be expressed as:
An=A+A,

M An =2, b, Cx +a, b,C,(wher: b, =b,= lcm)

An=2,C, +2,C,

» ¥ and their mixture at k.

Cx and C, = Concentrations of x and y, respecti
, respectively.
a; and ay = Absorptivities of x and y at kg. d

I substituting a, with Fa,:
An=23,FC, a, G

y) can be calculated by using a

ion equation representing the linear relationship between the absorbance of y and

(figure 1.27), the spectra of th
. » € same conce .
Ntration of the two studied drugs should ;corresponding concentration at the absorptivity factor point.

at 1soabsorptivi :
o poiqt, g “frhmt! they have €qual absorptivities; while in
oceur at equal concentration.
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The _cupcepuaﬂun of X can be determined after subtraction of concentration of y a,
multiplication by the inverse of F.

G=[FC:+Cy)-C]. IFF

1.5.4.11. Dual Wavelength Method

Dual wavelength method (or two wavelengths method) facilitates analysing
component in presence of an interfering component by measuring the absorbay,
difference (AA) between two points in the mixture spectrum. In this method (fi
1.28), one of the drugs is considered a component of interest and the other drug
considered an interfering component and vice versa. The basis for such method is th
selection of two wavelengths where the interfering component shows the
absorbance (AA equals zero), whereas the component of interest shows signiﬁe,.
difference in absorbance with concentration. The AA between two points on the “‘jltu;
spectra is directly proportional to the concentration of the component of intery
independent of interfering component.

1 I |
- — A = ?.
Ca b
T 0.8 . e
F %
e .:, }L——lu—-—‘
% L |
E 0.6 - \" E ‘1. <
é 0.4

Wavelength (nm) —%
Figure 1.28: Selection of Wavelengths for Dual Wavelength Method

This method is used for simultaneous determination of different drugs, e.g., aten(flnl an
indapamide, drotaverine and aceclofenac, atorvastatin and ezetimibe, chlorphenirami
and phenylpropanolamine, and dexketoprofen and tramadol.

1.5.4.12. Ratio Subtraction Method (RSM)

If a mixture of two drugs (x and y) have overlapping spectra, and the spectrum of y!
extended more than x, the determination of x can be done by dividing the spectrum of ¢
mixture by a certain concentration of y as divisor (y°).

The division will give a new curve that represents — +constant. If this constant!
y

subtracted and the new curve obtained after subtraction is multiplied with y’, the origis
zero-order D° spectrum of x is obtained. This can be summarised in the follows
equations:

Xx+y X y X
0 = 0 -+ 0 = 0 + constant
b § y y 4
X X
T+CDI‘ISIH.III--— constant =_{|+
y y
X 0

y

yV Visible Spectroscopy (Chapter 1)
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The constant can be deiermined directly from the curve X+
§ - . y“
parallel to the wavelength axis in the region where y is extended. RSM was successfully

applied_ for dﬂtﬂml‘inalinn of multicomponent pharmaceutical st
metronidazole and diloxanide, and amlodipine and atorvastatin, products containing,

by the straight line that is

has been established as a new approach, known as Extended Ratio Subtraction M
; . -0, et
(ERSM), in which y could be determined by dividing the obtained D° spectrum of x I:;T:

known concentration of x as a divisor (x") to get the value of the constant *__ O
& I‘
dividing the spectrum of the mixture (x + y) by the same divisor (x%), a new curve is
obtained that represents xi++£5' where iﬂis the previously obtained constant. If this
1] X X

constant is subtracted and the obtained curve after subtraction is multiplied with x° (the
divisor), the zero-order absorption spectrum (D% of y (onginal spectrum of y) is
obtained.

X¥y_ X ¥ XY

x° xn x':' xﬂ 1“

Concentration of y is calculated by using the regression equation representing the linear
relationship between the absorbance at its Ay, versus the corresponding concentration of y.

1.5.4.13. Mean Centring of the Ratio Spectra

This method is applied for further improvement of the selectivity to resolve the
overlapping between drugs in binary and ternary mixtures. This eliminates the derivative
step, and therefore the signal-to-noise ratio is enhanced. To explain the mean centring
expression, a three-dimensional vector is considered:

5
y=|1
-_3-
This column is centered or Mean Centered (MC) by subtracting the mean of three numbers:
3] 5] 3] [+2]
y=|3 MC(y)=y-y=|1|-|3|=[-2
3 3] 13] L9

It could be proved that if the vector y is multiplied with n (a constant number), the mean
centred vector is also multiplied with m and also if a constant number is added to the
vector y, the mean centre of this vector is not changcd: If thm:c is o interaction among
the two components of a mixture (i.e., x and y), and if Beer's law is obeyed for each

compound, it can be expressed as: ..(48)
Am =2 CI-I-a.‘r‘CJ’ )

Where, Ay = Absorbance of the mixture. |
3;Mand a, = Molar absorptivities of X and y, re.f-pecnvcly.
Cyand C; = Concentration of x and Y, respectively.

On dividing equation (48) with a, the ratio spectrum is obtained as:

B = hm = alcl +'|:-,‘r

a, dy
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Since the mean centering of a constant C, is zero, mean centering (MC) of equation (49)

would be obtained as:
syt .1 RO 1/ M | (50)
d

y

Equation (50) illustrates the mathematical explanation for analysis of binary
tomponents that permits the determination of concentration of one compound without
interference from the other compound of the binary system, and vice versa.

1.5.4.14. Absorption Factor Method (AFM)

This method describes the analysis of a binary mixture where the two components (x and

¥) have overlapped spectra. ‘y’ shows interference at Amax of X, while x shows no
interference with y at another wavelength (A2).

I
0.5 %
0.7 T '.‘ y
i e
—..—Mixure of x and y

‘ 0 ) 1 T T | T [
200 220 240 260 280 300 320 340 360 380 400

Wavelength (nm) —»
Figure 1.29; Zero-Order Spectra of x and y and their Mixture

In figure 1.29, the absorption spectra of x and y show severe overlapping in the
wavelength region of 200-300nm. So, the absorption spectra of the standard solutions of
y with different concentrations were recorded in the wavelength range of 200-400nm and

the average value of absorption factor [A?'::' ]was calculated. Since the absorbance of
A
R

the mixture (x + y) at A, is equal to that of pure y due to lack of contribution of x at this
wavelength, the absorption of x at A, could be calculated as:

A, A
hx,lI=Ali(x+y)-A’ L AL, (X+Y)

A
y* "2
Where, AA,(x+y) and AA,(x+y)= Absorbance values of mixture at A, and A,.
A,A
—2* 1 = Absorption factor of pure y.
Ay s

The concentrations of x and y were calculated from the corresponding regression

equation obtained by plotting the absorption values of the zero-order spectra at A; and A,
against the corresponding concentrations, respectively.

1.5.4.15. Multivariate Chemometric Methods

Chemometrics is the art of processing data with various numerical techniques in order to
extract useful information. Drug separation, identification, determination, and validation
have been studied using chemometrics. It recognises that it is often better to measure many

uv Visible Speciroscory (Chapter 1) 59
nﬂn-sclect1w; filgnalﬂ and then combine them in multivariate model (multivariate analysis),
whereby multlgle variables are considered simultaneously. A muluvariate measurement 15
defined as one in which multiple measurements are made on a sample of interest. So, more

than one variable or response are measured for each sample. Multivariate methods include
Multiple Linear Regression (MLR) and factor-based methods.

In spectroscopy, if the absorbance spectra of a number of samples of known composition
are measured, all these spectra are assembled into one matrix called absorbance matrix.
All of the concentration values for the components of the sample are also assembled into
a separate matrix called concentration matrix. The data of matrices are organised into
pairs; each absorbance matrix is paired with its corresponding concentration matrix. The

pair of matrices comprises a data set, Data sets have different names depending on their
origin and purpose.

Training set is a data set containing measurements on a set of known samples. It is used
to develop the calibration which is applied to predict the concentrations of unknown
samples. Training set should contain all expected components, span the concentration
ranges of interest and contain mutually independent samples. Validation set is an
additional data set containing independent measurements on samples that are independent
from the samples used to create the training set. Validation set is used to test the validity
of the calibration developed with the training set. The developed calibration is used to
predict the concentrations of the components in the validation samples. Then these
predicted concentrations are compared to the actual concentrations. The absorbance

matrix containing the unknown(s) spectra together with the corresponding result matrix
containing the predicted concentrations comprise an unknown set.

1.6. SUMMARY | %,

The details given in the chapter can be summarised as follows:
1) The UV region extends from 10-400nm.

2) UV region is sub-divided into the near UV (quartz) region (200-400nm) and the
far or vacuum UV region (10-200nm).

3) The visible region extends from 400-800nm.

4) Since UV and visible spectroscopy involves electronic transitions, it is often called
electronic spectroscopy.

5) Ultraviolet absorption spectra arise from transition of electron(s) within a
molecule or of ions from lower to higher electronic energy levels.

6) The ultraviolet emission spectra arise from the reverse type of transition.
7) o©-Electrons are involved in saturated c-bonds, such as those between carbon and
hydrogen in paraffin.
8) m-Electrons are involved in unsaturated hydrocarbons. | |
9) n-Electrons arc not involved in the bonding between atoms 1n molecules. -
10) Chromophoric group is defined as any i;t?latud cfwalently bonded group
a characteristic absorption in the UV or visible region. T —
) AnSuoeligic gPmP = i dEﬁ'nEd pef F:l:{, ‘:ht;:habzipﬁﬂn band towards
chromophore but whose presence brings about a shilt 0
the red end of the spectrum.
12) Bathochromic shift is an effectn W
longer wavelength due to the presence 0
It is also called as red shift

hich the absorption maximum is shifted towards
¢ an auxochrome or by the change of solvent.
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he Jbsorption maximum jg ghiﬁw
. , shift.
13) Hypsochromic s.hi."| ‘::,;“,ln is also called as bllllﬂ of absorption maximum inc
towards shorter wavelengt- == nmrh's.'h'1"'3"1“:p‘mwr ion maximum decrepc,..
14) Hyperchromic shift is an effect 1n nsity of “hmﬂ?"ﬂ | e M
15) Hypochromic shiftis anflcct™ © = ooy of alkyl subsutueats or ring residye
. -ribes the tﬂl‘Cd undﬂl’ I'E]ﬂ{l‘-"t:[}' high prﬂﬂﬂure,

16) Woodward-Fieser Rules dﬁ‘f drogen £as iS § b
17) In hydrogen discharge lamps. h::f s from bulk interactions of radiation withjp, the
ks

18) Absorption filters denve their €
aterial. ical interference,
s ;ndh::al filters are based on the phenomenon .nf optica . o
jﬂ: T:te crcnc;mmi o i used to disperse the radiation accnrdmgl I:L e wal:'ﬂlf-'-“glh.
2 e monoc g = -
21) Detectors used in UV-visible SPCE“UPhﬂmmEIETS can be Photometyj,
detectors. N i
22) Photomultiplier tubes is the most sensitive O
in sophisticated instruments. .
23) Photovoltaic cell or barrier-layer cell 15 also
without the use of a battery.

24) One problem with the single beam system is that it measures the total amount of
light reaching the detector, rather than the percentage absorbed. |
25) Chemometrics is the art of processing data with various numerical techniques i
order to extract useful information.
26) Training set is a data set containing measurements on a set of known samples.
. 27) Validation set is an additional data set containing independent measurements op
!' samples that are independent from the samples used to create the training set.

1.7.1. True or False

1) The UV region extends from 100-400nm.
2) The visible region extends from 400-800nm.

3) Ultraviolet absorption spectra arise from transition of electron(s) within a molecule
or of ions from higher to lower electronic energy levels.

4) The visible emission spectra arise from the reverse type of transition.

3) ©-Electrons are involved in saturated 6-bonds, such as those between carbon and
hydrogen in paraffin.

6) n-Electrons are involved in the bonding between atoms in molecules.

7) Chmmup‘hqnc: group 1s defined as any isolated ionic bonded group that shows a
characteristic absorption in the UV or visible region.

8) Bathochromic shift is also called as red shift

9) Hypsochromic shift is also called as yellow shift.

:{l}i El;gedrclrgen disu;:rfirgﬂ]' lalEPS, hydrogen gas is stored under relatively low pressure.
r-layer cell is also . _
battery. ’ flown as photronic cell and operates without the use of 3

the detectors, expensive and useq

known as photronic cell and OPerates

1.7.2.  Fill in the Blanks
12) The UV region extends from
13) The visible region extends from

14) are involved in unsaturated hy

: : ydrocarbons,
15} iy s m'l"ﬂh"ﬁd i [hc b{mdmg bﬁiWﬂEn dtoms in malarnlac

UV Visible Spectroscopy (Chapter 1) 6l

16) is an effect in which the intensity of absorption Maximuim INCreases,

17) is an effect in which the intensity of absorption maximurm decreases,

18) describes the effect of alkyl substituents or ring residues. ‘

19) derive their effects from bulk interactions of radiation within the
material.

20) are based on the phenomenon of optical interference.

21) The is used to disperse the radiation according to the wavelength

22) is the most sensitive of all the detectors, expensive and used in
sophisticated instruments.

23) In , hydrogen gas is stored under relatively high pressure.

24) is the art of processing data with various numerical technigues in order to
extract useful information.

25) is a data set containing measurcments on a set of known samples.

Answers:

1) False 2) True 3) False

4) False 5) True 6) False

7) False 8) True 9) False

10) False 11) True 12) 10-400nm

15) n-Electrons

16) Hyperchromic shift 17) Hypochromic shift 18) Woodward-Fieser rules
19) Absorption filters 20) Interference filters 21) Monochromator

22) Photomultiplier tubes 23) Hydrogen discharge lamps 24) Chemometrics

25) Training set

13) 400-800nm 14) m-Electrons

1.7.3. Very Short Answer Type Questions

1) Define and classify chromatophores.

2) What do you mean by auxochromes? Give few examples.

3) Differentiate between bathochromic and hypsochromic shift.

4) What is the effect of conjugation on absorption maxima?

5) Enlist the parts of a spectrophotometer.

6) Give the differences between single-beam and double-beam spectrophotometers.
7) Give the advantages of UV-Vis spectroscopy.

8) Draw a well-labelled diagram of single-beam UV spectrophotometer.

1.7.4. Short Answer Type Questions

1) Write a short note on electronic transitions of urganic species.

2) What optimum conditions are required for spectrophotometric measurements?
3) What are the different radiation sources used in UV-Vis spectroscopy’

4) Write a short note on grating monochromator.

5) Write about double-beam UV spectrophotometer.

6) Demonstrate the working of double beam UV spectrophotometer.

7) Name the different detectors used in UV-Vis spectroscopy. Explain any one.
8) Write a note on derivative spectrophotometry.

1.7.5. Long Answer Type Questions

1) Mention the theory and principle involved in U‘uf-\f'n. SPectroscopy.

2) Give the Beer-Lambert's law, along with its deviauons apd limitations.
3) Explain briefly any three llllll'lil:t‘lnl[h‘!m‘nl.H.IH.II}'SIIJE techniques.

4) Write a detailed note on spectrophotometne tration.

5) Give the instrumentation of spectrophotometer.
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2.1.1. Introduction

The method of measuring the imr:ns?ty 0 .
examined with respect to that emitted
fluorimetry.

f fluorescent light emitted by the "'“h_’i"-lﬂnr:e bein
y the given standard substance 1s termeg .

Fluorescence (a spectrochemical analytical method) i“}“?“’*»‘ﬂif'ﬁ{lﬂ‘lg ]‘lhe ana|
molecules by irradiation at a certain wavelength and cmull?ug I'fi Ild;.mn “. a qlffﬂ:m
wavelength. The emitted light produces 2 spectrum that_ 1S usefu ,m: L]l..l::ﬂ'ltd'[l:l.fe angd
quantitative analysis. When a molecule um?ergues excitation ‘b}’ absorbing light of
appropriate wavelength, its ground electronic staie converts into one of the Many
vibrational levels in one of the excited electronic states.

This excited electronic state is the first excited singlet state (S,). If a molecule reache
this excited state, it undergoes relaxation through several processes; fluorescence being
one among them which emits light.

2.1.2. Molecular Luminescence

In molecular luminescence, analyte molecules get excited and results in emission
spectrum useful for qualitative or quantitative analysis.

Molecular fluorescence is the optical emission resulting from molecules that absot
clectromagnetic radiation and get excited to higher energy levels. Detection of
fluorescence is preferred over absorption measurements due to its greater sensitivity
because the fluorescence signal has a zero background. Quantitative measurements of

mulcc_ulcs in solution and fluorescence detection in liquid chromatography are the
analytical applications of molecular fluorescence.

Ph“sph“m“‘_’e is the emitted light (by an atom or molecule) that continues to emil
b gfter the rémoval of exciting source. It is almost similar 10 fluorescence with the
only difference that the molecules excite to a metastable state froq, where getting back 10
the initial state is not possible. Emission results when thermal energy EIUEE:H the electron

which reaches a state from where it can de-exci :
iy -excite, thus, concludi - scence
1 influenced by temperature. ke phicsphors

2.1.3. Theory

(L), frequency (v), or wave number (V) ven
: are the terms used for describine I |
! | _ S us escribing light of a gt
nergy. The wavelengths (expressed in nm) and waye numbers fu:r.prc:ud in cm) ar
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inter-convertible by reciprocating each value. For example, 400nm means 400 x 107cm™
=25,000cm™". Whether the fluorescence spectra should be presented in terms of wavelength
or wave number has always been a matter of debate. The fact is that wave number scale is
linear to energy, but most of the commercial instruments produce spectra in wavelength
domain, which can be easily interpreted visually. Accurately corrected spectra cannot be
easily obtained and are also not used routinely; therefore, the directly recorded technical
spectra are used preferably on the wavelength scale.

The emission spectrum recorded by an ideal instrument represents the photon flux
emitted at each wavelength, over a wavelength interval determined by the slit widths and
dispersion of the emission monochromator. The excitation spectrum in the same way
represents the relative quantum yield at each excitation wavelength. The quantum yields
and emission spectra for most of the fluorophores do not depend on excitation
wavelength. This is the reason why excitation spectrum of a fluorophore superimposes its
absorption spectrum. Even if ideal conditions prevail, such correspondence demands the
presence of only a single type of fluorophore and absence of other complicating factors
(e.g., a sample having high optical density produces a non-linear response).

2.14. Concepts of Singlet, Doublet and Triplet Electronic States
The theory of phosphorescence can be
understood with the knowledge of singlet and
triplet states. These are related to multiplicity
considerations of atomic spectroscopy. The
terms singlet and triplet states denote the
number of unpaired electrons when there is no
magnetic field. If ‘n’ number of unpaired
electrons are present, (n+1) fold degeneracy
(equal energy states) is linked to the electron
spin, no matter which molecular orbital is
occupied. If zero unpaired electrons are available
(n = 0), that means n+1 or O+1 or 1 spin state is n n 1
present. This is a singlet state. Similarly,

systems with 1, 2, 3, 4 and so on number zf Figure 2.1: (a), (b) and (c)

unpaired electrons are termed as doublet, triplet, quartet, quintet, etc., states respectively.

Molecule in the
ground singlet
state (1)
Molecule in the
excited singlet
«—state (Tx’)
Molecule in the
excited tnplet
—sstate (x1")

A
“-l-
A

Energy of Molecular Orbitals—

111 T

Molecules in ground state bear no unpaired electrons, thus are in singlet state. Upona
absorption of UV or visible radiation of particular frequency, one or more paired
electrons (generally a m-electron) of these molecules jumps to an excited singlet state.
Here, the electron spin does not change, and thus the net spin remains zero. It may also
happen that one set of electron spins can unpair, forming two unpaired electrons building
an excited triplet state. Figure 2.1 (a) shows a molecule in the ground singlet state,
figure 2.1 (b) depicts a molecule present in the excited singlet state, and figure 2.1 (c)
illustrates a molecule present in an excited triplet state.

Excited-State Processes in Molecules

When light of appropriate frequency falls on the molecules, it gets absorbed within 10™"*
second. During absorption, shift in electronic state occurs as the molecule move from the
ground to the first excited singlet electronic state (figure 2.2). At room temperature, the
molecules remain in their ground vibration level. After absorption, Ith',_* become excited
and jump to any one of the vibrational levels of the first excited electronic state. From the
excited singlet state, any of the three phenomena may occur as per the molecule involved
and the conditions:
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: ited singlet st k to the gro
1) The first possibility is that thﬂ exc diation and revert bac und State
excited molecules do not emit any o

deactivation.
through the phenomena of  the excited singlet state may emj; an

2) The second possibility is that the WL‘;‘::I;’“{ fluorescence.
UV or visible light photon by the phen N |
3) The third possibility is that the molecule in stable excited sing transit tq X
c 18

metastable triplet state and then retum back to the ground Scl:l:;i};{;:mﬁ:n U’v’ e
visible light photon by the phenomena of P]IOSPI“’ te (two unpaire:d elﬁ:mﬁﬁlﬂg
from a singlet state (no unpaired electron) to a triplet sta trons) jg

known as intersystem crossing.

The decay from the triplet state to the ground state singlet has no spin Symmetry
hence is slow, i.e., life-time of phosphorescence is longer than fluorescence.

The phosphorescence mechanism where singlet-triplet decay occurs has beg
confirmed through magnetic susceptibility and ESR measurements.

Singlet excited states
Y {f conversion "'v'ibrﬂtu_mal
relaxation
JIL ¥4 /
A

%
A A rﬁ ;
crossing

A i [ j
, A
S X I'
X I-\_/"'\_._J T1
- ~0) Inemaland ) {101}
(.E external Phosphorescence
A. : &
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2.1.4.1. External Conversion or Collisional Deactivation

This pathway leads to a non-radiative relaxation. An excited molecule and solvent or
other solutes interact and transfer energy among each other to deactivate an excited
electronic state. This process is termed as external conversion or collisional quenching.
This process 1s characterised by the solvent effect on fluorescence intensity. The
conditions under which the particle collisions reduce lead 10 enhanced fluorescence.

2.1.4.2. Internal Conversion

This pathway involves direct vibrational coupling between the ground and excited
electronic states (vibronic level overlap) and quantum mechanical tunnelling (no direct
vibronic overlap but small energy gap). This process is rapid (i.e., 107'? seconds) in

comparison to average lifetime of the lowest excited singlet state (i.e., 107 seconds),
therefore, competes with fluorescence.

Internal conversion is an intermolecular process which brings down a molecule to a
lower energy electronic state without emitting light. This process is not clear yet:
however, it is known to be highly efficient, because only a few compounds exhibit
fluorescence. Internal conversion may also lead to pre-dissociation, which is different
from dissociation in which the electron of a chromophore gets excited by absorbing
radiation and reaches the highest vibrational level resulting in the breakdown of the

chromophoric bond. Internal conversion is not involved in the process of dissociation;
and this process also competes with the fluorescence process.

2.1.4.3. Intersystem Crossing

This pathway involves overlapping of the triplet energy states by the singlet energy
states. This overlapping results in vibrational coupling between the two states. Molecules
in the singlet excited state can cross over to the triplet excited state. The average lifetime
of this process is 10™ second. In intersystem crossing process, the spin of an excited
electron is reserved, resulting in a charge multiplicity of the molecule. This process
commonly occurs in molecules containing heavy atoms (iodine or bromine), in the
presence of which large number of spin/orbital interactions occur and a charge in spin

becomes more favourable. If paramagnetic species (e.g., molecular oxygen) are present in
solution, the intersystem crossing enhances, decreasing the fluorescence.

2.1.44. Phosphorescence

Thi_s pathway involves emission of light by the molecules which velax from the triplet
excited state to the singlet ground state. This transition is restricted, therefore. the lifetime
of triplet state is long (i.e., 10~ to 100:seconds) and the phosphorescence rate is slow.

2.1.4.5. Fluorescence

This pathway involves emission of light by the molecules which velax from the singlet
excited state to the singlet ground state. The energy gap between the two states influences
the wavelength (and thus, the energy) of the light emitted. The lifetime of fluorescence is
short (i.e., approximately 107® second) so that it can compete with the above mentioned
processes (i.e., collisional deactivation, intersystem crossing, and phosphorescence). The
net energy balance for the process of fluorescence is given by:

Eﬂunr = E;ms 3 Evib "E'mtv.r:h:.

Where,

Enuor = Energy of the emitted light. | o
E,ps = Energy of the light absorbed by the molecule during excitation.
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the fluorescence ¢

Thus, the light em!

E'hul‘r.rcl;lt ; by
in the excited state and

The above equation states that

less than the absorption energy:
than the excitation.

2.1.4.6. Vibrational RElaxﬂ!J:;;_u second or less (i.e., shorter than the averag,
The averace lifetime of this process 1

dv. when the fluorescence
lifetime of an electronically excited state). Consequentiy,

ibrati level of an excited
occurs from solution, a transition from the IEJWES_I v:ljmnlz:iinn G {,:we?“
an excitation level occurs. As a result of vibrational 1€ ’ curs j,

which the fluorescence band for a given elcctrnnichtranst!itéﬁnh ag:i displaced towardsg the
lower frequencies or longer wavelengths from the absorp :

nergy for a given molecule is a]y,

ted is observed at longer wavelﬂngE

2.2,

2.2.1. Introduction : .

The fluorescence intensity is affected by the following two categones of factors:
1) Structural factors, and

2) Non-structural factors.

2.2.2. Structural Factors

The structural factors affecting fluorescence intensity of compounds are:
1) Conjugation: A molecule should be unsaturated to absorb UV-visible radiation:
because if radiation i1s not absorbed, fluorescence does not occur.

2) Nature of Substituent Groups: These groups significantly affect the fluorescence

of molecules. There are no rigid rules but the following generalities may be useful:

i)  Electron Donating Groups: Amino (NH;) and hydroxyl (OH) groups enhance
the fluorescence intensity.

11) Electron Withdrawing Groups: Nitro (NO,) and carboxylic (COOH) groups
reduce the fluorescence intensity.

SO;H or NH4 groups do not produce any effect on fluorescence intensity. The table

below describes the effect produced by several substituents on the emissive
wavelength and fluorescence intensity:

Table 2.1: Substituents and their Effect on Wavelength and Intensity

Substituents Effect on Effect on Intensity
Wavelength
Alkyl No effect Slight T (i
t T
COOH, CHO, COOR, and COR T (increase) . (ITTW} o S decreed)
OH, OME, and OEt T (i_ncr:as:} T ﬁ_um;
CN No effect T (increase
NO, and NO : i
2 an Large T (increase) | Large 1 (increase) or complete
uenchin
SH T (increase) E(dmmai
SU].H No effect No effect }
F,Cl, Br, and I T (increase) P
rease Lo
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3)

4)

3)

2.2.3.

Rigidity of Structures: Rigid structures (e.g., fluorene) have more ﬂuﬁnresc?ncc
intensity, while the flexible structures (e.g., biphenyl) have less fluorescence Intensity.

Intermolecular Hydrogen Bonding: Fluorescence becomes stronger by imennul_ﬁ:ular
bonds if dioxane and acetic acid esters (other than ethyl chloroacetate) are used as
proton acceplors.

If B-napthol is used as a proton acceptor, the intermolecular hydrogen bonding reduces
the inner quenching rate. If ethyl chloroacetate is used as a proton acceptor, the
hydrogen bonds mask the fluorescence quenching.

Intramolecular Hydrogen Bonding: By using steady state and time-resolved
spectroscopic techniques, the effect of intramolecular hydrogen bfmding on 6-
dodecanoyl-2-dimethylaminonapthalene (laurdan) in neat and binary solvent
mixtures has been investigated. Therefore, it stabilises and increases the fluorescence
intensity of intramolecular hydrogen bonding.

Non-Structural Factors

The non-structural factors affecting fluorescence intensity of compounds are:

)

2)

3)

4)

35)

6)

Temperature: If temperature is increased, the molecular collisions increase. "Ith.is
in turn results in deviation., which decreases the fluorescence intensity. Contrarily,

if the temperature is decreased, the molecular collisions decrease, which increases
the fluorescence intensity.

Viscosity: If viscosity is increased, the molecular collisions decrease, which 1n tum
enhances the fluorescence intensity. Contrarily, if the viscosity is decreased. the
molecular collisions increase, thus, decreasing the fluorescence intensity.

Oxygen: It mainly reduces the fluorescence intensity by acting in any of the
following two ways:

i) It oxidises the fluorescent substance into a non-fluorescent substance, or

ii) It reduces fluorescence due to its paramagnetic properties of molecular energy
(as it has wriplet ground state).

Effect of pH: This effect depends on the chemical structure of the molecule. For example,

i) Aniline gives visible fluorescence in neutral or alkaline medium, and gives
fluorescence in UV region only in acidic medium.

ii) Phenols do not give fluorescence in acidic medium as they are undissociated,
and gives good fluorescence in alkaline medium as they are dissociated (1onic).

Photochemical Decomposition: In some cases where UV-visible absorption leads to
photochemical reaction, fluorescence is not observed. Hence, a wavelength that
cannot be absorbed strongly should be preferred to avoid such a reaction. Otherwise,
up to 20% errors may occur.

Effect of Concentration: Fluorescence and concentration are directly proportional
but the equation applies only to small values of fluorescence and thus, low sample
concentration. Thus, it is true to about 5% when the extinction of a solution of the
sample is about 0.05.

When such conditions prevail, the test solution absorbs a very small amount of light,
and the extinction should not be greater than about 0.02 for a linear calibration curve.
When stronger solutions are used, fluorescence concentrate at the _irradiamd face of
the cell in large amount, and this effect is clearly visible in the simple experiment
with quinine. Figure 2.3 represents the cells.
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Exciting light Exciting light
Figure 2.3: Effect of Solute Concentration on Emission of Fluorescence from Cej

When the concentration of fluorescent substance is very high, all the incidey
radiation gets absorbed, and the following equation is obtained:

F=LQ

This equation indicates that fluorescence does not depend on concentration, and j;
proportional to the intensity of incident radiation. This property is helpful i
determining the approximate emission curve of a light source.

Adm!'pﬂou: Extreme sensitiveness of the method requires very dilute sﬁlutiuns (10-
100 times weaker than those employed in spectrophotometry). Therefore, if the
fluorescent substance gets absorbed on the container walls (e.g., quinine gets

absm:bcd on the cell walls), a serious problem may occur. Thus, strong stock
solutions should be kept and diluted whenever required.

Light h_innncl;lromalic light is required for the excitation of fluorescence during &
quanttative analysis because the intensity and wavelength vary linearly. Purity of the
uradiating beam obtained from filters should be checked by examining the light

scattered b}: a slightly turbid solution. The trace obtained should show one peak only,
corresponding in wavelength to that expected. '

Even after a monochromatic light is obtained,
there is a possibility of another source of error,
i.e., the Raman emission from the solvent., This :
emission in case of fluorescence occurs at a ’

wavelength longer than that of the exciting beam,
The effect of this emission increases with

decreasing solute concentration because in order

to produce an adequate response to the X

ﬂunmscencc. the detector sensitivity should be ;
increased. Tht:: interference from Raman scatter Exciting b
can be avoided by using radiation of g  light %

wavelength removed from that of the Fi 7 . -
Bacreeceice peak gure 2.4: Frontal NNlumination
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Presence of Raman emission can be confirmed by observing a small change in its
frequency that may occur as a result of a change in the exciting radiation. Difference
in the frequency of excitation and Raman emission is around 3.4 x 10’°cm™ for
aqueous solutions. In terms of wavelength, some Raman peaks of common solvents
with excitation by the mercury line at 336nm are:

i) Water - 416nm,

ii) Ethanol - 409nm, and

iii) Chloroform - 410nm.

9) Methods of Hlumination: The right-angle method is the illumination method

utilising the Spekker fluorimeter. This method gives a smaller blank value for
scattered light and fluorescence from container walls compared to that given by the
alternative method of frontal illumination (figure 2.4).

Frontal illumination method is used for opaque solutions and solids. It is favourable
for both dilute and concentrated solutions. However, the problem associated with this
method is that the inner-filter effects occur, which alters the spectra.

2.2.4. Quantitative Aspects of Fluorescence

A molecule absorbs radiation and then undergoes fluorescence. When the absorbing
substance is present in very high concentration, the first layers of solution absorbs the
entire incident light and very little amount of light reaches the distant portions of the
sample. Such a sample will fluoresce non-uniformly and the fluorescence will be
independent of the concentration of the absorbing substance. Analytically, such a
condition is not acceptable; therefore, very low solution concentrations of fluorescing
substances are used so that the entire incident light is not absorbed.

The entire light absorbed by a molecule may emit as fluorescence; however, there are
more chances that some parts of the absorbed light or energy are lost in other ways. A
value of © can be obtained from equation (1):

Bk S ¢ §

L

Where, ® = Quantum yield of fluorescence with value ranging from 0 to 1.
F = Fluorescence intensity (i.e., intensity of the emitted radiation).
I, = Intensity of the absorbed radiation.

Difference between the intensity of incident radiation and the intensity of transmitted
radiation gives the value for intensity of absorbed radiation:

Lo =Ip—-Ioe™™ -
Where, a = Molar absorptivity.

b = Path length.
¢ = Molar concentration,

If *c’ has a very small value, equation (2) can be wrilten as:

® = 23abcly _ 5 3abel, o 3)
1+ 2.3abc
Where, the approximation e* = 1 + X has been used. On combining equations (1) and (3):
‘ g .
F =2.31, ® abc )
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concentration are djrettl}’ pm]:mlt};.ﬁ:n;lﬂnﬁﬂy ﬂf [hg I]'I.Clden[ F![CItallDIl rad‘l'ahﬂn, I
proportional to I,; so by increasing c:,ngcntmtiﬂﬂ. Based on this feature, flugrjy,.. %

sensitivity can be increased for a gVeN CONPE 0 abhsorbance is independen; o
distinguished from spectrophotometry, s In Of the

incident intensity.

Equation (4) also states that ﬂuﬂfﬁﬂﬂﬂfe intensity :;: nzzli:;ea:;:ﬂrph.“ any
proportional to each other. Thus, the light cnrrcSpOd. 2 ey Ption bang
maximum is used as the excitation radiation. A beam of radiation . I:'lﬂ}' wa?ﬂlenm
in width is employed for excitation, and the wavelength range shou selecteq Sugy
that it includes the maximum in the excitation spectrum.

A‘ standard curve is prepared with known mluﬁﬂl‘lﬂi of a pure SEII'IPIE hawng f!uU[ESCe“
intensity against fluorescing substance concentration. The same procedure is fo),
using an unknown sample and its concentration 1S noted from the graph. §
experimental conditions (i.e., the excitation source, solvent, pH, and temperature) shoy)
be maintained for both known and unknown measurements. There are several forejg,
substances that can reduce the @ value, and thus the sensitivity of a fluorescey,
compound. This suppression in fluorescence is termed as quenching,

2.2.5. Quenching

Due 1o the specific effects produced by the constituents of the solution being used, the

_ﬂuureacence (or phosphorescence) intensity is reduced. Such a reduction in fluorescence
Intensity is termed as quenching.

There are many ways by which quenching may occur. For example, when the solutig
absorbs excess amount of either primary or fluorescent radiation, concentratign
quenching occurs (also known as inner filter effect); when the fluorescent substance
absorbs the same radiation, self-quenching occurs; when the chemical nature of the
fluorescent substance changes and reduces its emission, chemical quenching occurs. An
example of chemical quenching is when aniline is excited at 290nm, a blue fluorescence

appears _between PH 5-13. Aniline at low pH exists as the anilinium cation and in higher
PH it exists as the anion, and neither of them produces fluorescence.

Snmetiynes the non-radioactive energy loss from the excited molecules also results in
quenching. This occurs because the quenching agent (e.g., quenching of many organic

compounds by dissn{lved oxygen) enables the molecules to convert from the excited
singlet state to an excited triplet state, from where emission is restricted.

by inhibiting

€, nitro, and carbox : u

Formation of complexes between the molecule

results in quenching. and heavy metal jons (e.g., mercury) als0

Generally, quenching is applied to all
For example,

1) Collision deactivation by solvent,
2) Energy consumed by bond breakage, and
3) Fluorescence absorption by another component of the solution

those processes which decrease the quantum yield.
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2.3. INSTRUMENTATION |

2.3.1.

Introduction

f-'luul'il"llﬁlﬂl' Is the instrument measuring fluorescence intensity (F). It includes the
following components:

1)
2)
3)
4)
3)

2.3.2.

Light sources,
Monochromators/filters,

Sample cells/cuvettes,
Detectors, and
Polarisers.

Light Sources

The radiant energy required for exciting the fluorescent molecule or fluorophore is supplied
by the light source. Intensity, stability, and wavelength variability are some of the desired
features that the light source should possess. A high intensity radiant encrgy should be
supplied from the source since fluorescence is directly proportional to source intensity, ie.,
the more intense is the source, the greater fluorescence is produccd. If the source does
not remain stable and flickers, the fluorescence measurements will not be reproducible.
The fluorescent molecules become excited only at certain wavelength range of il.2 source,
therefore, the source should supply energy only at these wavelengths.

Some of the commonly used light sources are:
1) Lasers: A source producing high intensity radiation and having high siability is the

2)

3)

4)

lasers. These light sources undergo molecular excitation, but are monochromatic,
i.e., wavelength variability is their major drawback. Due to this reason, the

fluorophore should excite at the wavelength to which the laser has been tuned.
otherwise fluorescence will not occur. Another limitation of lasers is their high cost.

Therefore, some other light sources, e.g., deuterium lamp, mercury vapour lamp, and
xenon arc are utilised in fluorimetry.

Deuterium Lamp: It provides radiation of high intensity but its wavelength range is
limited to 200-350nm.

Mercury Vapour Lamp: It also provides high intensity radiation and is a stable
source, but it does not provide a continuous spectrum. Mercury vapour lamp is also
termed as a line source, since it emits radiation at 257.7nm. 313.0nm. 365.0nm,
404.7nm, 407.8nm, 435.8nm, 546.1nm, 577.0nm, and 579.1nm wa:zlengths. The
mercury lines also provide a monochromatic beam at each wavelength. It other lines
are filtered efficiently, stray light is minimised. Therefore, mercury lamps are
sometimes used in filter fluorimeters. This source is discontinuous, but most of the
fluorescing molecules absorb radiation at one of the mercury lines. Fluorescence can
be observed by setting the excitation source at the mercury line nearest to the
absorption maximum.

Xenon Arc: It is also a commonly used light source in fluorescence measurement. It

: avelength (major advantage), but
produces a continuous spectrum at Ziﬂ-ﬁﬂt}r}m waveleng _ |
produces radiation of different intensity at different wavelengths. Peak intensity of
xenon arc is observed at 470nm. Desired fluorescence can be observed by setting the
source at such wavelength that maximum absorption occurs. The g:jﬂdmﬁ a;:
that a cooling apparatus may be required for proper operation. Lizone pradiced by
the xenon arc needs to be removed and this may lead to instrumental limitations.
Xenon arc is preferred over deuterium lamp as the former extends the wavelength
range at which excitation occurs and also enhances the selecuvity.
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2.3.3. Monochromators/Filters

T;IE: :l::::ta [;iﬁns‘:fei-ﬂ::;t permits light at wavelengths below 10 that given for the il
to pass. _

2) A long-pass filter that permits ligh
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t at wavelengths above to that given for the filty

3) A band-pass filter that permits light between two given }#a‘-"ﬂlﬂfiglh§ to pass.
filters efficiently eliminate the use of different sources of interfering light.

Mercury vapour lamp is commonly used in ﬂ'lilm'i.mﬂliﬁﬁ because 1t supplies naryyy,
lines of radiation. The wavelength suitable for excitation 1 s_clt?ct:d_b}' a band-pass filte;
while excluding the other undesired wavelengths. On the emission m_dc‘uf the ﬂ“ﬂﬁ]‘netql
a long-pass filter is used. The excitation band-pass filter and the emission long-pass fijte
do not have any common wavelengths, thus, the stray light is eliminated.

Filters are made up of glass or are dye-containing Wratten filters. The glass or dye js
selected properly for regulating optical transmission as they absorb only the undesired
wavelengths, Thus, indicating that the desired wavelengths are not absorbed and they
pass through the filters.

Smﬂunﬁnrtem employ the same monochromators used in spectrophotometers. In the
:arhq Instruments, prisms were used, but at present gratings are more common. Gratings
are ?-uher ruled (more commonly used) or holographic. The latter can reduce the stray light,
but is less efficient than the former, which permits light of greater intensity to pass for a
given wavelength. Monochromator adjusts the angle which the incident radiation makes with
the grating sm'fa-:e' after striking. It separates the incident light into its component
wavelengths by rotating the gratings. The component wavelengths are focused on the sample
by passing through slits. In case of emission, the fluorescent sample serves as the light source
and the gratings are used for selecting the emission wavelength.

2.3.4. Sample Cells/Cuvettes

For excitation wavelength greater than 320nm (Le., visible region), glass cuvettes ar

used because they themselves absorb | amoun - :
value. For excitation wavelength alargU; l'EgiuLUf radiation at wavelengths below this

or for very sensiti nce
measurements, quartz cuvettes are used. Matched ry sensitive fluoresce
that the rcf:ren:: and sam;e ar:::mlain:ad in identigat;nm s o eyl
; RN cuve .
10 cuvette vanability is eliminated, thereby, allowing for mnsﬁieﬁzg.lirzl;r:n?mg .
Fluorescence measurements with the use of matched qu
artz cuy

in clinical laboratories: and a filter fluori

ettes is generally avoided
: uorimeter,
this purpose. However, measurements using :nur;:"d glass test tubes are preferred for

light; but, the optical and electronic ny ound tubes may be interfered with Sy
this, baffles are used to block the -l of the instrum

stray radiat .
the sample to be focused on the dclﬂCfnr_ ation, enab;

e =
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2.3.5. Detectors -
Fluorimetry employs photomultiplier tube as the detector. Eor hnuﬂﬁh::; c:
measurements in the visible range, a glass-encased tube 15 used. While, 1n the = £e,
glass itself absorbs the radiation; therefore, special UV-responsive tubes are usec.

The principle involved in the working of photomultiplier 'lubc 1S nmphnf_ﬂ"“';‘é“::;‘:;
the incident light strikes the light-sensitive screen 5urfam? in the c!ﬂﬂf:“"- = P';’__ -3 sl
gem:rﬂtﬂd which is proportional to the light intensity. This mnu_al 1s magm lt usl n:
several electron emitter or collector cells; and when an electronic signal passes 1rom D'a]
cell to the other. it gets amplified till it reaches the end-stage cuﬂnctqr, Hs:rr.{. the potenh
:s measured and recorded on a meter, digital display, or other recording device.

The instruments available now are equipped with microprocessors for “‘fk'"g
concentration calculations and direct printouts. Such instrum?ms are Cflllht‘ﬂh_?d using a
series of standards, and the fluorescence concentiation Curve is stored in the instrument
memory. After calibration, samples are analysed and the ﬂuu_rcscencc obtained 18
compared to the stored curve for determining the analyte concentration.

2.3.6. Polarisers |
An electromagnetic radiation is made up of electronic and magnetic components. Dunr!g
absorption, only the electronic component interacts with the electrons. In this electronic
component, radiations vibrating in two perpendicular planes are present. Thus, the
electronic component for any given radiation beam is defined in terms of two planes
perpendicular to each other. Fluorimetry employs certain non-cubic (anisotropic)
crystals as polarisers because they can filter one of the two perpendicular planes_. Wh;n
two planes of incident light falls on the crystal, one plane of light passes through it while
the other gets absorbed. This depends on the orientation of crystal to the incident beam.
The plane of light that passes through the crystal is obtained as the plane-polarised light.

2.3.7. Single Beam Filter Fluorimeter

Figure 2.5 illustrates the basic arrangement of a single beam 90°, filter fluonmeter,
consisting of the following components:

1) A mercury vapour lamp, 2) A condensing lens, 3) A primary filter,

4) A sample container, 5) A secondary filter,and 6) A receiving photocell.

amp

EER4—Defining aperture

-1 4—Shutter
< >€¢— Condensing lens
Secondary N’
4—Primary filter (F))
Phowomikigiler | en (2) - .
b Condensing lenses
Sample

# B
-y
Condensing lenses 1 ==
Figure 2.5: Single Beam 90°, Filter Fluorimeter .
Source: hdnpgl:d from Instrumental Methods of Chemical Analysis (pp

2.406), by Chatwal G.R. (2006) (Himalaya Publishing House)
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follows: ugh a condensing |
The single beam fluorimeter F“"‘; :15? » apour lamps B0 g leng, J
1) A lightis passed from h¢ wiiak bsorbs the visible radjay;
e ﬂ"ﬂ;s only radiation P le contai T
2) The primary ﬁ_"" “lﬂ:me primary filtef reaches the sample container.
3) The UV radiation from R sl the sample container passeg Lhmugh
4) UV and fluorescent radiations bt l
secondary filter.
$) This filter absorbs the primary
6) This transmitted radiation 1s €
incident beam.
7) The output of the photocell is meas

The light source used should be of adequate Stability because "?32““’.‘5‘*“# intengiy,
proportional to the irradiation intensity. The fluctuations 1n irracdiation intensity jp

the fluorimeters are not compensated for. In such fluorimeters, two Phﬂtﬂce_lls are ugeg I:
the readings are recorded on a potentiometer in balancing the photocells against each oy,

y and transmits the fluorescep;

radiant energ l'i'd.lat.cll

ived by 2 phutor:f:ll placed at right angleg : ;

ured by a sensitive galvanometer or othey d’e\'iq

The primary filter used selects the UV radiation (and not the visib!e, radiation), while
secondary filter transmits visible fluorescent radiation and absorbs incident UV rag; &

2.3.8. Double Beam Filter Fluorimeter

Figure 2.6 illustrates a double-beam filter fluorimeter, consisting of a specially designy
mercury vapour lamp, and two anodes equipped on the opposite sides of a centr
structure. This lamp works by alternating current, thus, th® two anodes receive
discharge and generate radiation on alternate half-cycles of the exciting voltage
Consequently, the sample and the standard receive identical radiations.

Sample
Photomultiplier Ltz
ik ( >— | Lamp filters
|
Secondary
filter
Reference
2.6: Double-Beam Filter Fluorimeter
Source hd-pm fam'nmml Methods of Chemical Analysis (pp 2.406), by
-R. (2006) ya Publishing House)
':';:e dﬁ-:hle beam fluorimeter works as follows:
two t::am from the lamp initially pass through two rimary filters, and B
- mthmuﬁhm sampl::‘r:d reference, ¥
scent radiations i
through a common Secomar;fl':]t:::.ed from the sample and reference conve®

3) This tube records the ratio of two ﬂmtu s Photomultiplier tube.

other from reference) uorescence signals (one from the sample and %
In this system, the effect
be minimised. of temperature changes anq Variation in source and detector @
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2.4. APPLICATIONS |

2.4.1. Introduction

Fluorimetric titrations are used for the following purposes:
1) Determination of ruthenium,

2) Determination of vanadium,

3) Determination of boron in steel,

4) Determination of aluminium in alloys,

5) Determination of chromium and manganese,
6) Determination of uranium salts,

7) Estimation of rare earth terbium,

8) Estimation of bismuth,

9) Determination of beryllium in silicates,

10) Estimation of 3.4-benzpyrene,

11) Determination of vitamin B, and

12) Determination of vitamin B, (riboflavin).

2.4.2. Determination of Ruthenium

In inorganic chemistry, fluorimetry technique is used for determining ruthenium in the
presence of other platinum metals. At pH 6, the complex between ruthenium (II) ion and
5-methyl-1,10-phenanthroline undergoes fluorescence. Palladium and the reagent together
form a precipitate that is removed by centrifugation. Iron (if present) forms a complex
and quenches the fluorescence. Any other platinum elements can be present in up to

30pg/ml range without causing any interference in the determination of ruthenium in 0.3-
2.0pg/ml range.

2.4.3. Determination of Vanadium

Fluorimetry is also used for determining vanadium by reacting with benzoic acid in an
acetate buffer at pH 2. When the sample is excited at 300nm, fluorescence occurs linearly at

410nm over the range 0.5-400ppb. Vanadium determination is interfered with the presence
of iron and large amounts of titanium.

2.44. Determination of Boron in Steel

Fluorimetry also aids in determining the traces of boron present in steel by complexing
with benzoin. In this process, the boron in an acid solution of the sample is converted into
boric acid which is co-distilled with methanol to separate from other components. The
distillate obtained contains boric acid, thus, is neutralised with NaOH and evaporated to
remove the methanol. The residue left behind is taken in an alcohol, followed by the
addition of an alcoholic benzoin solution to it. After 2 minutes, fluorescent intensity of
the mixture is measured which is linear with the boron concentration up to 100um in
30ml volume, but declines with increasing concentrations.

24.5. Determination of Aluminium in Alloys

Fluorimetry proves to be an accurate, sensitive, and rapid method for determining small
amount of aluminium found in alloys using dye pontachrome blue black F reagent at pH 4.8
in a buffered solution. This technique can determine 0.01-1.00% of acid soluble aluminium
present in steel. This method involves a complex formation between aluminium and azo
dye 2,2-dihydroxy-1,1’-azo naphthalene-4-sulphonic acid, sodium salt (pontachrome blue
black R). Iron and other interferences are removed by mercury cathode electrolysis,
followed b y fluorescence measurement of the complex at pH 4.9 in a buffered solution.  °
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reduced portion gives chromium.

2.47. Determination of Uranium Salts |

For determining uranium salts with fluorimetry, the _5"1"'7‘_13‘1“E solution is b("lf?-di With i,
acid, followed by fusion with sedium fluoride. This yields a melt, containing sodiyy,
fluoride and uranium fluoride, which solidifies into a glass on cooling. The solidifieg
product can be examined using a fluorimeter. Palladium and the reagent together fory
precipitate that is removed by centrifugation. Iron (if present) forms a complex gy

quenches the fluorescence.

2.4.8. Estimation of Rare Earth Terbium

This element forms a fluorescent complex with EDTA and SSA (Sulpho-Salicylic Acid)
[ts excitation spectrum can be related to the absorption spectrum of SSA (A, = 32{]015‘].
The fluorescent spectrum obtained presents characteristic peaks of the Tb ion at 4850,
5450, 5750 and 6300A. This method is specifically used for determining terbium and it
has bezfn observed that the excitation energy of SSA gets intra-molecularly transferred to
Tb. This energy transfer, however, does not occur when SSA and other rare earth ions

form anple_xts. The reason 1S incompatibility of the rare earth excited energy levels wilh
the SSA excited state triplet level.

2.4.9. Estimation of Bismuth

E:T;ELE"T“;“ g bismuth spectrofluorimetrically, the sample solutions are evaporated i
e E;ﬁ {}’;ﬂﬁf{n flame, fnllﬂwefd by irradiation with iodine emission line at A *
: which 1s very close to bismuth line at ), = 2061.70A) to absorb the radiatiot

Bismuth is estimated by measuri

o ng ﬂl]ﬂl'ﬂﬁ.ceﬂcg P . 9 '
36 s _ emission li 025A th tection

limit of Bi™"ion is 2.5 x 107 molar concentration of hismul]'?e 30254 and the de

2.4.10. Determination of Beryllium in Silicates

Fluorimetry can detect ( 001 - :
| U of beryllium in 25m] i
(i _ : and 0.2 ; d withd
fﬁ:?i"ﬁ?ﬁéﬁ'&iﬂi’inﬁ ' A:ﬁ"ea‘f calibration curve i obtjﬁegdc:n ?: 3 ?;ft: in 23
method involves formation of a ﬂuurcscel::u cnn-'nplex betw

beryllium and morin (2’4" 3 5.7 -

: 3,9, /-pentah :

mterference, and thus are remnvedpzy n;ggféfi?;g::}.llmn and rare earths may caus
electrolysis,

1211:‘-111 Estimation of 3’4'3*’“3[1}’1‘1311@
frn:; ltsﬂgﬂigc:;gil:;? S"Ehﬂﬂncg that can be extracted ejth . |ution of
lamp and glass filter 0 ‘3’3:1;“?:1 'S placed in 3 gjyq Eeﬁﬂtnﬁraphy (Al,O3) and € 0
A 1 = J000A), “ and irradi ith a m
4270A) after being collected fl‘ﬂ[:] The resultang ﬂll{llrf:sceﬂce rﬂdial:?:?lw; 4030, 4[]59'

: the fa
on the entrance slit of a Photographjc Sﬁzfmir;hi cell ahsurhing the radiation is foc¥
ph.
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2.4.12. Determination of Vitamin B, (Thiamine)

This vitamin itself is non-fluorescent, however, its oxidation product (thiochrome)
produces a blue coloured fluorescence. This property helps in its determination in food
samples like meat, cereal, etc.

Phosphatase and the food sample are reacted, thereby, hydrolysing the phosphate esters
of thiamine present in the sample. Phosphatase and other insoluble matter are removed by
filtering the solution. The filtrate obtained is diluted to a known volume, from which one
aliquot for analysis and the other for a blank are withdrawn. Sodium hydroxide and
isobutyl alcohol are added in equal quantities to both the aliquots. Thereafter, an
oxidising agent (e.g., potassium ferricyanide) is added to the first aliquot and after
shaking, the alcoholic and the aqueous solution are separated. The separated alcoholic
solution is examined using a fluorimeter. Now the complete procedure, including a blank,

is repeated using a standard thiamine solution.

2.4.13. Determination of Vitamin B, (Riboflavin)

This vitamin is determined by fluorescence method because the fluorescent power
depends on the exact conditions and the nature and amount of impurities present. The
standard increment method is used to confirm that the effect of impurnities on the
standard and unknown is the same. In this method, the fluorescence of a portion of the
standard in the same solution is measured with the unknown. This method also beheves

that riboflavin oxidises to yield a non-fluorescent substance.

This method involves treating the acid solution of the food sample with different
reagents. As a result, various interfering 1ons precipitate out. Thereafter, this solution is
oxidised using dilute permanganate. The residual fluorescence is measured as a blank and
solid sodium dithionite (Na,S,04) is added in slight excess amount, followed by
fluorescence determination. After the fluorescence determination of blank. a known
volume of standard is added and fluorescence is re-measured. Finally, the results are

computed by the following scheme: o
|

| Fluorescence of Solution Designation
101l oxidised sample + 1ml water Fa
Same + dithionite Fg

_ Same + I ml standard Fe |

Final results are established by calculating the fluorescing material concentration
using the following formula:

FB_FH= m,
FE_FA mx+m5

Where,

m, and m, = Masses of riboflavin from sample and standard in the cuvette,

respectively.

sed as follows:
f fluorescent light emitted by the substance

the given standard substance is

Details given in the chapter can be summarl
1) The method of measuring the intensity of | |
being examined with respect 10 that emitted by

termed as fluorimetry.
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conversion or collisional quenching.
Jower energy electronic state without emitting hght

9) If temperature by increased, the molecular collisions mcrease. This i v resulty i
deviation which decreases the fluorescence infensity

10) 11 viscosity Is Increased, the molecular collisions decrease, which v l:nlllmu
the NMuorescence intensity,

11) Due o the specific effects produced by the constituents of the solution being used,
the fluorescence (or phosphorescence) intensity 1y reduced. Such o reduction i
Huorescence intensity is termed as quenching,

.. . ol .

. 12) Wh‘:". the chemical nature of the fluorescent substance changes and reduces its
| coussion, chemical quenching occurs,

13) Deuterium lamp provides radiation of high intensity but its wavelength range is
limited 1o 200-350nm. '

14)

2.

2.6.1.

1)
2)
3)

4)

o)

I

Fluorimetry employs photomultiplier tube as (he

detector,

EXERCISE

True or False
In molecular ]umincsc:nce.
Spectrum useful for qualitatiy
Phosphorescence s
exciting source.

anal ules : 1551
yle m_ulff.uh.:« Bel excited and results in emission
2 € Or quantitative ﬂ,“:[l}fﬁ,i 5.
emitted |j hich ctnne ,
ght which SOPS 1o emit after the removal of

excitation wavelength is termed a¢ an emission
Th: terms singlet and triplet states s
IS NO magnetic field

External conversion oy
encry e AN ntermolecular procese
:?Tﬂ Clectronic stare Without l':uﬂlm: fiEhWhmh brings down a molecule ©*
emperarure js INCreased. the 8 hght,
deviation which decreases the ﬂm:::f:ulhmng increase. This in turn resul® "
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r - # ”
F]“‘fi"w’f r;'m‘- -""r.-
z) Jroueraen Ly yrovistms vadivaion A Wyl ety ow 14 wprCaAgl ‘algs 8
Langantondd S0 L0521 prasa

9 Fluemeds y canierrs she e saniiagies Wi g Qe wowe i r

2.6.2. Fill inthe Blanks
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1%) An cromwd molecule atd salvert o other solues uneract and Vansler eeryy artrsmg

cach other o deactivalr an crowd ciecuonc sl awd o »n wried 8

14) 1 1 oncreaned the mlecular colbisions mcrease. Thus o e resulis e
deviation which decreases the fluores enece DIty .

15) 1 v ncreased, the molecylar collisions decrease, which
enhances the fluorescence intensiy .

16) When the chemmcal natuse of the flustescent substance changes and reduces s
emission,

i L

LY

17) . provides radiabon of high itensity but its wavelength range is limited w
200-350nm.

18) Fluonimetry employs —__ as the detector,

Answersy

1) True 2) False 3) True

4) True 5) False 6) False

7) True ¥) False 9) True

10) Fluorimetry
13) External conversion

16) Chemical quenching 18) Photomultiplier tube

2.6.3. Very Short Answer Type Questions

1) Define fluorimetry and molecular luminescence.

2)  What is the principle involved in the working of photomultiplier tube?
3)  What is intersystem crossing?

4) Name the factors affecting fluorescence.

11) Phosphorescence
14) Temperature
17) Deuterium Lamp

12) Excitation spectrum
15) Viscosity

2.64. Short Answer Type Questions

1) Write a short on excitation and emission spectra.

2) Mention the advantages and disadvantages of fluorimetry.

3)  Explain the working of single beam fluorimeter along with a well-labelled diagram.
4)  What are the different light sources employed by fluorimeter?

5) Mention the quantitative aspects of fluorimeter.

2.6.5. Long Answer Type Questions

1) Briefly explain the effect of different factors on fluorescence.
2) Explain the basic instrumentation of fluorimeter.
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IR Spectl'OSCOpy :

tion ,
Introduc deals with the infrared region (12800-10cm) o

infra means beyond. thus infrared means beyong

red. It covers a range of techmques. the most common ‘hﬂng'f 1 1nrn11 of uh,r.nm
spectroscopy. This spectroscopic technique is used for identifying compounds g
determining the sample composition. Infrared 5pcclmphﬂlﬂm¢lf-‘f 1S 3 commaon Iab-unm.]

instrument used for this technique.

3.1.1.

Infrared (IR) spectroscopy
electromagnetic spectrum. The term

The infrared region in electromagnetic spectrum 1s divided into the following thre

regions named for their relation with the visible F-]JIECU'I.IH‘I (figure 3.1 '| .
1) The far-infrared, approximately 400-10cm™ (1000-30pm). lies adjacent (o the

microwave region, has low energy and is used for rotational spectroscopy.

2) The mid-infrared, approximately 4000-400cm™" (30-2.5um) is used 10 study the
fundamental vibrations and associated rotational-vibrational structure. This region
has wavelengths between 3x10™ and 310 cm.

3) The near- infrared, approximately 14000-4000cm ™" (2.5-0.8um) has higher energy
and can excite overtone or harmonic vibrations.

Alem™)
M A (cm) Alum) | (Wavenumber) Energy (E)
Visible
A 4 N

e | 78x10 wix10* |25008% 140000 by 3 (0N) 100- 17 Kcal/mole
a | (0.000078-0.0003)

A& |

3
hi 4 ] {
; Ix10%1wdx 10 Wiw25s 3000w |1 JuKcal/mole

Infrared y d (0L0003-0 003

J

A
E
a | 3x10M03x10° [ 100010 30 300 1 Kcal/mole
: (0.003-0.03) w 1o O1-1Kca

__-—-—_|-"""
em = 107°m

IR spectra are nmslly_ reported in pm; however, V (nu bar or way ber) is Wh“
currently preferred unit. Organic molecules absorh the IR radiation ;:Eifuvcrt them 1P

energy of molecular vibrations. In IR spectros
: ~ COpY, an organic i
; . * molecule 1s ex
n?,cllanrnn. and absorption occurs when the radiant merr% S P?m]gculﬂ
vibratuion cnergy. £y matches a spc:.:t:u

IR Spectroscopy (Chapter 3) 81

3.1.2. Principle

Infrared spectroscopy works on the principle that all molecules vibrate and absorb energy
in the infrared region. Most of the vibrational absorption states correspond 10 2.5-25um
[Wlﬂcm"} wavelength. The vibrational frequency (V) in a two atomic system
containing two masses (m; and m.) (figure 3.2) is related to the force constant (k) and
reduced mass ([) by the following equation:

Vv =—l— E with p:—mIm:

2Zm | U m, +m,
An IR spectrum represents transmission versus wave aumber (cm™), i.¢., frequency (V)
divided by the speed of light. Absorption occurs only at those frequencies at jwhlch hlghn.:r
vibrational states can be reached. If a molecule absorbs energy, the signal at this

frequency decreases and forms a peak in the spectrum.

(m,) (k) (m3;)

Figure 3.2: Atomic System Consisting of Two Masses (m, and m;)

Mperthcfnmmmrgermﬂmmmnt{k}uhhehondbﬂwuutwnnmhw
hﬂuﬁhﬂﬁmulfrequm.mus,mﬂcaﬁngmatathcbmd“duabsmhmamw
frequency than a C—C bond, forming a peak at 1600cm ™' and 1000cm™' respectively. If
lighter atoms will be involved in the vibration, the frequency will be higher. The stretching
vibrations of C— H bond can be found in the 3000cm ™' region of IR spectrum.

3.1.2.1. Selection Rule

Given below are the selection rules for IR spectroscopy:
1) Absorption of Correct Wavelength of Radiation (Matching of Frequency):

When a molecule’s natural vibration frequency matches with the frequency of
incident radiation. it will absorb the radiation (i.c., a net transfer of energy occurs,
and changes the amplitude of molecular vibration). Natural frequency of HCI
molecule is 8.7 x 10" Hz (vib/sec) ar 2890cm™'. When HCI sample is exposed to IR
radiation. the transmitted radiation is analysed and it is observed that part_qf uu:s
radiation having the same frequency (8.7 x 10"’Hz) is absorbed and the remaining is

transmitted to give the characteristic value of HCL
I ibrati f a molecule is related to
2) Dipole Moment: When the change in the vibrational state 0 lated 1
the change in its dipole moment, it absorbs IR radiation. A heteronuclear diatomic
molecule consists of two different atoms having different :lm mthdmwmg
capacity. The electron density shifts towards the more _elccl:mn:gnuva atom, an
such mc;l:cule possesses an electric dipole moment and is said to be polar. Dipole
- i istribution.
moment arises due to asymmetrical partial charge distri ;_m
ﬁ-i'
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1_1 =q xr
Dipole moment.

bk E: Mf;njtud: of charge. 5

r = Distance bﬂfﬂ‘“ charges:

e=1.602x10"C

But atomic charge is q X €
p:{]ﬂf!r

Here charge is measured in Coulomb and distance i}'t meters; so, S] unit of
Cgulnmh ?neter (i.e., Cm). But for convenience |t is often given in unjt Deby

(1D = 3.336 x 107°cm).

If HCI has dipole moment of 1.83D bond length and r is 92pm:

p:qxﬁ‘ﬂ!l‘
q:[].-ﬂ

This value indicates that charge in HCl molecule is asymmetrically distribuyg
in a manner that Cl atom effectively gains 0.41 of an electron and H atom Jog
0.41 of an electron. The total dipole moment in a polyatomic molecule is the
vector sum of the dipole moment of the individual bond. No dipole momey
exists in a symmetrical molecule (like CCL), however the C—CI1 bond is polar,

3.1.2.2.  Overtones

Overtone bands (harmonics) appear at integer multiples of fundamental vibrations, thy
the strong absorptions at 800cm™ and 1750cm™ give rise to weaker absorptions a
1600cm™ and 3500cm™, respectively. Two frequencies interact and give bess
(combination or difference frequencies); thus, absorptions at xem™ and ycm™ interad
and produce two weaker beat frequencies at x + yem ™.

On absorbing IR radiation, transitions from the ground state (V = 0) to the second excitel
state (V = 2) give rise to weak bands, termed overtones. If all the vibrational bands ar
equally spaced (which actually are not), the energy of first overtone is given by:

AE,p=E,; (v=2)"Eyp (v=0) =[2+%th—(ﬁ+%}hv =2hv

On adding reagent, the chemical shift of each proton or proton up of the sampt
molecule changes and the extent of this induced shift is measured. 'ﬁ; rl::sullant inducts
shift is plotted against the ratio of shift reagent to substrate to give a straight line at_lul

ratio values. Structural information for each proton group In a molecule can be M
from these plots.

They may be used to resolve overlapping si ;

molecule, or can be used in more quantitative sygi g jon
: es to provide informall

molecular configuration. For example, chiral lanthanide shiffrrueagcms are used

quantitative estimation of enantiomer mixtures.

The actual IR spectrum becomes quite com licated
bands at vanous wavelengths. For example, [::dd ; = 0 e
of the wavelength (or two times, three times

absorption bands; such bands are termed overs... the frequency) of the

d
carbonyl compounds, in the range 3200.3 m:lfhﬂc are present in the -"_P“"n "

characteristic absorption frequency due to Ca) . This value is two

Ing vibrations.
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3.2.1. Introduction

Infrared spectroscopy relies on the theory that molecules absorb specific frequencies
that are characteristic of their structure. These absorptions are resonant frequencies, as
the frequency of absorbed radiation matches the frequency of the vibrating bond or

group. The energies are determined by the shape of molecular potential encrgy surfaces.
the masses of atoms, and the associated vibronic coupling.

In the IR spectroscopy (region 2.5-15p), the absorbed energy causes major changes in the
vibrational energy that depends on the following factors:

1) Masses of the atoms in the molecule,

2) Bond strengths, and

3) Arrangement of atoms in the molecule.

No two compounds, except the enantiomers, can have similar IR spectra.

3.2.2. Fundamental Modes of Vibrations in Polyatomic
Molecules

The molecular atoms are not tightly held. A molecule appears 10 be consisting of
different sized balls (atoms) tied with springs (chemical bonds) of variable strengths. On

passing IR light through the sample, the vibrational and rotational energies of the
molecules increase.

Fundamental vibrations are of the following two types:

1) Stretching Vibrations: In this type, the distance between the two atoms increases or
decreases, however, keeping the atoms in the same bond axis. Stretching vibrations
are of the following two types:

1) Symmetric Stretching Vibrations: In this type, the movement of atoms with
respect to a particular atom in a molecule is in the same direction.

ii) Asymmetric Stretching Vibrations: In this type, one atom approaches and the
other atom moves apart from the central atom.

2) Bending or Deformation Vibrations: In this type, the positions of atoms change
with respect to the original bond axis. The stretching absorptions of a bond appear
at higher frequencies (i.e., higher energy) than the bending absorptions of the same
bond. Bending vibrations are of the following four types:

1) Scissoring: In this type, two atoms approach each other.

ii) Rocking: In this type, the movement of atoms is in the same direction.

iii) Wagging: In this type, two atoms move up and down the plane with respect to
the central atom.

iv) Twisting: In this type, one atom moves up the plane and the other moves down
with respect to the central atom.

In bending vibrations, the bond lengths change if required to do so by the centre of
gravity resisting displacement. Bending vibrations dm_mbc two dimensional motions,
thus there is 2n-5 bending vibration for non-cyclic and linear molecules. These
vibrations at lower frequencies than the strctr:hll}g vibrations (appear at higher
fire o) Since the force constants of bending vibrations are also less than those of
the Strelclnng vibrations, the former are more sensitive to environmental conditions.

In a polyatomic molecule, the same bond can perform stretching and bending

vibrations simultaneously.
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Figure 3.3: Streiching Vibratlons

y lon of AB; molecule
| Symmetric stretching vibrat
t;i: hirmm:u'it stretching vibrution of AB; molecule

molecule
(c) = Symmetric stretching vibratlon of AB,

f:ﬂ: :ljl'l'llmttﬁt stretching vibratlon of ARB; molecule '
The two types of streiching vibrations, i.e., symmetric HI'H:'I asyminetric, are de
by *v', The symmetric and asymmetric stretching vibrations nf. AB2 molecule gy, |
. ted by the figure 3.3 (a) and (b); while the symmetric and asymmetrj, |
illustra y K dinfi 3.3 (c) and (d |
stretching vibrations of AB; molecule are r:prcm;ntr. in figure ): The |
most important bending vibrations are illustrated in figure 3.4.

TITIYT

Figure 3.4: Bending Vibrations of AB; and AB, Molecules. The in-plane deformation
vibrations - (a) Scissoring and (b) Rocking Vibrations of AB; Molecule; The out-of-
plane deformation vibrations - (¢) Twisting and (d) Wagging Vibrations of AB,
Molecule; (¢) Symmetric and (1) Asymmetric Yibrations of AB; Molecule.

10004

Bending vibrations are of the following two types:
i) In-plane deformation vibrations, and
ii) Out-of-plane deformation vibrations.

The In-plane deformation vibrations include scissoring [figure 3.4 (a)] and rocking
rilfu-a!nmm (Migure 3.4 (b)]; and the out-of-plane deformation vibrations include
twisting [figure 3.4 (c)] and wagging vibration [figure 3.4 (d)]. This may also
vomprise symmetric [figure 3.4 (e)] and asymmetric [figure 3.4 (D] vibrations.
ﬁ'ltr!- I8 & tratomic non-linear molecule with 3x3-6 or 3(3n—6) normal modes of

:nhmtmns. which can be calculated by applying the following two primary forces:

!.] The force acting against stretching or shortening of O-H bond, and

1) The force acting against the bending of H-O-H molecule, ‘

'I'hl:-i:: fn!‘::trﬂ are applied to the water molecule and the nature of three normal modes
of vibration of water is determined with the help of Herzberg method. The normal
modes of vibrations of water determined by these calculations are shown in

o mm
H " hna " Hlm

Figure 3.5: Normal Modes of Vibration of Water Molecule

In ﬂgure 3.5: vy _is. the symmetric stretching mode, v, is the in-plane deformatio? |
(m.sa?nng;\ vibration, and v, is the asymmetric stretching mode. The three vibration$ |
are infrared active, The stretching vibrations (v, and Vi) appear at 3652 and 37566"“-!* '

whereas the in-plane : P ‘
spectrum of wa:el:. Vemision - vibestion (v2) appears at 1515cm™" in the I} |
i

Carbon dioxide is a linear triatomi
A _ miC molecule with 3x3-5 odes of |
vibrations, which are shown in figure 3.6 as calculated with H;zrb:{l':nr;:l}j m .

e e e e =

Instrumental Methods of A“‘“?li‘ IR Spectroscopy (Chapter 3) 85

¥

Figure 3.6: Normal Modes of Vibration of
Carbon Dioxide Molecule

In figure 3.6, v, is the symmetrical stretching vibration, which does not appear in the
infrared spectrum (i.e., it is inactive) as it produces no change in the dipole moment
of the molecule. The v, and v, are in-plane deformation vibrations and appear
perpendicularly to the surface of page. These two kinds of vibrations occur
independently of each other, but have similar frequencies because the frequency
cannot be altered on turning the plane of vibrations. Thus, the deformation vibrations
(v2 and v;) of CO, are degenerate and appear at 666cm™’ region in the infrared
spectrum. The v, is asymmetrical stretching vibration and appears in the infrared
spectrum in 2350cm™ region.

The number of modes of vibrations in polyatomic molecules is different from those

calculated theoretically due to the following reasons:

1) The overtones (multiples of a given frequency) and combination of tones (sum of
two other vibrations) increase the number of modes of vibrations.

2) Some other phenomenon may reduce the number of bands.

While determining the number of modes of vibrations in the IR spectrum, the following

experimental limitations are observed:

1) Vibrations not falling in the IR region do not appear in the IR spectrum.

2) Weak vibrational bands are not observed in the IR spectrum.

3) The vibrational bands with same or slightly different frequencies overlap each other
and are observed as a single band in the IR spectrum.

4) Some vibrational bands may degenerate and appear at the same place in IR spectrum.

5) No band appears in the IR spectrum of a molecule if no change occurs in its dipole
moment.

3.2.3. Translational Energy

Translational energy and the uniform velocity of a molecule are associated. This motion
is described with respect to the molecule’s centre of mass. The classical energy due to
translational motion is given by:

El=-—;- mv> wees(1)

Where, E, = translational energy of molecular mass (m) moving with velocity (v) with
respect to the centre of mass (m).

A molecule moves freely in three perpendicular directions (ie., X, y and z) due to
translational motion, thus indicating that it has three degrees of freedom. As per the
Quantum mechanical equations of translational motion of an isolated molecule of mass M

in a rectangular box of dimensions ax bx c, the translational energy value is given by:

] ‘ 2 2
o (&J o]0 .,{h) nd2)
&M a b B
Where, n = integer values. Continuous ranges of translational energies are available us the
number of Mﬁtiunal energy levels is large and the difference betweéeh thet is small,
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3.2.4. Rotational Frequencies |
Ahsorpoon accors 1n the TR regon due 10 changes the \ﬂwr_t.:;o:u‘] and nﬁuutapal levels
Wihen radsoons oF jass than 100cm frequency are shsorbed. molecular mManon occurs

2 the sabstance. As this shsorpoon is quantred. discrete lines Ippear in the Spectium due
1o mokacuiar rocanon. Along wath a singke change in vibragonal eneriy. a large "'[“mbiﬂ of
Mamass accur @ the rocanonal enermy: thus. vibrational Spectra appear as Vibrationa)
~tsbomal chimges On pasung IR kght through a sample, the maolecule’s vibrationg)

q-.-q'-h AT el ..,.-\._..r_‘-.\. e g .'3.1: :"-l-’.ln. P 1--.,...,:. b:l" !:I"mr:l “.J-\- G ln 51 hi:h m{‘lf'.:ulﬁ C-a_n m
oA LB IS Tk e Boowd L W H we g s - - _ ) :
amacry 55 8 el of mooon of atoms 10 a non-linear tmatomic molecule are shown 1n the

figure 3.7

Tracslasonal

Ficure 3.7: Three Different Ways in Which Molecules Can Store Energy
as 8 Result of Motion of Atoms in a Non-Liner Triatomic Maolecule.

Rotational frequencies are the result of rotation of a molecule about an axis through
the centre of graviny. This energy is associated with the overall rotation of the molecule
with the aroms considered as fixed point masses. As per the classical theory, the
rotational energyv \alue 15 g1ven by

1

E.=—lo s 3

—

Where, | = Moment of inerua.
@ = Angular velocity of the rotaung molecule.

However, the quantum mechanical formula for rotational energy of a simple linear
molecule is given by:

h
E.=}JT+1)— )
e 8r’l

Where, I= Moment of inertia of a simple linear molecule.
J = 0 or a positive integer (the rotational quantum number).

Each rotational level has a (2J + 1) fold degeneracy.

[rf a monoatomic molecule, only one rotational degree of freedom exists. But a non-linear
tn-or poly-atomic molecule rotates about the three perpendicular axes passing through the
centre of gravity, thus, indicating that it has three rotational degrees of freedom.

3.2.5. Vibrational Energy

Vibrational energy and the oscillation of atoms of a molecule (considered as point

masses) about equilibrium positions are associated. This energy can be treated on 3
quantum mechanical basis.

3)
SpectrosCORY (Chapter

R 87

e rihrlﬁ"“"l energy of a molecule is given by:

f 2o
Enl-" =h\"k\ +E)

where. V = Vibratonal frequency
het v =0 or a positive integer (the vibrational quantum number).

Noo-linear molecules (e.g., H:0, NO,, and CH.) have 3n—6 vibrational degrees of

freedom: while the linear molecules (e.g., CO,, C:H,. and ;) have 3n—5§ vibrational
#gtﬁ ﬂf ﬁudﬂ'm.

vibrational frequency or wave number is influenced by the bond strength and reduced

mass. With increase in bond strength or decrease in the reduced mass, the value of
brational frequency increases.

The C=C stretching gets absorbed at a frequency higher than the C—C stretching, since
the bond strength (value of k) of double bond is higher than that of the single bond.

3.2.6. Factors Affecting Vibrations

Discussed below are the factors under the effect of which the vibrational frequencies of

some groups shift from their normal values:

1) Coupled Interactions: Two bond oscillators sharing a common atom never behave
as individual oscillators, except when they exhibit different oscillation frequencies.
This behaviour 1is the result of mechanical coupling interaction berween the
oscillators. For example, CO, consists of two C=0 bonds (O=C=0) with a
common carbon atom. Thus, CO, has two fundamental stretching vibrations, of
which one is asymmetrical and the other is symmetrical stretching vibration.

The symmetrical stretching vibration mode consists of an in-phase stretching or
contracting of the C to O bond. This absorpuon occurs at a wavelength longer than
the wavelength for C=0 group in aliphatic ketones. This mode also does not alter the
molecule’s dipole moment; hence is infrared inactive, but can be observed in the
Raman spectrum near 1340cm™ region. In asymmetrical stretching vibration mode,
the two C to O bonds stretch out of plane: and one C=0 bond stretches as the other
contracts. This mode alters the molecule’s dipole moment, and hence is infrared
active. This absorption occurs at a wavelength shorter or a frequency higher
(2350cm™’) than that for a C=0 (carbonyl) group in aliphatic ketones. This
difference in C=0 absorption frequencies in CO, molecule is due to strong
mechanical coupling or interaction.

The two ketonic carbonyl groups separated by one or more carbon atoms show
normal carbonyl absorptions near 1715cm™ region because appreciable coupling has
been prevented by the intervening carbon atom(s).

Labelling of symmetric or asymmetric vibrations is done :.vith r}:fcn_:nce to the axis of
symmetry abn{:t which if a molecule is mtated, an 1d=uuFaI view is presented more
than once in a complete rotation. The vibrational n:_todc_ls ]ah::llcd as symmetric if
rotation about this axis does not alter the narure of vibration, while 1f it is altered the
vibrational mode is labelled as asymmetric. Th-:: ‘modcs are cl_thcr parallel or
pe il line on whether the change in dipole moment is along l.hc axis

I : - bered as Vi, V3, V3, ........ in order
of symme ndicular to it. Modes are num , _
of dncrca;:;;rrq::fncy within each symmetry group, starting from the symmetric
mode of vibration.

Scanned with CamScanner



88

associated molecules in intra-molecular hy
inter-molecular hydrogen bonding.

Non-associating solvents (e.g., CS;, CHCI;,
because solvents, like benzene, acetone, €IC.,

Instrumental Methods of An,-,jh“

s for two N-H stretching bands in 3497-3077cm™’ region i,
mary amide spectra, for two C=0 stretching bands in 18]g.
dride and imide spectra, and for two C_y
region for methylene and methyl group,
s involve coupled vibrations.

Coupling also account
primary amine and pri
1720cm™ region in carboxylic anhy
stretching bands in 3000-2760cm
Characteristic group frequency band

irements for effective coupling interactions are:

The important requ : ; :
i) The vibrations should be of the same symmetry species for the interactions g,
occur.

There should be a common atom between the groups for strong coupling

1i

J between stretching vibrations.
iii) Maximum interaction occurs when
the same frequency. '
Coupling between bending and stretching vibrations
bond forms one side of the changing angle.
A common bond is required for the coupling of bending vibrations.
Separation of groups by one oOr more carbon atoms and/or mutually

perpendicular vibrations causes no coupling.

Hydrogen Bonding: This gives risc 10 downward frequency shifts. Stronger the
is the absorption shift from the normal value towards

bydrogen bonding, greater _
the lower wave number. With the help of infrared technique, the two types of
hydrogen bonds can be distinguished. The inter-molecular hydrogen bonds give

rise 1o broad bands, while the intra-molecular hydrogen bonds give rise to sharp
and well-defined bands.

Inter-molecular hydrogen bonds depend upon concentration. The intensities of such
bands decrease and ultimately disappear on dilution. Intra-molecular hydrogen bonds

do not depend on concentration. The frequency difference between free and
drogen bonding is smaller than thal in

the coupled groups individually absorb nea

iv) occurs when stretching

v)
vi)

and CCl.) are most commonly used
highly influence the O-H and N-H

compounds. The electronegativity of nitrogen atom is less than that of oxygen alom.

thus the hydrogen bonding in amines is weaker than that in alcoh

ols and the

frequency shifts in amines are less drastic.

For exam amines show N-H stretching at 3500cm™’ region in dilute solutions,
- cohols

while absorption in condensed phase spectra occurs at 3300cm™ region. Al
with intermolecular hydrogen bonding are absorbed between 3400-3200cm

=1 n:glﬂﬂ-

while O-H,, in free alcohol absorbs near 3600cm™’ region.
The hydrogen bonding in enols and chelates is very strong and absorption due 0 O

H stretching occurs at very low val
with an inert solvent, free O-H stretching is not observed at low

ues. As these bonds are not broken on dilutio®
concentrations. This

is because the bonded structure is stabilised by resonance. Consider acetyl acetont

@ =

Re=—= (C — CR'=CR

R — C == CR"— C —R
|
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Th; ?;{?k i oup involved in chelation gives rise to broad absorptions between 3000
agﬂﬂc ) T]'F?Ejlﬂﬂ- Ihc vCO absorption in enolic and ketonic forms occurs at
! o o Scm™ region, respectively. The quantities of enolic and ketonic
forms can be determined from the intensities of two peaks.

Fermi Rﬁﬂnani;e: C:uupling of two fundamental vibrational modes give rise W two
new modes of Vﬂ:fmunn having higher and lower frequencies than that observed in
the a!:rscncc of interaction. Interactions that may occur between fundamental
vibrations and overtones or combination tone vibrations are known as Fermi
resonance.

For anriwla{ed C-H bond only one C-H stretching vibration takes place. The C-H
stretching vibrations in CH; groups combine together 1o exhibit two coupled
vibrations (asymmetnic and symmetric) of different frequencies. The vibrational
frequencies of C-H coupled vibrations of CH; groups will be different than CH.
groups, and thus the detection of all the four C-H stretching vibrations in the high
resolution IR spectra of the compounds having CH; and CH: groups becomes easy.

A C-H stretching absorption can be detected from its position (around 2925 cm™') in
the IR spectra. However, atleast three of these C-H stretching bands (in the same
spectra) due to CH; and CH; groups, e.g., in the spectrum of propionic anhydride.
should be visible. Vibrational coupling occurs between two bonds (close in the
molecule) vibrating individually at the same frequency. The coupling vibrations may
be fundamentals or there may be a coupling of a fundamental vibration with the
overtone of some other vibration (this is called Fermi resonance). This type of
coupling also accounts for two N-H streiching bands in the spectra of primary
amines and amides.

For strong vibrational coupling between stretching vibrations, presence of a common
atom between the two groups is necessary. This type of coupling is seen in acid
anhydrides (R-CO-O-CO-R), in which two C-O stretching absorptions takes place
with a separation of 60cm™’. Coupling occurs between two C=0 groups indirectly
linked via O. This interaction is effective due to a slight double bond character in the
(C=0)-0 (carbonyl-oxygen) bonds arising due o resonance. The system becomes

coplanar due 10 resonance. .
0 o '
Y P N
C . c\\ ""-\6/ \"'\.R R !: R

R/ \0/ R H_/c by

Figure 3.8: Reasonance Forms of Anhydride

C=0 stretching absorption bands for acyclic s.mn'alﬂi af:*id a;!:’dr_idﬂfnccur at
1850cm™' region due 10 asymmetric and SW stretching. high frequency
band is more intense in acycli ; : o .
: : lic and cyclic anhydrides can be easily
intense i .« anhydrides. Hence, the acyc . BN B
intense in cycic anbydides Henee U6 0 cpe ' =0 suctching s obrved
due t - : : mjua;;id anhydrides exhibit C-O stretching vibration as onc or two
O resonance. ‘
bands near 1300-1050cm™ region-
o fundamental, such as C=0 stretching
Fermi resonance is an_zppﬂf'f‘l Tlﬁnfh:f*ﬂ: of imtensity between the fundamental
into two bands. It has its OB 0y jmout similaf frequency

and af oVvertone of C

O
|
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Fermi resonance can also be explained with the help of the absorption pattern of
CO,. The symmetrical stretching band of CO, appears in the Raman spectrum g
1340cm™ region. Two bands are observed at 1286cm™ and 1388cm™ regions,
Splitting is caused by the coupling between the fundamental C=O stretching
vibration near 1340cm™ region and first overtone of the bending vibration. The
fundamental bending vibration occurs in 666cm™' region and the first overtone
occurs near 1334cm™ region Fermi resonance commonly occurs in the IR and
Raman spectra. For Fermi resonance to occur:

i) The vibrational levels should be of same symmetry species, and

ii) The interacting groups should be in the molecule so that mechanical coupling

can take place.

Electronic Effects: Let us assume a saturated aliphatic ketone, e.g., acetone
(CH;COCH,), in which C=O stretching absorption occurs at 1715cm™. This
absorption frequency changes due to the changes in the environment of carbonyl
group (C=0).

The vibrational frequency of absorption is increased by a halogen on a carbon atom
a- to the ketone functional group. For example, a-chloroacetone (CH-COCH,CI)
gives C=0 absorption in 1725cm™ region . This halogen effect can be seen when
C-X (X = halogen) bond becomes coplanar with the C=0 bond. For example, a,a-
dichloroacetone (CICH,COCH,CI) shows C=0 absorption in 1725cm™ region (just
as in CH,COCH,Cl); but the a,a’ dichloroacetone (CICH,COCH;CI) shows twice
the effect and absorbs at 1740cm™ region.

Adding a halogen atom and an electronegative atom causes inductive effect, which
cither shortens or strengthens the band. As a result, the force constant increases along
with the increase in frequency or wave number of absorption. On attaching an alkyl
group at a-position of C=0 group, a +1 effect is produced and the wave number of
absorption is decreased (as force constant decreases as a result of lengthening or
weakening of bond). For example, the C=0 stretching absorption of HCHO and
CH,CHO occurs at 1735¢m™" and 1730cm ' region, respectively.

The C=0 group of acetone (CHyCOCH,) is lined by two ~CHx groups. Thus two +]
methyl groups weaken the C=0 bond strength than that in acetaldehyde (CH;CHO)
in which only one —CH, group is present, Hence, acetone C=0 absorption occurs at
lower frequency {l?lScm"} and acetaldehyde C=0 absorption occurs at higher
frequency (1730cm’ )

The aldehydes in comparison (0 ketones absorb at higher wave number because of
(=() stretching vibrations.

3.3.1. Introduction

e usual optical materials (glass or quartz) absorb strongly in the IR region, and thus the
spparatus for measuring IR spectra is different from that for the visible and UV regions:
Me main components of an IR spectromeler arc:

Sources of radiation,

)

)
)
)

Monochromators,

Sample cells, and
Detectorns.

- it —— T ———

e —

[R Spectroscopy (Chapter 3) b

IR sp.;.:tmphutumemrs are of two types:

1) Dispf::mive spectrophotometer with monochromator (single beam IR spectrophotometer),
7) Fourier Transform Infrared Spectrometer (FTIR).

33.2. Sources of Radiation

The IR spectrometer requires a source of radiant energy for isolating narrow frequency

bands. The IR radiation emitted by the source should be steady, of intensity sufficient for
detection, and should extend over the desired wavelengths.

Infrared sources are hot bodies that emit continuously throughout the IR region, and
which appfﬂllm‘ﬂlﬂi a black body radiator in their emission properties. An
incandescent solid is chosen as a source of IR radiation so that its emission closely

approaches that of a black body radiator. This solid is electrically heated at 1200-
1500°C temperature.

The following sources can be used as a source of IR radiation:

1) Nernst Glower: It consists of a rod or hollow tube (2cm long and 1mm in diameter)
made by sintering a mixture of cerium, zirconium, thorium and yttrium oxides. It is
heated between 1000-1800°C temperature. It provides maximum radiation at 7100 cm™’
region.

2) Globar: It is a silicon carbide rod (Scm long and 0.5cm in diameter) which is also
electrically heated between 1300-1700°C temperature and has a positive coefficient
of resistance.

3) Nichrome Wire: A coil of this wire is heated by passing current and is used as a
source when the required wavelength range and intensity are not sufficient.

4) Rhodium Wire: This wire is sealed in a cylinder.
5) Tungsten Filament Lamp: Itis used for near infrared region.

33.3. Monochromators (Wavelength Selectors)

Radiations of various frequencies are emitted by the radiation source. Since the sample in
IR spectroscopy absorbs at certain frequencies, desired frequencies from the radiation
source should be selected and the radiations of other frequencies should be rejected.

This selection is achieved using monochromators of the following two types:

1) Prism monochromator, and
2) Grating monochromator.

3 ator |
3.3.1. Prism Monochromato should be made up of materials that transmit

A prism to be used as a dispersive element hat transmit,
in the infrared region (e.g., various metal halide salts). Glass and quartz are utilised in the

visible and UV region, but they are unsatisfactorily absorbed in the IR region.

Sodium chloride is the most common prism salt due to its high dispersion in the 4-
: ' ional groups). Many of

S epon o egon sy e

these salt materjals are inappropriately SURIE _

and/or water solubility; thus. pm{,:cﬁnn against damage should be continuously

implemented.

; in the ﬂgﬂﬂ 3.9:
A single- or MONO-Pass munuchrumatﬂr is shown
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Prism
(C Plane
mirror
(D)
v Exitslit (E)
' »
: Source
Littrow . L—® Entrance
mirror slit (A)
(B) tor
Monochroma -
Figure 3.9: SWP'T?M of Chemical Analysis (pp

Source: Adapted from mmﬂﬂmﬂ Publishing House)

2.42), by Chatwal
beam focus, just before the entrance slit (4) ¢, ,

The s le is placed at or near the

monochromator, The radiation from the source pass through the S?LT,pIE and the entrp
slit, and then strikes the off-axis parabolic Littrow mirror (B) which makes the radiatiq,
parallel and sends it to prism (C).

The dispersed radiation reflects from the plane mirror (D) and returns through l|'!¢ Prism
a second time and focuses into the exit slit (E) of the monochromator. Through this slit,

finally passes into the detector section. Prism -
A Littrow
mirror
_.-‘f-'-_
(=" -
g
Off-axis P4 1~ , =
parabolic -"F"* \ Exit slit
mirror E' |
’ !

h

} / Entrance slit
7

Plane mirrors
Figure 3.10: Double-Pass Monochromator
Source: Adapted from Instrumental Methods of Chemical Analysis (pp
2.42), by Chatwal G.R. (2006) (Himalaya Publishing House)

The double-pass monochromator is shown in the figure 3.10. In this monochromator, the
radiation passes four times through the prism as shown (1), (2), (3) and (4) in figure 3.10.
The dm!hl:r: pass monochromator produces more resolution than the monochromator in
the radiation, before reaching to the detector. In both mono- and double-pass
monochromators, sodium chloride (rock-salt) prism is used for 4000-650cm”

(2.5015.4p) region. Prisms of lithium fluoride or calci ; .
i : . . um f] Jution
In the region of significant stretching vibrations. OREHAE tve moe Yoa0

3.3.3.2. Grating Monochromator

Gratings are made up of various materials and cause linear dispersion. On replacing the

prism in a prism monochromator with a grating. hi her di X _ tion
gratings are preferred over transmittance gratiigs.g e
Some gratings with different rulings (lines/, :
cm) are : wide
wavelength (energy) range associated with IR radia:i.;.:w[i; | éﬂl’ cnvenntgf ::.im e
transmission or interference filters with or without " a-re ul Zmnt combin
! sed.
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Grating is a series of parallel straight lines cut into a plane surface. Dispersion by a
grating follows the law of diffraction (figure 3.11), and also the following mathematical

relation:
nA = d(sin i + sin 8)

Where, n = The order (a whole numbery).
A = Wavelength of the radiation.
d = Distance between grooves.
i = Angle of incidence of IR radiation beam.
8 = Angle of dispersion of light of a particular wavelength.

Ventical

radiation

Incident beam radiation Diffracted radiation

le d ol

Grating

Figure 3.11: Path of IR Radiation Diffracted by a Grating
Monochromator

The angle of dispersion is different for radiations of different wavelengths. Separation of
light occurs at a grating because light of different wavelengths disperses at different angles.

Grating monochromator has the following advantages over prism monochromator-

1) They can be used over considerable wavelength ran ges.

2) Grating can be made with aluminium which remains unaffected by moisture; while,
the prisms of metal salt are subjected to etching due to atmosphere moisture.

A grating is used along with a small prism that acts as an order sorter. Sometimes it is
used with filters transparent over limited wavelength ranges.

3.34. Sample Cells and Sample Handling

IR spectroscopy is used for the characterisation of solid, liquid or gas samples, thus the
samples of different phases have to be handled and differently treated. But, the only
common point to the sampling of different phases is that the material containing the

sample should be transparent to IR radiation.

This condition restricts only to certain salts like potassium bromide (KBr) or sodium
chloride (NaCl). However, the salt is selected depending on the wavelength range to be

studied.

The sampling processes of different samples are discussed below:
1) Sanﬂ:lifgpuf Solids: Solid whose IR spectrum is to be recorded is sampled as follows:
i) Solid Dissolved in Solvent: The solid sample is dissolved in a solvent (e.g.,
carbon tetrachloride, chloroform, alcohol, acetone, cyclohexane, and carbon

disulphide), and the resulting solution is used in one of the cell.
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§
" placﬁd on KBr or NaQ) Surface

Jution 1 : ang
e sample SO lid sample leaves behind g ¢ - (i,
d Nm' m 1[‘ '[h: 5{} 1 - z . . n f.
Eiﬁf is evaporated: "LE;i“ .« used for rapid qualitative analysis, lm g,
the cell surface. ThIS 1€ '

.. ived with heavy mineral gj} ..
.4 sample 18 MiX .
Mull Technique: Th¢ S::-,ddwichtd between two salt plates and the, | 1%y

form a paste, which 18 arent in most part of the IR region, m fiy -

iol is transp =1 ,
absorption

; nds having absorption j S the
e ol for compou I : N the Teo:
H'Ilﬂlmuln “I\;:jc!rllI E‘f%f ;zlrtihnique is used for qualitative analysis, Bioy
similar to -

Method): A small amount of finely
Pressed Pellet Technique assium bromide (of 100 %
solid sample is mixed with powdtred po 00 timeg iy

i is passed under very h;
weight). The obtained finely ground MIXIUre 15 P Ty high

in a press (at least 25,000 psig) 10 form small 1-2mm thick pellets m

diameter). These pellets are transparcnt 0 IR radiation and are run as such,

: ] all pellets b :

Fi 3.12 shows a device used for prepanng St Y Pressing
mgumr; of KBr and solid sample. The powdered mixture of KBr and sampk&;
introduced and the upper screw (A) 1 | A |
tightened till the powder is compressed into "
a thin disc. When the sample is sufficiently .\@ I (powder)
compressed, the bolts (A and A") are -—

" S

/’ sample
removed and the steel cylinder with the %“ Steel
sample disc is put inside it in the path of the g Cylinder
beam of IR spectrometer. A blank
potassium bromide pellet of same thickness | Al
is also put in the path of the reference beam.

This method has some advantages over & pﬂﬁﬂﬁnﬁ?&T
Nujol Mull method:

a) Due to the use of KBr, no bands appear in the IR spectrum that used to
appear due to the mulling agent.

b) KBr pellets can be stored for prolong time periods.

¢) The pellets can be used for quantitative analysis as the sample concentration
can be adjusted.

The spectrum resolution in the KBr is superior to that obtained with mulls.

d)

However, the pellet technique has a few disadvantages also:

a) It shows a band at 3400cm™ region due to the OH group of moisture preset!

in the sample. Thus, care should be taken during investigations related ©
the OH band region in the sample. -

b) The high pressure involved in the formation of pellets causes polymorPi
changes in the crystallinity of samples (especially, inorganic Eﬂlﬂplﬂm

and this may further complicate the IR spectru
c) This method i

Thus, it can be concluded that the Nui " . runnif?
crystalline compounds (includ; Nujol method is suitable for KB

.

is not ﬂ"“hle for polymers that are difficult to grind with KB¢
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:t:_hlinﬂnisdt l};f; i'E placed over it. This pair of sodium chloride plates enclosing the liquid
i pla mth:paﬂwfsampl:bcamlnm:sameway.admpnfthc!owm-:lu'ng
substance 1s placed between the two plates for spectral analysi

15.
3) 5‘“.'"““5;';’ Gases: The gaseous sample is introduced into a gas cell (10cm long)
having um chloride walls. Sodium chloride windows allow the cell to be placed

directly in the path of the sample beam. The low frequency rotational changes in the
gaseous phase split the high frequency vibrational bands. Very few organic
compounds are examined as gases.

3.3.5. Detectors

Except in the near IR region, where a photoconductivity cell is basically used, no better
choice than thermal detectors is available. These give responses for all frequencies. If the

radiant power for the IR region is low, the detector signal will also be low. The various
types of detectors are as follows:

1) Golay cell,

2) Bolometer,

3) Thermocouple,

4) Thermistor, and

5) Pyroelectric detector.

33.5.1. Golay Cell

The golay cell is used in some commercial spectrophotometers. It has a small metal
cylinder, whose one end is closed by a blackened metal plate and the other end is closed

by a flexible metalised diaphragm. The cylinder is filled with xenon and sealed. Then IR
radiation is allowed to fall on the blackened metal plate. As a result, the gas heats up and
expands. The resulting pressure increases and deforms the metalised diaphragm that
separates into two chambers. A light from a lamp is allowed to fall on the diaphragm that

reflects the light on to a photocell. The diaphragm motion changes the output of cell. The
signal seen by the phototube is modulated with respect to the power of the radiant beam
incident on the gas cell.

3.3.5.2. Bolometer

A bolometer (figure 3.13) works on the principle that the electrical resistance of a metal
increases by 0.4% for every Celsius degree increase of temperature.
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96 temperature change
A bolometer consis's D - rance of this conducto of the amount of radiation y,.' ang
radiation falls on it. The rés! s the measure tha hag

the degree of change in resistance
fallen on the bolometer.

3.3.5.3. Thermocouple on the principle that when two gjgg;,

Thermocouple detector l'ﬁS“r:m::: :: bw:dzk:ﬂd& a temperature g‘ffﬂl'fl:lha] E:liiﬁl.s ann,;“:
metal wires are connected (02 the two ends. The end eXpose to the IR radiatigy, .
electric current flow l:n‘-‘T‘-""‘“""“"I'«:|r increase the encrgy gathering efficiency, and is cajje4

ﬁ;:"':::h';ﬂ [ﬂ:;):]:zna; is thermally insulated and ;al_‘t'afullrjir';ﬂt;ﬂ:n:li from stray Jigh,
2 .lis Ca“ﬂi the cold ] unction. The ﬂnwing_ electrncity a gy dlfft[gnha]
between the two connections are directly proportional.

Metal A

Black body hot

junction Cold junction

T:

bamer Metal B

Figure 3.14: Schematic Presentation of a Thermocouple.

3.3.5.4. Thermistor ‘ _
Thermistor is made up of a fused mixture of metal oxides. The electrical resistance of the

mixture decreases with increase in temperature. This relationship between electrical
resistance and temperature allows the thermistors to be used as IR detectors in the same
way as bolometers. Thermistor changes resistance by 5% per degree Celsius change in
temperature. Its response time is also slow.

3.3.5.5. Pyroelectric Detector
Pyroelectric detector is made up of a non-centrosymmetrical crystal, which has an

internal electrical field along its polar axis. On applying IR radiation, a change id
polarisation is observed due to an alteration of the crystal lattice. The pyroelectric
detector acts as a capacitator if two electrodes are connected to the crystal. The effects of
this detector depend on the rate of temperature change and not on the temperature change
itself. Pyroelectric detector also ignores the effects of background radiation. They &%
usually used in FTIR spectrometers.

3.4. APPLICATIONS .

3.4.1. Introduction

Infrar_&d spectroscopy is widely used in industries and in research work. It is @ simple
technique that is effectively used for the measurement. quali cnntm]- e :
measurement. _It is also used in forensic analysis in ctl:ivilt}’and t‘:ril';liﬂﬂl
Quantitatively infrared spectroscopy is used to determine the - of a substanc®
either in pure form or as a mixture of two or more compounds quantity O
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3.4.2. Qualitative Analysis

Qualitative analysis by infrared spectroscopy 1s used for detcrmining the structure of
C.;,mplex r_nuiecules. IR spectroscopy helps in detecting Gauche (skew) and staggered
conformations. The two conformations of 1,2-dichloroethane are shown below.

Cl Cl
H Cl H H
H H H H
H |
| I
Gauche (skew) 1235¢m™
(CH; rocking)

Staggered (trans)
1291cm™ (CH, rocking)

Infrared spectral studies are used for identifying the presence of various functional
groups, like olefinic protons, N-methyl, O-methyl and C-methy! groups.

The qualitative applications of IR spectroscopy are discussed below:

1) Identification of an Organic Compound: An organic compound’s identity can be
established from its fingerprint region (1400-900cm™) that should exactly match
with the known spectrum of that compound.

2) Structure Determination: This technique helps in determining an unknown
compound’s structure. All the major functional groups absorb at their characteristic
wave numbers. The shifts due 1o environmental effects are also observed. The data
available due to absorption frequencies can be used for predicting the possible
structure. The available chemical data can help in the confirmation of the structure. It
1s known that the IR spectra of amino acids exhibit bands for only ionised carboxylic

acids and amine salts [—I':IH3 ), and not for free —NH, and —COOH groups.

Amino acids exist as Zwitter 1ons as below:

=

NH;—CH

Co0

Similarly, from the IR bands of sulphanilic acid it can be seen that the compound

contains I:i H, and SO;" salts and not—NH; and SO;H free groups.

3) Distinction between Two Types of Hydrogen Bonding: This technique is used for
differentiating between the types of hydrogen bonding. In hydrogen bonding. the
electron cloud in a hydrogen atom transfers to the neighbouring electronegative
atom. The s-orbital of proton should overlap the p-orbital of the accepior group.

On dissolving such a substance in non-polar solvent {E.gﬂ CCL). the ag gn:gutf:ﬁ. or
polymers break in dimers and monomers. [h!: to this, the O—H,, lralr:-u:_hmg
vibration) absorption shifts to higher frequcnmv._:s and sharp peah .m {‘rblmn.q:d,
Intramolecular and intermolecular hydrogen hondmﬁg can also be distinguished using
this technique. For example, o-nitrophenol shows lntrqrrlulluCLJIur hydrogen bonding
and p-nitrophenol shows intermolecular hydrogen bonding.

_ s o intr: scular hydrogen bonding do not
( ‘ ds showing intramolecular h) n bo oot
u}r?dc?lg]:uz:; lzzssfpr:]iﬂzuthim. while the compounds showing intermolecular
hydrogen bonding do so.
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? M . the intensiuies ofa th orption band for a pur€ component,

) casuring e abs
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2) Knowing the optical density ¢ three isomers (1.e., ortho-, meta- and

: a mx i owever Pay,
The commercial xylene exists 83 be separated easily. H , the |

2 . not : F
xylenes), and this mXture c?jrllcﬂﬂincd by taking 115 IR spectrum. The bangs iﬂﬂg

composition of mixture can be
spectrum are formed at:

1) 740cm”' for ortho isomer,

2) 880cm' for meta isomer, and
3) 830cm ' for para isomer.

corded and the working curves are drawn f,,

. . it rc - . :
Mixtures of known composition arc ra-isomers. The quantitauve apphcatinng uf[t

above bands for ortho-, mela- and pa

spectroscopy are discussed below:

1) Study of a Chemical Reaction: This technique is used to study the Chemig

reactions. For example, a saturated aliphatic ketﬂr_lle 1S I:Edllﬂﬂd to fnrm_ a .
alcohol. Ketone forms a SIrong band at 1710cm™ region. On reduction, it form
butan-2-0l. which absorbs at 3300cm™' region due to O—H,, bond. The reaction ¢
be studied at definite intervals and complete reduction occurs when a strong by
due to C=0,, will be missing and only a band due to O—H,,, is present.

0 OH
” Reduction

CH;— C—CH,—CH; - » CHy=——CH— CH,—CH,
Butan-2-one Butan-2-ol

2) Study of Keto-Enol Tautomerism: Diketones and ketoesters show keto-end
tautomerism only if they have a-H atom. The IR spectrum of such a compou

contains bands due to C=0, O—H and C=C bonds. For example, ethyl acetoace
ester exists in keto-enol isomers in equilibrium.

H.
0 0 a” o
ol = | I

AN I PPN

CH;  CH, OCHs cH:,./ cH OC,Hs

vO-H,,, ~ 3300cm™'(b)
vC =0,,, 1645cm™'(s)

3.5. SUMMARY -

The details given in the chapter can be summarised as follows:

1) Infrared (IR) spectroscopy deals wi - ) d
5 A i th the infrared region (12800-10cm

2) The term infra means beyond
3) Infrared spectroscopy works on
energy in the infrared region.

4) Infrared spectroscopy relies on
frequencies that are characteristic of

vC==0y, 1733, 1710cm(s)

the theory that molecules absorb SP¢
their structure.
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5) In stretching vibrations the distance between the 1w aloms 1ncereases or decreases,
however, keeping the atoms in the same bond axis.

6) Bending or deformation vibrations the positions of atoms change with respect to

the original bond axis,

7) Absorption occurs in the IR region due o changes in the vibrational and rotational
levels.

8) Rotational frequencies are the result of rotation of a molecule sbout an axis
through the centre of gravity.

9) Vibrational energy and the oscillation of atoms of a molecule (considered as point
masses) about equilibrium positions are associated.

10) Stronger the hydrogen bonding, greater is the absorption shift from the normal
value towards the lower wave number.

11) Vibrational coupling occurs between two bonds (close in the molzzule) vibrating
individually at the same frequency.

12) Nernst glower consists of a rod or hollow wbe (2cm long and 1rn in diameter)
made by sintering a mixture of cerium, zirconium, thorium and ytirium oxides.

13) Globar is a silicon carbide rod (5cm long and 0.5cm in diameter) which is also
electrically heated between 1300-1700°C temperature and has a positive coefficient
of resistance.

14) Sodium chloride is the most common prism salt due to its high dispersion 1n the 3-
15um region.

15) In both mono- and double-pass monochromators, sodium chloride (rock-salt) prism
is used for 4000-650cm™ (2.5015.411) region.

16) Reflection gratings are preferred over transmittance gratings.

17) The golay cell is used in some commercial spectrophotometers.

18) Thermistor is made up of a fused mixture of metal oxides.

19) Pyroelectric detector is made up of a non-centrosymmetrical crystal, which has an
internal electrical field along its polar axis.

20) Infrared spectroscopy is a simple technique that is effectively used for the
measurement, quality control, and dynamic measurement.

3.6.1. True or False

1) Infrared spectroscopy deals with the
electromagnetic spectrum.

2) The term infra means beyond, thus infrared means beyond red.

3) Infrared spectroscopy works on the principle that all molecules wvibrate and absorb
energy in the infrared region. :

4) In Bending Vibrations the positions of atoms do not change with respect to the

original bond axis. ' . |
5) Absorption occurs in the IR region due to changes in the vibrational and rotanonal

levels. _
6) Vibrational energy and the oscillation of atoms of a molecule (considered as point

T b L, _‘ fd-
masses) about equilibrium positions are not qss-unat . 3
7) Rotational freqeuln:igﬂ are the result of rotation of a molecule about an axis through

the centre of gravity.
8) Vibrational coupling occurs
individually at the different frequency.

infrared region (12600-20cm™') of

between two bonds (close in the molecule) vibrating

- v R T T TR sm—
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9) The golay cell is used in sOmMe
10) Sodium chloride 1S

commET"  alt due to its high dispersiop -
on prism 3 N the
the mosl comm {

1 5um region.

3.6.2. Fillin the Blanks Je that all molecules vibrate and absor Energy
Iy

11) works on the pﬁﬂCiP
s ;he infrared rc{;"[g“-tinns the distance between the two aLOIMS INCTEASES or decy,
) in _l ra : me bﬂﬂd HIiS, .
" :mu-'ever, keap‘:rlzgrl;f;ff:;‘;;:iii < of atoms change with respect 10 the Oiging
3 n .

% bond axis. re the result of rotation of a molecule about an axis through the ceng
- of gravity. T bonds (close in the molecule) '*’ibraqu
individually at the same frequency. o
6 y consists of a rod or hollow tghe (2cm long and Imm in diameg,
made by sintering a mixture of cerium, zirconum, thorium and yttrium oxides,

17) is a silicon carbide rod. . — e

18) is the most common prism salt due to 1ts high dispersion in the ¢
I5um region. ‘

19) is made up of a fused mixture of metal oxides. |

20) is made up of a non-centrosymmetrical crystal, which has an inteny
electrical field along its polar axis.

Answers

1) False 2) True 3) True

4) False 5) True 6) False

7) True 8) False 9) True

10) True 11) Infrared spectroscopy 12) Stretching

13) Bending 14) Rotational frequencies  15) Vibrational coupling

16) Nemnst Glower 17) Globar 18) Sodium chlonde

19) Thermistor 20) Pyroelectric detector

3.6.3. Very Short Answer Type Questions

1)
2)
3)
4)
5)

Define IR spectroscopy.
Give the principle of Infra-red spectroscopy.
What is transitional energy?

Give examples of some detectors used in IR Spectroscopy
Discuss vibrational energy.

3.6.4. Short Answer Type Questions

1)
2)
3)
4)

1) Explain the theory of IR Spectrosco
frequencies.

Define translational and rotational energy.
Give the applications of IR spectroscopy.
Write a short note on sources of radiation.
Write a short note on monochromator.

[iﬂ“’]

PY and the factors influencing vibrd

2) Demonstrate the detailed instrumentation of IR spectroscopy

7
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CHAPTER || |
4 Flame Photometry

E— T
4.1. FLAME PHOTOMETRY

4.1.1. Introduction

When a small amount of sodium is introduced into a Bunsen bumer flame, a
characteristic yellow light is produced. The brightness of the flame may vary with the
quantity of sodium or other metal introduced. Relation between the emission intensity
and the concentration of the element producing the emission of such characteristic
radiation forms the basis of flame photometry (a form of emission spectroscopy).

In the spectrum of flame photometry, often the emission lines are overlapped by the
bands emitted by oxides or other molecular species present in the sample. This problem
can be prevented by either scanning for a few nanometres on both sides of the analyte
peak or by taking single measurements on both sides of the peak. The average obtained
from these two measurements is subtracted from the total peak height. Often lithium is
used as an internal standard to control the effect of variables like flame temperature, fuel
flow rate, and background radiation. Normally, a definite quantity of lithium is required
for each standard and sample.

Flow Injection Analysis (FIA) technique can be employed for simultaneously carmyving
out the flame photometric analysis of elements like sodium (Na), potassium (K). lithium
(Li), and calcium (Ca). This technique utilises a fast scanning monochromator for
scanning the sample emission spectra from the flame source. Taking Li as an internal
standard (by scanning two di‘ferent levels of the dispersed sample zone for every single
injection), the soil extracts and tap water are determined for elements like Na, K, and Ca,
which may be present in wide concentration ranges.

4.1.2. Theory

Flame photometry is also known as flame emission spectroscopy because it involves the
emission of radiation by the neutral atoms introduced into the flames.

Fine droplets are produced on spraying a solution containing metallic salt on o a flame.
Thermal energy of the flame results in the evaporation of solvent droplets, leaving behind
a solid residue in the form of neutral atoms. These atoms are then exposed (o thermal
energy of the flame which converts them into excited state atoms. Thes.c ﬂfit::d atoms
are unstable, thus, they return to their grulu_nd state and emt l'ddla?:lﬂﬂ ‘m deﬁm_u‘:
wavelength. This wavelength is characleristlch of the L:lj:mn:.m and | 1S u:-r:d_ for its
identification (i.e., qualitative analysis). The emitted radiation intensity depends on the

concentration of the element analysed (i.e.. quantiiaive analysis).

The steps followed in flame photometry ire.
Formanon of

Liquid ____ Furm;itinnl - :i::‘j:-‘m—-—-l- neuiral atoms
sample droplets | Il

A and intensity of emitted Emission of raduation l;xc:lt:t: .]q::: r::mt,.
radiation measured € of spevilic wavelength € y )
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analyse all the elements by flame _Photomeyr,,

Theoretically it is possible © idait combinations, and some technical reagq, 31.12: Boltzmann equation signifies the relationship between ground state and excited state atoms:
availability of burner, fuel ﬂﬂ_d Ox d K) and Group IA (Ca and Mg,‘[ elemengg by . N o
the analysis of Group IIA (Li, Na, an tion of thermally excited atq Y thy L=| 2L |o kT
technique. :l“hr: flame temperature tl_ﬂﬁnﬂs_ the frac ms, Whigy No (g0
in turn affects the emitted radiation intensity. e

i o8 N; = Number of atoms in the excited state.
&.1.3. Principle : ed on a flame (acetylene burning in air) va No = Number of atoms in the ground state.
Yehem s solution of metallic sl 4 $P50 c? Few of these metallic atoms may be po"“ g/g0 = Ratio of statistical weights for excited and ground states.
containing metallic atoms may be produced. Taigey = Energy of excitation (hv).

; ; isti to the flame fo Ab
0 a higher energy level, thus, imparting chmcFﬂnS[lf‘c T::iliﬁ; salts to the flalln?r by k  =Boltzmann constant.
emission of radiation. For example, introduction Of § € Impar,,

g = Absolute temperature (K).
yellow colour. This is the principle of flame photometry. Though, larger Number b )

: ; in i ir unexcited or ground state. _ : _—
gaseous metallic atoms will remain in their un gro The Boltzmann equation states that the ratio [EI_J depends on the excitation energy (AE)

Ny

These ground state atoms absorb radiation of  E; 'Y

‘ a s Sl and temperature (T). If the temperature is increased and the excitation energy 1s
:l'tllf: t;:;: ;?;;ac\lf;i;znr;i“?n;;;ﬂ;;nthﬂ . ; E decreased while dealing with transitions at longer wavelengths, a greater value for %:
atoms excited from the ground state). ) A : b ratio will be achieved. |

Therefore, if light of the resonance '

wavelength is passed through a flame v i Flame emission spectroscopy involves more inter-element interferences in comparison to
containing  atoms  (specific to that Ei - AAS. However, because of comparatively higher concentration of ground state atoms, the
wavelength), some part of the light will be AAS appears more sensitive to inter-element interferences. In this regard, wavelength of
absorbed and the absorption range will be the resonance line is an important factor. The elements having comparatively low energy
proportionate to the number of ground state E, . 4 X values for the resonance lines are more sensitive in comparison to flame emission
atoms present in the flame. This is the basis of Figure 4.1: Electronic Transition spectroscopy, whose resonance lines are associated with higher energy values. For

Atomic Absorption Spectroscopy (AAS).
Figure 4.1 presents an energy level diagram in which the ground state having electrons

of a given atom at their lowest energy level is presented by Ey, and E,, E,, E;, et,
represent the higher or excited energy levels.

example, sodium (emission line of wavelength = 589.0nm) shows greal sensitivity in
flame emission spectroscopy, whereas zinc (emission line wavelength = 213.9nm) is
relatively insensitive. In atomic absorption spectroscopy, as with molecular absorption.
the absorbance (A) is given by the logarithmic ratio of the Intensity of the incident light
signal (Ip) to that of the transmitted light (1,):

A =log -II‘—' = KLN,

1

The transition of electrons from one quantised energy level to another (Ey — E,) depends

on the absorption of radiation energy. Bohr’s equation expresses the amount of energ

absorbed (AE) in the process: Where

No = Concentration of the atoms in the flame (number of atoms per cm .
L = Path length through the flame (cm).
K = Absorption coefficient constant.

AE = E, -Ef_.=hv=h%

Where, c = Velocity of light; h = Planck’s constant:

v = Frequency; and A = Wavelength of radiation absorbed.

Transition of electrons from E, to E, results in the emission of radiation of v _frequen

Since each atom of an element gives rise to a definite, characteristic line spec™™™

different excitation states for different elements are produced. The resulting emissio?
spectra involve transitions from excited to ground state, j e :

E; = Eo, E2 > E¢ and also E; - E Ey 5 E, (dotted lines) (figure 4.1).

The resulting emission spectrum of a given element is quite difficult to interpret L
absorption of radiation by previously excited atoms (e, <
generally accepted hypothetical phenomenon, Ip reality

the ground state atoms is extremely small. Th .
element is commonly associated with transit;
energy states and possesses much simpler feat

the ratio of excited state amﬂ-l:
erefore, the absorption spectrum of 2 &
Ons from the lower energy states 10 .
ures than the emission spectrum.

8.y E[ — Ei, Ez 4 E]f etﬂ'-} ﬁw

The detector response (E) in flame emission spectroscopy is given by the expression:
E=KoC

Where,
K = Related to a variety of factors including the efficiency of atomisation and of
self-absorption.

a = Efficiency of atomic excitation.
C = Concentration of the test solution.

Atomisation _ — _
Flame Emission Spectroscopy (FES) utilises the free analyte atoms in their ground state,

Obtained through the atomisation of analyte present within the acrosol. These flameless
“lmlrﬂﬂlermal gmﬂhnds can be employed in the handling of very small sample volumes

(5-100 ILL) or solid samples.
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nerally ionised at elevateg g,

ases the quantity of neutry o € g

Jowers the acuity of the ang]y,; oy,

YSis. )

Ionisation
Atoms having low 100158

furnace temperatures. Th -y
in both the grounc ST fon n‘ of extra (100 fold) quantity of Casily

¥ : iuo : iom..
defect can be avoided through adaiwon =+ - - ample and c: - Onj

elements (like K, Cs, or S1) {0 subdue lﬂm?;: Du[;’ I:l::ltl‘hﬂs:lggu be pr::jlgigng sﬂluﬁ':r.t
s " centrd ; Utili.:

The vapour containing higher €9 of mass action for sugdu?nimﬁ
8

R ilise the concept
easily ionised atoms. These electrons utill

: ts are usually a
ionisation of analyte atoms. oS y added to Sam

containing variable guantities of alkali metals determined h}’d:‘:;[}'!ﬂ“f*’“if Flames ;[,'
stabilising free-electron concentrations. The suppressants are added as they are esseny

for analyses requiring hotter acetylene/nitrous O ide flames.

4.1.4. Origin of Spectra | |
The theory of thermal equilibrium fails to explain the phenomenon behind the emigsy,
partly from the flame region above it. Therefor

from the primary combustion zon€ Or ; ot
sions requires information regarding

thorough quantitative analysis of flame emis
lecules. the flame temperature. and various formation

concentrations of the emitting mo
hing a number of thorough researches, the;

excitation mechanisms. Even though accomplis
mechanisms are not yet clear. Furthermore, the possibility of decreasing collisions bete
the super-thermally excited species and the gas molecules, and the probability of s

absorption must also be considered. Very prominent three-dimensional variants of the &
constituents may create additional problems associated with the primary combustion zon:

tions or the radiating molecule structure can be fully undersion
in this field. However, this field does not provide an
the background emissions of flame. These studies war
performed under definite experimental surroundings, like low flame temperature bum:
at low pressure, discharge tubes, explosions, and shock waves. Thus, the results obtainé!

from this study cannot be always applied to flames.

The combustion reac
through the studies undertaken

specific information regarding

Besides these problems, there is a common agreement regarding the following excitati®

mechanisms:

1) Formation of Excited OH: The chemiluminescent reaction (given below) takes i
the primary combustion zone, resulting in the formation of an excited OH radical (O

CH + 0, — CO + OH*

The other important reactions for hydrogen flames are:

O+ H — OH*
H+0, -5 0H*+0
at:i‘l

These reactions can also produce elements in their intermediate excited St 3
cnmplexe.s. Moreover, during the transition of an OH radical from 1S lower "%
state to higher energy, it may produce an intermediate as a result of mmhinaﬂﬂ”
the two other particles:

OH + (O)H + H — OH* + H,0
e

The reason behind the super-thermal excitation of the OH band above the PT"
combustion zone in the presence of H and OH radical in hvd J acetylen® flaf
in excess of their equilibrium concentration can be dEEC:‘?]:N:j tll;rﬂfﬁ;hﬂnllﬂs eaction

(.
cited CH Hﬂdﬁ“
n!ﬂP“ﬂ n
et

2) Formation of Excited CH and C: The fact that the formation of €x

(CH* and C,*) takes place in flame is d
o = ebat :e The €
examination of CH* emission from various f-:i,:[: a‘:ung trth:.CHE is £¢
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than direct breakdown of acetylene. Since

produced through a side reaction rather
is a possibility

CH* (A”A or BZ") occurs in a higher reaction zone than C,, there
that it may be formed from C, by the reuactions.

C, + OH — CO + CH*

C:H +0—-CO+CH”~
These reactions are exothermic in nature and are adequate eno!
A and B states. Regarding the creation of C,* most of th

following reactions:

igh to bring CH up to
¢ studies favour the

CH1+C—}H1+C:*
CH+C—-H+(C*

Formation of Excited CO;: There is a dispute regarding the origin a
the “*blue continuum’ radiation of carbon monoxide and hydrocarbon
studies show that this blue continuum does not involve simple
reactions. The flame radiation is generally not a cortinuum, but has rotali
structure which is smeared out at only moderate spectral resolution. The orizin of
emission is given by the following three-body collision:

'CO+'0 +X = 'CO* +X

nd structure of
flames. Recent
recombination
yral fine

3)

Where, X = Flame molecule.
'CO = A CO molecule in the singlet ground state.
30 = An O atom in the triplet ground state.
3CO,* = A CO, molecule in an excited triplet state.

The recently formed CO, molecule utilises the third partner (X) as a stabiliser. This
molecule without radiating goes over into a neighbouring excited singlet staie (' CO-*)
from which it can undergo a radiative transition to the electronic singlet ground stare
'CO,* — 'CO,+ hv

cies (v) of the emitted photons can be represented by their distunct value,
n the electronic transition remains sieach . . onscquentls.
distinct structure. The usual complexity of the spectrum
appearance of a quasi-conlinuum specirim. usually
wre. Consequently, after colliding with 4 flame

The frequen
if the initial and ground states 1
producing a spectrum having a
may explain the reason behind the
at low resolution and high tempera
molecule, 'CO,* can also pas

s radiation-less into the ground state:

1ICO* + X = 'CO.+ X

eased excitation energy. Since all the reactions
tion is also possible which 1s expla: ned by the
bove reaction. There are TwWo ways
i.e.. either by recombining a
f a CO. molecuie in the

The X in the equation absorbs the rel
are reversible in nature, reverse transi
arrow pointing in the opposite direction in the a
involved in the formation of excited 1CO,* mnlecules.
CO molecule with an O atom or by collisional excitation ©

ground state by an X molecule.

INTERFERENCES

with the analviical procedure
of the sample concentration.  Thas
analysis. Some of the

4.2.1. Introduction

The existence of other materials in th
involved in measuring the radiauon
interference needs to be l:ummlltd to artan
commonly encountered interference prn_ncc:.:sr:s in flan -.
1) Spectral interferences. 7) lonisanon mted‘;rtm; "m
4) Cation-cation §5) Oxide tormalic

; : erences
interferences, and interf

he sample may intertere

intensity |
ain good results ol

flame photomelry are:
3) Cation-anion interferences,

e ————_ S | W R < "
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re
4.2.2. Spectral Interi® = & ree types:
tegorised 1 ise due to th *

Spectral interference can be C3E rerference may anse Ous e partial oyery,
1) T Beat fypd 07 8 dI:mcnts (or compounds) emitting radiations g Pﬂ:h%
between the spectra i the detector fails to identify lﬂdl"’l_dual radiatiop,
wavelengths. In such a cas, al, giving inaccurate results. This interference ,,
and thus reads the entire signal, ated flame temperatures, since a large pyrr "
most commonly experienced at clev . mhuq

spectral lines are formed at such temperatures. not involve any spectra]

2) The second type of spectral iﬂfﬂf“‘“c‘ d:: 21 oser spectral ]inelf nl;a Dveﬂ%
but occur due to the production of much : foiin D e Man
elements. This interference produces more inconvenience while using 3 filter 5
spectral isolation device. Utilisation of filters produce incorrect readout signgjg ﬂﬁ
spectral lines separated by 50-100A are passed MUgh cas mtﬂ? 1o the ""’lﬂt:linl
:;1:;: These inEerflcr::cc:rgta:m be minimised significantly by increasing the resolugi

e spectral isolation :

3) The third type of spectral interference may arise due to the presence of higher ¢
concentrations in the sample, thereby pmducitflg spectral interference h"“"ﬂna
spectral line and a continuous background. This interference type is more Comman;
concerned with salts of alkali and alkaline earth metals. Utilisation of scapg;,.
technique may correct this interference. The alternations in viscosity and sury,
!.:nsinn of the organic solvent (present in a sample) may influence the Emissiog
intensity of spectral line. This in tum alters the deliverance rate of the sample 1, g,
ﬂame... hr!um:w:r, the organic compounds also affect the flame temperature
contributing to the heat of combustion, thus, enhancing the line intensities. '

4.2.3. Ionisation Interferences

Few metallic atoms (like Na) can only be ionised through an elevated temperature flame

- Na e Na'+ e

Sodium ion produces its own characteristic emission spectrum, whose frequencies &

:;;::?;ﬂar tut.hme of the atnnuc 5?cct.mm of sodium. Therefore, the rad:lnt power of

addilinnﬂ::;'!;li;nhcrms with 1onisation. 'I'hn interference type can be corrected by te

oorxashun addad maldm;um Uf potassium salts in unknown and <tandard solutions. Th
goes ionisauon but prevents the sodium from gell.ag iomset

Consequently, the emission spectrum of . : |
¢ ! the sodium atom i: ; e
limited to the first group elements of the periodic table. rLsesinet Timrassl

may occur bec; . . -
Phﬂl_lphau: or calcium sulphate, 'I']-.HI:::::; of the formation of lesser volatile cald®

- , unds provide Jey; anti free exci¥*
g uimolar solution of ot chl;,rid:wr guantity of Ir
is interference can be corrected '
ipiLati by the addition of higher quantity of cald®
“'lh;;.lkl forms a complex with the Pmﬁ

ike EDTA) can also be utilised 10

. remove _ n also be utilised v
higher than 1mol/l can be utili ierference. Hydrochloric acid in concentration p

»how no such type of interference, INg the sample, since chloride is knowt ¥
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4.2.5. Cation-Cation Interferences

Filter instruments provide a suitable resolution for the principal lines of sodium tﬁB?_nm | X
potassium (767nm), and lithium (671nm) to facilitate an interference free analysis of
different elements. Yet, interference may occur in the sample containing sodium and
calcium having comparatively closer emission wavelengths. Combination of calcium
with the products of combustion of the flame gases forms calcium hydroxide. whch
produces a broad band molecular emission at 554nm.

A broad band-pass sodium filter may transmit a few emissions, and thus resuilt in false
interpretation for sodium. In contrast, the emission attained at 589nm from high sodium
concentrations usually produces interference in the analysis of calcium, with its principal
wavelength measured at 626nm; whereas sodium does not create any interference when
measured at the less intense line of calcium at 423nm. The factors, like comparative
concentrations of alkali and alkaline earth metals present in the sample and the filter
bandwidths, affect the range of existing interference. The use of an effective monochromator
other than filters plays an important role in eliminating cationic interference.

4.2.6. Oxide Formation Interferences

In this type of interferences, a large percentage of the free metal atoms usually combine
with oxygen (present in the flame) to form stable oxides, and thus depresses the emission
intensity of free metals. Most of the alkaline earth elements are known to form oxides and
suffer this type of interference. This interference type can be corrected either by applying
very high temperature flames, which break the oxide-producing free atoms for their
excitation or by utilising oxygen-free environment to produce excited atoms.

4.3. INSTRUMENTATION

4.3.1. Introduction

In flame photometry, the sample is introduced into a flame where it undergoes a number
of processes leading to the formation of excited atomic species that emit the radiation
which is then measured and suitably analysed. The instrument used for this purpose is
called flame photometer (figure 4.2).
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f analyte which ger excited by the
rate the WPO'-“'SP -~ radiation that 18 measured. m“‘%

..« charactensuc 14857 :
energy of the flame and then emuils nts. The prior is a nebuliser where the ¢ ﬂa,*
atomiser assembly consis

verted to a fine mist Or an aerosg] It iﬂ“’i
the form of a solution is

ith air or oxygen and
.., the bumer along Wi . 2 fue)
passed onto the second me:;: :;;m— that convert the analyte to excited Species, B
In the flame, a number of proce

. cation Process are:
) ; . the atomisation p : :
Different types of atomisers used In tilise a pneumatic nebuliser for conven;

1) Flame Atomisers: These atﬂmiﬂ“-'ﬂi u]i*igurt 4.3 presents three electrode De

sample solution into mist Of aer:;nfﬂr two separate DC plasma jets. The b,

jets. A single cathode 18 anﬂd an inverted Y. The samples are commonly

' form of inj
Ia:;asa?; st;jlmbsc ELa::ﬂlﬂml:ﬂtwﬂ graphite anodes. The plasma background emﬂiil':

gy the region beneath
prohibited since the emissions are observed from & e S=tm"ﬁ}!
emitting plasma core.

ng g
Plagy,
Ming

2) Non-Flame Atomisers: Certain atomic spectrometric techniques utilise nop.fy,

atom reservoirs. Electrothermal atomisers, like*carbﬂn rods, carbon fumaces, ,
tantalum ribbons, are utilised in Atomic Absorption Spectroscopy (AAS) or Ay,
Fluorescence Spectrometry (AFS) techniques because they involve the generation
ground state atoms, whereas Auger Electron Spectroscopy (AES) involves g,
application of atmospheric pressure inductively coupled argon plasmas to produ
excited atoms.

Cathode

Plasma viewing
zone

Ceramic sleeve

Anode Anode
— s
/ 0/ | R

ment programming,
Gl‘ﬂp]’ﬁ. Ingernal gas flow _
fumac::: Graphite tube
Window T . [
Window
To spectro- : ' '
photometer = - Light
A beam
O ring ~
ﬂ-ﬁng
External pas flow
N
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Nebulisers

It is a device used for introduction of sample into the flame. This process is called
nebulisation, which involves thermal vaporisation and dissociation of acrosol particles

at high temperatures producing small particle size with high residence time. Some of the
nebulisation methods are:

1) Pneumatic nebulisation (most commonly used),

2)
3)
4)

4.34.

Ultrasonic nebulisation,
Electrothermal vaporisation, and
Hydride generation (used for certain elements only).

Burners

Flame photometry utilises a number of burners and combinations of fuel and oxidants for
producing an analytical flame. Some commonly employed burners are:

1)

2)

Mecker Burner: This burner was employed in the past. It utilises natural gas and
oxygen to produce a flame of low temperature and excitation energies. Thus, it is
commonly employed for analysing alkali metals. Chemically, the flame produced by
Mecker burner is not homogeneous, indicating its different regions, i.e., oxidising
and reducing regions. Different quantities of excited atoms are estimated to depend
on the regions in which atomic excitation process is taking place.

Total Consumption Burner: Figure 4.5
presents a total consumption burner utilising

Oxygen
hydrogen and oxygen gases as the fuel and  aspirates
oxidant, respectively. In this burner, the '_5“'“1::: 00008 D
liquid sample is drawn directly into the :'::: uf
flame. Hydrogen and oxygen gases are flame \
entered through the side tubing and are

bumed at the upper end of the bumer to
produce a flame. When the liquid sample is
exposed to the base of flame, oxygen
€vaporates the sample solution and leaves
behind a solid residue. Later, atomisation
and excitation processes are performed for
the sample. This apparatus is named as
total consumption burner because the
sample flowing through the capillary rube will also be driven into the flame
irrespective of droplet size.

Total consumption burner has the following advantages:

1) No loss in the fuel and oxidant,

1) Eliminates the errors, and

iii) Combustible sample, e.g., petroleum, can be directly aspirated into the flame
without any danger of explosion.

However, total consumption bumner suffers from the following disadvantages:

1)  Droplets of widely varying sizes are formed during aspiration.

1i) The flame is more strongly cooled by heavier load of the liquid.

1) The burner lip can become encrusted with salts left after evaporation of solvent
leading to a change in the aspiration rate of the solvent.

It is very noisy (both physically and electronically), thus leads to poor
reproducibility of analytical results.

I-_'-_-H:!ﬁ.ﬂ:li

5‘_— [-]'_ (oxadant)
id—-—— Sampie inlet

Figure 4.5: Total Cmmpﬂm Burner

1v)

For the above reasons, total consumption bumer is not much used except for
€xplosive flames, e.g., hydrogen with other oxidants.
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nar Flow Burne
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Figure 4.6: Laminar Flow Burner

burner (figure 4.7) utilises liquid samples which
e bigger droplets condense on the chamber side
sample flows into the bas
this type of bumer ca
impact bead (Perkir

4) Lundergarph Burner: This
aspirated into the spray chamber. Th
and drain off, while the minor droplets and the evaporated
of the flame in the form of a mist. The nebulisation stage in
be improved by utilising a number of strategies, like using the
Elmer), ultrasonic vibrators, and thermospray heaters.
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Figure 4.7: Lundergarph Burner
4.3.4.1. Structure of Flame
As seen in figure 4.8, the ﬂamc may be divided into the following regions of zones: .
|) Pre-Heating Zone: In this zone, the combustion mixture is heated 10 1 ignit”

temperature by thermal conduction from the primary reaction zone.

2) Primary Reaction or Inner Zone: This zone is about 0.1mm thick a! atmok
pressure and is visible by virtue of its blue green light ascribed 10 C2 and *
radicals. There is no thermodynamic equilibrium in this zone and the conce™

of ions and free radicals is very high. This region is not used for flame Phomnf-m

Flame Photometry I(_'hupﬂ:r 4) 11
3) Interconal or Reaction-Free Zone:
This zone can extend up 10 considerable {
height. The maximum temperature is taterconal
achieved just above the tip of the inner
zone. The higher temperature favours  Primary o
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