INSTRUMENTAL ANALYSIS AND SEPARATIONS

Solvent classification and selection - LECTURE 7a

Solvent Classification Schemes

The Hildebrand Solubility Parameter

The Hildebrand solubility parameter can be used (in principle) to make quantitative calculations of solubility and separation.
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where Ev is the vaporization energy per mole of the compound in question and V is its molar volume;  Ev is in turn equal to H – RT, where H is the heat of vaporization , and H can be estimated from the compound boiling point Tb (oK at 760mm) from the Hildebrand rule:



Hv (290oK) = 2950 + 23.7 Tb x 0.02Tb2
 Form these equations, ( can be easily calculated for any compound from its boiling point

Therefore, molar volume of solute is a factor in solvation (Hildebrand) as well as polarity of species. [Karger, Snyder, Eon, J. Chromatogr. 125:71 (1976))

 



(H = Vx [((a2 ‑ (b2) + 2(x ((b ‑ (a)] 

 Note: Vx (molar volume) of solute x affects its relative solubility; the larger is Vx more affected will be the solubility of x by a change in solvent polarity.  Solute solubility is maximum when the solute and solvent have same polarity.  This fact produces an interesting result.  If two solvents whose polarity are respectively higher or lower than that of a given analyte, the solvents can be blended to give a mixture whose polarity value equals the analyte thus providing maximal solubility.  In other words, the mixture provides better solvancy for the analyte than would either pure solvent.

Rohrschneider Polarity Scale

The Rohrschneider polarity scale is based on experimental data.  This method estimates the polarity of a solvent based on the solubility of three reference solutes below:




ethanol           

proton donor interaction




dioxane/pyridine
proton acceptor interaction



nitromethane   
dipole interaction
The reference solutes were chosen to represent the major factors involved in intermolecular interactions.  The advantage of this method of solvent characterization is that it is based on actual solutions rather than pure compounds and the estimated polarity may be more reliable than the Hildebrand solubility parameter.  


In this method, a solvent is tested for its ability to dissolve three reference solutes and a net solution energy for each solute (corrected for dispersion interactions) is calculated and then summed to arrive at an overall polarity value (P’) for the compound.  


P' = log(K"g) ethanol + log (K"g) dioxane + log (K"g) nitromethane


Polarity values estimated by the Rohrschneider polarity scale and the Hildebrand solubility parameter are somewhat different.  Proton acceptors appear to be more polar  when calculated by the Rohrschneider method.  Proton donors also appear more polar on the Rohrschneider scale.  Large molecules appear to be less polar on the Rohrschneider scale, most likely because Rohrschneider discounts dispersive interactions.


The  overall P’ value is important, but the values for each of the three components can be used to produce a measure of selectivity.  The three values can be plotted as a Selectivity Triangle, with the 3 legs of the triangle calculated as the ratios of each individual term to the total polarity of the solvent as follows.

Xe   =    
log(K"g) ethanol 






P’

Xd   =

log (K"g) dioxane






P’

Xn   =

log (K"g) nitromethane


P’
The position of different solvents in the triangle represent different selectivities

Figure 1.  Selectivity Triangle Plotted based on Rohrschneider Polarity Parameters.
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Table 1. Solvents falling into the main selectivity groupings of Figure 1.

I
Aliphatic esters, trialkyl amines, tetramethylguanidine

II
Aliphatic alcohols

III 
Pyridines, tetrahydrofuran, amides (except formamide)

IV
Glycols, glycol ethers, benzyl alcohol, formamide, acetic acid

V
Methylene chloride, ethylene chloride, tricresyl phosphate

VIa
Alkyl halides, ketones, esters, nitriles, sulfoxides, sulfones, analine, and dioxane

VIb
Nitro compounds, propylene carbonate, phenyl alkyl ethers, aromatic hydrocarbons
VII
Halobenzenes, diphenyl ether

VIII
Fluoroalkanols, m-cresol, chloroform, water

GENERAL APPROACH TO SOLVENT SELECTION


There are two main interests in solvent selection. To maximize the solubility of an analyte (ie. extraction) and to maximize the difference in solubility between analytes (ie. separation).  The Rohrschneider polarity values can be used as a basis for solvent selection for both of these purposes.  

Maximizing Solubility


Solvent polarity is the most important factor governing solubility of an anlayte. The best Polarity (P’) for extraction can be obtained simply by mixing two solvents.  The process is as follows.  Select two miscible solvents, one more polar and one less polar than the analyte.  The two solvents can be mixed together to obtain a P’ value equal to the analyte(which should provide maximum solubility).  This concept works in most situations, however if the analyte is very polar or nonpolar, the solubility will be maximum in one pure solvent.

The P’ values for a solvent mixture can be calculated using the following formula:



P’mixture =  (aP’a + ( bP’b where    ( = the volume fractions of a and b

It is usually possible to increase solubility further by changing the selectivity of the solvents.  This is usually done by changing the more polar solvent or by selecting another solvent from a different selectivity group.

For example:  Test the solubility of an analyte in a mixture to two solvents, hexane and chloroform.  Assume that the maximum solubility was found using a 30% chloroform-hexane mixture.  Using P’ values (hexane = 0.1) and (chloroform = 4.1) the polarity of the mixture can be calculated 

 (0.7 * 0.1) + (0.3 * 4.1) = 1.2

The more polar solvent (chloroform) is from group VIII, so a big difference in selectivity could be expected from a group far removed from group VIII in the solvent triangle.  If a solvent such as ethyl ether (group I, P’ = 2.8) is chosen, the volume fraction can be recalculated using the above equation.  The use of ethyl ether may or may not provide an increase in solubility of the analyte, but the only way to know is experimentally.  Also since the calculations above are only approximate, it would be a good idea to try other ratios of hexane/ethyl ether above and below the calculated values.  Other mixtures using solvents from other groups can also be tried.

Maximizing the Separation of Two Analytes

If two compounds are in the same mixture, and one is the analyte and the other is a compound that will interfere with subsequent analysis, it is desirable to separate the analyte from the interference.  One method of doing this would be to select a solvent that would provide maximum solubility of the analyte (x) while minimizing the coextraction of the interference (y).  The best place to begin is by studying the extraction of x and y as a function of solvent polarity.  

A study of the extraction of x and y (using mixtures of solvents of different polarities) typically looks like Figure 2. The analyte (x) could be extracted simply by adjusting the polarity of the solvent mix to the level of P’1.  At this point a sufficient level of x (about 60%) could be extracted with a minimum extraction of y.  Repeated extraction of the matrix with the solvent mix could quantitatively extract the analyte.
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Figure 2.  Extraction of two compounds from a sample matrix as a function

Of the polarity of the extraction solvent:  P’x and P’y refer to polarities of compounds x and y (P’1 and P’2 are explained in the text).


If  the analyte was the compound y and we wished to separate it from the matrix and from x, there would be a number of options.  One option would be to first extract x as before, and then using a stronger polarity solvent mix P’2, extract y.  Another possible option would be to use a very polar solvent (ie. P much greater than P’x) so that y could be extracted without the extraction of x.  A third possibility would be to change the solvents so that the selectivity would be different.  It might be possible to change selectivity so that the curves are reversed.  In this case, the y curve would be in the place of the x curve and y could be extracted with a relatively low polarity solvent mix.  There are other means for improving extraction or separation (see  No. 5 below) and these options will be discussed later in the sections on chromatography.

Summary of Solvent Selection

1. Choose two pure solvents, A (nonpolar) + B (polar); determine what mixture provides maximum sol. for x, or if x and y, the best separation.

2. If inadequate, substitute other polar solvents for B in mixture, maintaining P’1 constant from step 1; select polar solvents from different selectivity groups (I, II, V. VIII)

3. If necessary, readjust P' for the new mixture by changing the proportions of 2 solvents in mix.

4. If further adjustment is necessary (in selectivity) change the nonpolar solvent A for another of different refractive index (dispersive int.) keeping P'a,b constant.

5. Consider covalent interactions, ion exchange, etc. as a means of creating pronounced effects 
(changing pH; complexing agents).
Estimating Solvent Extraction Efficiency

The simplest form of solvent extraction is batch extraction.  The sample is mixed (frequently using mechanical shakers) with an immiscible solvent and the analytes partition between the solvent and the aqueous phase.  Because the solvent is immiscible with water, it will separate from the aqueous phase where it can be siphoned off.  The extraction efficiency of this method is based on the partition coefficient and the relative amounts of solvent and sample.  

Batch extraction is usually done using a separatory funnel.  Idealy, the separations are quantitative, but complete extraction of analytes in not possible (however extractions greater that 99% can often be achieved).  The ratio of the concentrations of an analyte in the two phases is described by the partition coefficient, K.  

K = Co/Cw     Co is concentration in the organic phase (solvent)



Cw is the concentration in the aqueous phase (water)

In generally, the partition of an organic compound between water and a solvent is closely related to its solubility in water.  There are a number of solvents that can be used, and the choice of the best solvent for extracting a particular analyte is usually based on empirical studies.  

Repeated extraction is much more efficient than a single extraction and the amount of analyte extracted can be calculated from the following formula. 

Wr = Wo (Vw/(KVo+ Vw))N
Where Wr = weight of solute remaining following extraction, Wo = weight of solute in original solution, Vw = volume of aqueous phase, Vo = volume of extracting solvent, K = partition coefficient, and N = number of extractions.

Appendix D.  Proton-Acceptor Strengths of Different Compounds in Hydrogen Bonding. 
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