Spectral intensity, Beer Lambert’s Law, Raman scattering

Electronic transition (ultraviolet, visible range)
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Figure 1. The figure represents two electronic states, vibration and rotation energy levels superimposed to electronic states. 

Potential energy vs. internuclear distance functions

The potential energy for a diatomic molecule is internuclear distance (xAB) dependent.

When interatomic distance is identical with the bond distance, the molecule has potential energy minimum.

Superposition principle

Onto each electronic state a vibrational level series is superimposed (horizontal lines), and onto each vibrational state a rotational level series is superimposed (short lines, shown only for two vibrational levels) energy levels. 

A possible electronic transition is shown by (a) and a vibrational transition in the electronic ground state by (b).

An electronic transition may occur when a molecule absorbs photon with energy equals to one of the possible energy differences between excited and ground state, and transition dipole has a value different to zero.
Absorption of light, Beer-Lambert’s law

The light intensity functions

The flux of photons is defined as the number of photons, nf transmitted through a cross sectional area, q during time, t.
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If the source is monochromatic the equation can be transformed to energy flux multiplying the number of photons by hν which gives photon intensity:
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unit: Wm-2.
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Figure 2. The radiating power or intensity is reduced by an absorbing medium of b optical path.

By the law of energy conservation, the difference between incoming and transmitted intensity is the absorbed intensity Ia.
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1.

In photometry, we use relative intensities, dividing Eq. 1. by I0 we get
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2.

a quantity called transmittance.
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3.
The percentage transmission, T%
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When the material is transparent: I = I0, T = 1 or T% = 100.

When the material absorbs all the incoming light: I = 0 or T% = 0

The logarithmic ratio of intensities called absorbance is frequently applied in quantitative determinations.
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4.
In practice, transmittance, T transmittance percentage, T% or absorbance, A can be measured by spectrophotometers.

Absorbance can be given in terms of transmittance,
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5.

or in terms of transmittance percentage
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From intensity functions only the absorbance is directly proportional to the concentration of analyte, therefore it is frequently used in physical- and analytical-chemistry.

Beer-Lambert law
Increasing the thickness (optical pathlength) of an absorbing layer by dl the transmitted intensity decreases by dI. Therefore, this derivative
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is negative, and directly proportional a material coefficient ε, the total transmitted intensity, I and the concentration of light absorbing material in the solution, c.
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Integrating this equation between limits of the incoming (I0) and transmitted (I) intensities
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the integral
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Rearranging and introducing the wavelength dependence
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The absorbance is linearly dependent on the concentration of absorbing material. When concentration is given in mol dm-3 the coefficient ε is called molar absorbance. The usual non SI unit of thickness is cm, and the unit of ε is dm3mol-1cm-1. The absorbance and molar absorbance are wavelength or frequency dependent. Absorbance is concentration and thickness dependent too, but molar absorbance is not.
The light absorbing component determines the absorbance of a multicomponent system. E.g. dissolving iodine in CCl4 a violet coloured solution is obtained for which the absorbance at 520 nm (the maximum of iodine absorption) is
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At 520 nm the CCl4 is transparent thus 
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At constant c and l a spectral band can be observed. By increasing concentration a band series is obtained.
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Figure 4.
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Figure 5.

We read absorbance data at λmax from band series and plot the concentration dependence of absorbance. 

As BL law is valid in the concentration range studied, we have a straight line on Figure 5. As BL law contains no additive constant the ideal graph crosses the coordinate system at the origin i.e. at A=0, c=0 point. Experimental error causes the value of intercept to be different from zero.
Example 1.

The molar absorption coefficient of a substance dissolved in hexane is known to be 855 M-1cm-1 at λ = 270 nm. Calculate the percentage reduction in intensity when light of that wavelength passes through 2.5 mm of a solution of concentration 3.25 10-3 M.

Solution

Percentage reduction = T%
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Example 2.

Riboflavine in dilute acetate solution shows a maximum in absorption spectrum at 444 nm. Calculate the wavenumber in cm-1 and frequency of light at this peak. 

Calculate the energy of corresponding electronic transition for one molecule and one mole of riboflavin.

Data: h = 6.626 10-34 Js, c = 3.00 108 ms-1, NA = 6.022 1023.

Example 3

A 2 mm path-length cell is filled 0.01 M benzene. The wavelength is set to maximum wavelength of benzene, 256 nm. At this wavelength the transmitted intensity was 48% of incident intensity. What is the molar absorbance and absorbance of benzene at this wavelength?

Acid-base equilibrium of weak acid indicators
Ionisation (dissociation) equilibrium:


HA ↔ H+ + A-
The equilibrium constant at dT = 0 and dp = 0 is 
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7.

Both the undissociated weak acid, [HA], and its dissociated anion, [A-], absorbs light at different wavelength (see Fig. 6.).
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Figure 6. In a pH=4 buffer the weak acid is undissociated, in a pH=8.5 buffer solution it is in pure ionized form. At medium pH = 6.5 both components are present with appreciable intensity.
The equilibrium constant can be given in terms of the extent of dissociation, α. The limits for α are: 
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8.

Introducing pH



[image: image28.wmf][

]

α

α

K

-

-

-

=

-

+

1

lg

H

lg

lg



or
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9.

Setting the pH of solution by a buffer the extent of dissociation can be adjusted.

When α = 0.5, from Eq. 9., 
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The additivity of BL law

If interactions among light absorbing components of a solution can be neglected, the measured absorbance at λ = constant is a sum of component absorbances.
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10.

For the dissociation equilibrium, we apply the maximum wavelength of A- (see Fig. 6.).
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From additivity rule



[image: image33.wmf](

)

α

A

α

A

A

-

A

HA

1

+

-

=








11.

and for α
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From analysis of Eq. 11 α and consequently K can be determined.

1.Applying pH = 8.5 buffer solution, the weak acid is totally dissociated, α = 1, and from Eq. 11. 
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2.Applying pH = 4 buffer solution, the weak acid is totally undissociated, α = 0, and from Eq. 11. 
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3. For medium pH Eq. 11. can be applied as it is.

From equations 9. and 11. we have



[image: image37.wmf]A

A

A

A

pH

K

-

-

-

=

-

A

HA

lg

p








12.

Raman scattering, Raman intensities

When a beam of light passes through a medium, a certain amount of light is scattered and can be detected by making observations perpendicular to the incident beam.

If the frequency of the scattered light is equal to that of incident light then it is Rayleigh scattering.  Here the collision between the photon and the molecule is elastic since no energy is transferred.
The frequencies that are above and below the frequency of the incident photons are the result of Raman scattering caused by inelastic collisions.
The incident light is monochromatic, mostly a laser. A small amount of the scattered light may have either higher or lower wavelength of incident light.
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Frequency shifts

Rayleigh line (most intensive):
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The intensity of Raman scattering is inversely proportional to the fourth power of wavelength, that’s why we use rather shorter wavelength for source (e.g. in the ultraviolet).

[image: image42.jpg]RaoAuoun %d_
mc"l’{u-b )‘abéuh

Incided u«iml-"& / / Tinel i\d&)iH : '3%

I - \—3& _—
Yvaidad U 3
Imousthaowialic

@ > ‘:\“}u,\,‘\;_r

%;M :—sfrom "

Rouyfeich Live




Figure 7. Incident frequency, νi, is identical to scattered frequency, νs, elastic scattering: Rayleigh line.

Inelastic scatter is produced by the collision of a photon with molecule being in a vibration ground or excited state. Generally only the lowest vibrational level is occupied to any extent and the transition v =1 ← v = 0 with rotational states superimposed gives the strongest Raman band.

A Stokes line can be observed when photon collides a molecule in ground state, and a lower energy photon is emitted.

The Stokes Raman frequency is displaced to a lower frequency from the Rayleigh scattered photon by a frequency equal to the vibrational frequency.

An anti-Stokes line can be observed when photon collides a molecule in excited state, and a higher energy photon is emitted. That lines are less intense because of the population density of excited vibrational state is smaller than that is for ground state.

A Stokes and anti-Stokes line belonging to the same vibration mode are equally displaced from Rayleigh line.
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Selection rule:


a vibration must produce oscillating polarizability, α.

Polarizability is the result of oscillating electric field E in the electromagnetic radiation. This causes a distortion in the molecule, the positively charged nuclei being attracted to the negative pole of the field and the electrons to the positive pole. 

Raman spectrometry uses visible light instead of infrared source for studying molecular vibrations (simplicity).

The infrared and Raman are complementary spectroscopical methods.

Certain bands appear in the Raman spectrum that do not appear in the infrared.

Since Raman activity of a vibrational mode requires a change in polarizability, homonuclear diatomic molecules exhibit Raman bands.

Similarly the symmetric stretching mode of CO2 which is IR inactive is Raman active. The asymmetric stretching mode involves a change in dipole moment but does not involve a change in polarizability.  Hence it is IR active and Raman inactive. 
COMPARISON BETWEEN IR AND RAMAN SPECTROSCOPIES
IR






RAMAN 
Absorption





Scattering
Requires change in dipole moment

Requires change in polarizability.
Aqueous samples difficult to examine
Aqueous samples readily examined.
No fluorescence interference


Fluorescence interference.
Glass or quartz unsuitable


Glass or quartz suitable
as IR cells.  NaCl, KBr,
CaF2 are suitable.
EXAMPLE: RAMAN SPECTRUM OF CCl4
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