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PART 14
OPTICAL METHODS FOR INVESTIGATION OF COMPOUNDS AND THEIR QUANTITATIVE ANALYSIS

Several methods for identification of chemical compounds and for their quantitative analysis are based on absorption of light photons (or, to be more precise, photons of electromagnetic radiation) in their molecules.

All of these methods are based on two general ideas:
1) A given chemical compound cannot absorb photons with all possible wavelengths. A given compound absorbs photons, having precisely known wavelength, that is characteristic for this compound.

2) The intensity of light absorption is proportional to the concentration of compound.

I. WHY DO CHEMICAL COMPOUNDS ABSORB LIGHT PHOTONS ?

As we know, every given sort of molecules (given chemical compound) has its own, strongly determined order of electron energetic levels (in other words, in molecules, as well as in atoms, electrons can move along orbitals, that are strongly determined by quantum mechanics, each of the orbitals having a precisely determined electron energy).

Thus, there is a precisely determined scheme of the electron energetic levels, see fig. 14. 1, and two electrons having opposite spins can occupy each level.
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Fig. 14. 2. Scheme of electron energy levels of a hypothetical molecule
As the number of energy levels is greater, than the number of electron pairs, the lower electron energy levels are occupied by electrons, but the higher ones are empty. A transfer of an electron from a lower energy level to a higher one is possible, if an amount of energy, precisely corresponding to the energy difference between two levels, ∆E, is submitted to the electron, see fig. 14. 2.

Here one has to note, that the portion of energy, that has to be submitted to the electron to bring it from one energetic level to another, has to be precisely equal to the energy difference ∆E between the two levels. The electron transfer to the next energetic level will not take place, neither if the submitted amount of energy will be smaller, than ∆E, nor if it is greater, than ∆E.
In most cases the energy difference between two neighboring electron energetic levels in a chemical compound is equal to energy of visible light (wavelengths 400 - 600 nm) or ultraviolet (wavelengths 200 - 400 nm) photons.
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Fig. 14. 2. Electron transfer from an occupied to an empty energetic level

Now the rule for the possibility of photon absorption becomes clear:

a photon of visible light or UV-radiation can be absorbed by a molecule of a chemical compound, if the energy of photon is precisely equal to the energy difference of two electron energetic levels in the molecule of compound.

Energy of a photon is determined as
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,
where
E is the energy of photon,



h is Planks constant,



 is the frequency of light photon,



 is the wavelength of light photon and,



c is the speed of light.

Now the rule of light absorption mathematically becomes :
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,where 
∆E is the energy difference between a filled and an empty electron energetic level.

As the energy difference ∆E between the two given electron energy levels is strongly determined, the electron transfer from an occupied electron energy level to a free one requires absorption of a light photon of a precisely determined wavelength.

In some cases the electron transfers are possible between one filled electron energetic level to several free ones, or from several filled electron energy levels to the same empty one. For instance, sometimes the electron transfer is possible not only from the last filled level to the first emptyelectron energetic level, but also from the one-but- last filled to the first empty one or from the last filled one to the second empty one.
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Fig. 14. 3. Reasons for absorption of several characteristic wavelengths by a molecule of chemical compound

In such a way, in some cases a given compound can absorb not only one, but several, characteristic for it, wavelengths of UV or visible radiation, see fig. 14. 3.

(To be true, just any electron transfer from a filled energetic level to an empty one is not always allowed. Certain quantum rules exist, that determine, which electron transfer is allowed and which one is not).

II. ABSORPTION SPECTRUM OF A CHEMICAL COMPOUND

Before the use of light absorption for studies of a compound or for its quantitative analysis, one has to find out, what wavelengths of visible or UV radiation this compound is absorbing. For these purposes one has to record the absorption spectrum of the sample compound - the dependence of light absorption in the given compound on the wavelength of light.

The absorption spectrum of a compound is a curve, which shows the dependence of light absorption in by the molecules of this compound versus the wavelength of UV or visible radiation.

The light absorption as a quantitative value is defined as follows (see fig.14.4.):

Absorption is a logarithm of the ratio between the intensity of radiation, falling on the sample of compound (I ) and the intensity of radiation (I), transmitted through the sample of compound:
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where A is absorption
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Fig. 14. 4. Flow of light through a sample of compound
To record an absorption spectrum, one needs a device, with the help of which it is possible to select wavelengths of UV and visible radiation and measure light the absorption at every selected wavelength. Such a device is called spectrophotometer and its principal scheme is given on fig. 14. 5.

From the light source (1) (a deuterium lamp is used as the light source in UV, an ordinary tungsten lamp - in the visible part of radiation) the light comes to a lens, that forms a parallel light beam. After being collected into a parallel beam, the light passes to a quartz prism (3) (the prism can be replaced by an ordinary or holographic diffraction grating in the modern instruments, but the function remains the same. As well, the lamps can be replaced by a variable wavelength lasers).
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Fig. 14. 5. Principal scheme of a spectrophotometer.

As it is known, the refraction of light in a prism is different for different light wavelengths, therefore after passing through the prism the beams of different light wavelengths are refracted at different angles to the initial direction of the beam.

The prism can be rotated around its axis so, that only one given wavelength of light passes through a narrow slit (4) and falls to the sample of compound, a solution of which is placed in the cell of spectrophotometer (5). After passing through the sample the light beam falls to the registering unit - a photo resistor (6) (in modern instruments the photo resistor  can be replaced by a photoelectron multiplier), that is connected to a meter (7).

Thus, to record an absorption spectrum of a compound, one has to place the solution of this compound into the spectrophotometer cell, to measure the absorption at different light wavelengths and to draw the graph. This can be done manually in the case of older models of spectrophotometers or completely automatically by use of newer ones.

An example of absorption spectrum is given in fig. 14. 6.

As one can see, there are several (two in our example) absorption bands in the spectrum. Every absorption band is symmetric against a wavelength max, at which the absorption in this particular band is maximal. 
How does this suit the idea, that every compound can absorb sharply determined wavelengths, which precisely correspond to the energy differences between electron energy levels?

In fact, if it were possible to record a spectrum at absolute zero temperature (0°K), the spectrum would really have absorption at precisely 

determined wavelengths (there would be just absorption lines instead of absorption bands in the spectrum).
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Fig. 14. 6. Absorption spectrum of a hypothetical compound.

As soon as the temperature is greater than 0°K, a thermal broadening of spectral lines takes place, and absorption bands appear instead of the sharp absorption lines. The reason for this is, that at the temperatures, that are higher than 0°K, molecules are vibrating and a given electron energy level is split to several vibration sub-levels, the energy differences between these vibration-caused sub-levels being very small, therefore the electron energy level becomes somewhat broader, than just a sharp line. As the result, the light absorption starts being observed at a wavelength, that is a little bit smaller, than the one, that precisely corresponds to the energy difference between the two electron energy levels and ends at a wavelength, that is a bit bigger, than the precise difference between the energies of the two electron levels. The wavelength, at which the absorption in a band is maximal (max) is the one, that precisely corresponds to the energy difference between the two electron levels.

III. ABSORPTION OF LIGHT AND CONCENTRATION OF SAMPLE COMPOUND

When one has recorded the absorption spectrum of a compound, one knows, which wavelengths of radiation this compound absorbs and which ones it doesn’t.

For all the wavelengths, that can be absorbed by a given compound, the light absorption is directly proportional to the molarity of the compound and to the thickness of compound’s layer (to the thickness of spectrophotometer cell in the case of solutions).

The proportionality between the concentration and light absorption is described mathematically by Bugger-Lambert-Beer’s law (it will be called just Beer’s law in the following text):
A = alC, where:

A is the light absorption,

a is a proportionality coefficient, called absorptivity, l/molcm


l is the thickness of the cell, cm
Absorptivity is a proportionality coefficient, which is characteristic for the given compound at a given wavelength. It shows the value of absorption, if the concentration of compound is 1 mole/l and the thickness of cell is 1 cm.

The absorptivities of different compounds at the wavelengths, close to the maximums of absorption spectrum, are between 102 and 105.

For the reasons, discussed in the chapter “Deviations from Beers law” the absorption is usually measured in the interval A = 0.1 - 1, therefore it is possible to analyze rather little concentrations (10-3 - 10-6 moles/l).

As it is seen from the mathematical form of Beer’s law, the greater is absorptivity, a, the greater will be the value of absorption, therefore it is necessary to carry out the quantitative measurements at wavelengths, that are close or equal to max.
IV. PHOTOELECTROCOLORIMETRY.

IV. 1. SCHEME OF PHOTOELECTROCOLORIMETER AND ITS DIFFERENCE FROM SPECTROPHOTOMETER

If the absorption spectrum of a compound is known (one has recorded it oneself or found it in literature, for instance, in the Saedtler’s International spectra catalog), one can select a wavelength, that is equal or close to max of the compound and start the quantitative measurements.

For just quantitative measurements at a fixed , such a complicated and expensive equipment as a spectrophotometer is not necessary, but one can use a much simpler and cheaper instrument, called photo electro colorimeter (compare the prices - a modern spectrophotometer costs at least $20000 - $30000, but a photo electro colorimeter - around $1000). The principal scheme of a photo electron colorimeter is shown in fig. 14. 7.:
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Fig. 14. 7. Principal scheme of a photo electro colorimeter.
1 - radiation source (deuterium or tungsten lamp)2 - lens, 3 - variable light filter,
4 - glass or quartz cell containing the sample solution, 5 – photo resistor, 6 - meter (amplifier and display unit).
The most expensive part of the spectrophotometer - the quartz prism or diffraction grating here is replaced by a set of variable filters (normally 10 - 15 filters, covering both the interval of visible and UV radiation are included in the filter set).

Each filter is light-transparent in a narrow wavelength interval. This allows to choose one of the filters, that is transparent in an interval, which includes max of the sample compound.

Thus, if the spectrum of the sample compound is known, one has only to choose the filter, that transfers the wavelengths, close to the maximum of the absorption band of the sample compound.

IV. 2. THE METHOD OF CALIBRATION GRAPH

By the most, the so-called method of calibration curve is used for quantitative measurements. At the beginning, a series of standard solutions of the sample compound with known concentrations (at least 5-6 solutions of known concentration) are prepared, their absorption is measured and the absorption is plotted versus concentration, see an example of calibration graph in fig. 14. 8.

As it is seen from the equation of Beer’s law, the graph must be a straight line, going through the coordinate zero point, because, if one compares the Beer’s law equation to the equation of straight line y = bx, one can se, that absorption A plays the role of y, the product of absorptivity (a) and thickness (l), that both are constant values, plays the role of coefficient b and the concentration plays the role of variable x:

A = alC
  y = bX
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Fig. 14. 8. A calibration graph

When the calibration graph is ready, the absorption A of the sample having unknown concentration is measured and its concentration is found from the calibration graph, as it is shown in fig. 14. 8. - the value of Ax is marked on the absorption axis, a straight line is drawn parallel to the concentration axis till the intersection point with the calibration curve and the unknown concentration is found as the abscissa of this point.

V. DEVIATIONS FROM BEER’S LAW.

For real solutions Beer’s law works well at medium concentrations. At low concentrations the absorption values exceed the ones, found from Beer’s law, at high concentrations they are lowered compared to ones, found from Beer’s law, see fig. 14. 9.

Reasons of these deviations are as follows.

At low concentrations the compounds usually better dissociate into ions (remember the Ostwald’s dilution law), but light absorption of ions is usually greater than the one of molecules. Besides of this, at low absorptions positive deviations from Beer’s law are observed, if the outer walls of the cell are not clean.
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Fig. 14. 9. Deviations from Beer’s law.

At high concentrations (absorption values) negative deviations from Beer’s law are observed. These negative deviations from Beer’s law are, by the most, caused by the effect of stray light - besides the wavelength, that has been installed by selection of filter, a low intensity of a completely different wavelength (called stray light) passes through the slit of every real instrument.

This wavelength usually doesn’t belong to these, absorbed by the sample compound, therefore it passes through the sample and falls to the detector. The detector is color-blind - it just counts the photons of any light, falling on it.

As we remember, the absorption is a log of the intensity ratio:
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.

At low concentrations the stray light has a very little effect. If we consider stray light intensity as 1% of the total light intensity, at low and medium concentrations, where, for instance 50% of the falling light intensity are absorbed, the measured value of absorption due to stray light will be

          

  instead of



and the relative deviation is rather small, but at high concentrations, where around 99% of the falling light intensity is absorbed, the effect of 1% stray light makes the measured value of absorption

           

 instead of



and, as one can see, in this case the relative deviation is great.

For this reason, concentrations of samples in practical measurements have to be adjusted so, that the absorption is between 0.1 and 1, then the errors are the smallest.

This can be done by means of dilution, or by choice of a cell having a smaller thickness, if the concentration is too high or by choosing a cell with a greater thickness, if the concentration of the sample compound is too low (usual instruments are supplied with sets of cells, having thicknesses from 1 mm to 5 cm, thus, it is possible to change the absorption by 50 times just by a choice of cell.

VI. DETECTION LIMITS

Knowing, that the lowest absorption, recommended for the practical measurements, is 0.1 absorption units, one can assume the lowest concentration, that can be practically detected (measured):
one can express concentration from the equation of Beer’s law:
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The greatest possible thickness of the cell, l, is 10 cm and the smallest value of absorption, recommended for practical measurements, is 0.1, therefore for a given compound its detection limit (the smallest concentration, that can be measured) can be found as:
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    mol/l,

where a is the molar absorptivity of the compound.

As the maximal known absorptivity is around 5105 l/molcm , the detection limit of such a compound is:
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   mol/l.

As one can see, the sensitivity of the optical method is very great - no ordinary chemical methods can detect concentrations 10-8 mol/l.

VII. INDIRECT 0PTICAL METH0DS
(WHAT TO DO, IF THE SAMPLE COMPOUND 
DOESN’T ABSORB LIGHT?)

It is clear, that a compound can be analyzed by means of optical methods, if it absorbs light. If it doesn’t (or if it does, but the absorptivity is very little and therefore small concentrations cannot be detected), indirect methods are used - a reagent, transforming the colorless (not absorbing) compound into a colored (light absorbing) one is added in excess and then the absorption of the colored reaction product is measured.

EXAMPLES.

1. If the concentration of Cl2 in its water solution has to be measured, the absorptivity of chlorine itself is too small (it is around 100 l/mole. cm) and therefore it is impossible to analyze Cl by means measuring of its own absorption. A suitable reagent for this case is KI, which transforms Cl into a complex compound KI3 (one can consider I3- ion as a molecule of I2, that has bound an I- ion):
Cl2 + 3KI => KI3 + 2KCl

I3- ion absorbs photons of a wavelength 353 nm and its absorptivity is 25000 l/mole. cm. As one molecule of Cl2 is converted to one I3-  ion, it is possible to measure the concentration of I3- ions and the concentration of Cl2 is equal to it.

2. Fe3+ ion, as well as Cl2 in the previous example, has a very low absorptivity and therefore can hardly be analyzed, using its own light absorption. A good reagent KSCN exists, that transforms Fe3+ into an intensively colored compound K3[Fe(SCN)6]:
Fe3+ + 6KSCN => K3[Fe(SCN)6] + 3K+
If KSCN is added in excess, the amount of the complex compound K3[Fe(SCN)6] is equal to the amount (number of moles) of Fe3+, therefore, Fe3+ concentration can be determined by measuring absorption of the complex.

Nowadays good reagents have been developed for the most of the known ions , that convert the ions into colored compounds and, consequently, allow the optical determination of their concentrations.
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