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Abstract:
The ultra-violet visible spectrophotometer was used to measure the Amax of a

series of non-hydrogen bonding solvents. From Amax, the solvent’s pi star value was
calculated using an equation derived by Kamlet and coworkers. Solubility studies were
completed on three solutes of varying polarity using a gravimetric method. Linear
regression lines were fitted to plots of pi star versus the log of solubility. Only a fair
linear trend was observed; therefore, it was concluded that another factor was involved.
The extent of solvent halogenation was investigated, but there was no distinct trend

relating pi star to the extent of halogenation in a solvent.



Introduction:

In previous years, research studies have been conducted to explore the correlation
of T~ with various experimental parameters such as thermodynamic and kinetic
properties. However, a limited number of studies have attempted to find a direct
correlation between the Tt and solubility. In 1977 Kamlet, Abboud, and Taft published a
7 scale that related the shift in the ultraviolet-visible absorbance maximum wavelength
for a particular dye in é solvent to solution properties. According to Kamlet, et al, misa
measurement of solvent polarity-polarizability since the shift results from the solvent’s
affects on the p—>7 and T—7" electronic transitions of the dye'. This shift to longer
wavelength and lowered energy gap is classified as a bathochromic or red shift. The
greater the bathochromic shift, the greater the polarity-polarizability of the solvent.
Through this research, Kamlet and coworkers' were able to establish the equation below
relating n" and various solvent parameters.

XYZ =XYZo+sm +ac +bf Eq. (1)

where XYZ is some property, in this case solubility, XYZ, is the numerical value of the
reference solvent’s property, ac. and bf} are terms that introduce the effects of hydrogen
bonding, and s is the susceptibility of the XYZ term to:the solvent’s 7" values. Terms ac,
and b are eliminated from the equation by utilizing only those solvents that do not
participate in hydrogen bonding interactions. By removing those terms the equation is
reduced to the following

XYZ=XYZo+sm Eq. (2)
because the hydrogen bonding interactions are essentially zero. The property of T is

determined numerically by the following equation when a single probe dye is used.



7= ( Viax - Vo)/s Eq. (3)
where v, is the wavenumber of the peak maximum for the reference solvent cyclohexane,
Vmax 18 the value for the solvent whose T is being determined, and s is defined by
equation 4.

$ = Veyclohexane - VDMsO Eq. 4)
Cyclohexane and DMSO are used as reference solvents in this study. Cyclohexane, a
nonpolar compound, is assigned a 7 of zero, and DMSO, a polar compound, is assigned
am of 1.

Initially Kamlet’s 7" scale and equation was based upon seven indicator dyes and
28 solvent 7 values, but was later expanded to seventy-two 7 values. In 1979, Kamlet,
Hall, Boykin, and Taft?* examined the use of nine solvatochromic indicators in order to
determine the 7t values of an additional 23 solvents. Once these T values were
determined and the Tt scale was expanded, Kamlet, et al used the 7 values to rationalize
solvent effects on rates of the Menschutkin reaction, rates of a peroxyester thermal
decomposition, and free energies of transfer of a tetraalkylammonium halide between
solvents?. Kamlet, et al found that all three of these properties could be accurately
correlated using the polarity-polarizability scale, baseion electronic spectra’.

Kamlet and Abboud have performed nunierous studies since 1979 that have
investigated other parameters affecting solvent interactions in hopes of finding an
equation that most accurately characterizes n*>. They have also implemented studies
utilizing different probe molecules in order to determine which probe solute provides the

most accurate results®.



The Kamlet and Abboud study is applicable to the solvation of solutes in
supercritical fluids as researched by Abbott and coworkers™®"%?. Supercritical fluids are
becoming commonly used as a media for extractions because of the marked changes in
solute properties with respect to temperature and pressure changes. Abbott and
coworkers’ studied the solubility of salicylic acid in HFC 134a in carbon dioxide with
respect to its solubility in carbon dioxide alone. They found that adding a modifying
solvent such as HFC 134a increases the solvent polarity and therefore increases the solute
solubility. In supercritical fluids, changing pressure modifies the pi star values which are
monitored as a function of pressure more easily than taking direct measurements of
solubility in supercritical fluids.

In 1999, A.P. Abbott, et al’ , performed preliminary work on the solubility
and solvent properties of supercritical fluids using a high-pressure capacitative cell.
Abbott and coworkers®”® performed multiple studies using a variety of supercritical
fluids including 1,1,1,2- tetrafluoroethane, difluoromethane, and pentafluoroethane. In a
recent and continuing study, Abbott, et alg, studied the solubility of a series of substituted
aromatic hydrocarbons in difluoromethane (HFC 32) in comparison with their solubility
in supercritical CO, (scCO,). Once again the work used acapacitative method to collect
solubility data, which proved to be of limited use foz scCO,, but was effective for HFC
32. This study demonstrated that the solubility of a particular solute is dependent on
pressure, polarity, and the relative positioning of substituent groups. )

Research into the correlation of m* and solubility was most recently
investigated in 2001 by Bryan Platt for his senior honors project. Platt found that 4-

nitroanisole served as a good probe for the investigation of Anax, because of its high



extinction coefficient. Its high extinction coefficient allows measurements to be taken at
a low concentratipn, therefore minimizing solute-solute interactions and permitting the
spectra to represent only solute-solvent interactions'®. Using 4-nitroanisole as a probe,
Platt was able to calculate 7* for a variety of non-hydrogen bonding solvents. Ina
solubility study, he investigated the polar compound, salicylic acid. He found that a plot
relating solubility of salicylic acid in mol/L to 7* produced an exponential curve, and a
linear relationship was found when relating the log of solubility measurements to ®*.
The second correlation produced a fair fit and showed that there was a direct correlation
between solubility and 7*; however, additional research would be necessary to maximize
the predictability of the relationship.

The purpose of this research was to maximize the predictability of the relationship
between T* and solubility as established by Bryan Platt. To study solubility, three solutes
p-chlorobenzoic acid, p-amino phenol, and p-toluic acid were selected based on their
polarity anci structure. Solubility studies were completed by Abbott and coworkers’ on
these three solutes using supercritical HFC32 as a solvent at 363K, <They found the
sblubility of p-aminophenol to increase at increasing pressures. The solubilities of p-
chlorobenzoic acid and p-toluic were found to increase with increasing pressure as well.
p-Chlorobenzoic acid was found to be less soluble-in HFC32 at 363K than p-toluic acid.
Experimental:

Solubility studies were completed by dissolving each of the solutes listed in
Table I in each of the solvents listed in Table II (except DMSO) to prepare saturated
solutions. After standing one week, the saturated solutions were gravity filtered, and a

10mL aliquot was pipetted into a tared weighing bottle. The solvent was allowed to



evaporate and the bottles were reweighed after one week. From this mass, the solubility
was determined in mol/L. Duplicate tests were obtained for each saturated solution.

7* values were determined by dissolving a minimal amount of 4-nitroanisole in a
lem quartz cuvette. The UV-visible spectrophotometer was used to obtain the UV-vis
spectrum of each solvent over the range of 350-250nm, using the pure solvent in the
reference beam. After the initial scan, multiple scans were taken over a smaller
wavelength range in order to focus in on the maximum absorbance wavelength. A
minimum of ten scans were obtained and averaged for each solvent. Because of variation
in pi star values, a second series of UV-vis scans were obtained for some solvents and
were averaged with the first series.

Results:

The ultraviolet visible scans for each solvent over the range of 350-250 nm are
shown in Figures 1 through 22. Duplicate scans indicate solvents whose series were
rescanned. Multiple scans were recorded for each solvent, and the maximum absorbance
wavelengths, the average of the scans, and 95% confidence interval are shown in Table
III. By converting the average maximum absorbance wavelengths of cyclohexane and
DMSO to wavenumbers and using equation 4 above, the constant s was determined to be
—2504.25cm™. Next, using equation 3 and the average maximum absorbance wavelength
of each solvent, * was determined for each solvent. Pi star values are shown in Table
IV.

Solubility data was calculated for each solute and is shown in Table V through
VII. The masses are listed as A and B in the corresponding table. Molar solubility was

calculated by dividing by the molecular weight of the solute and dividing by the volume



of the aliquot, .010 L. The average solubility and the log of average solubility were
calculated.

Figure 23 shows the plot of pi star verses the log of molar solubility of p-
chlorobenzoic acid. The equation of a linear least squares fit is y = .5968x — 2.7022 with
an 1* value of .6216. Figure 24 shows the plot of pi star verses the log of molar solubility
of p-aminophenol. The equation of a linear least squares fit is y = .5637x — 2.8335 with
an r° value of .1125. Figure 25 shows the plot of pi star verses the log of molar solubility
of toluic acid. The equation of the linear least squares fit is y = 1.0544x — 1.681 with an
1% value of .6982. Each plot was fit with linear regression lines based on the correlation
established by Platt in 2001.

Figure 26 shows pi star verses log of molar solubility for all three test solutes.
This plot places all the test solutes on the same scale and a relationship can be developed
between the three solutes. Toluic acid is observed to be the most soluble and p-
aminophenol is observed to be the least soluble.

Discussion:

As shown in Figures 1 through 22, the ultraviolet-visible spectra obtained for the
series of solvents used in this experiment did not yield an extremely smooth, distinct
peak. Use of the UV-vis software package allowedcurve smoothing to be completed, so
that a more accurate value of maximum abscibance wavelength could be determined.
Using this smoothing technique, Amax could be reproduced on a fairly consistent basis.
The average of a series of at least ten scans provided results with minimal 95%

confidence intervals. Most maximum wavelengths were established within a confidence



interval of .25-.75. This margin for error is relatively small in comparison to the actually
values obtained for wavelength.

Upon conversion of these wavelengths to pi star values, it was observed that many
of the pi star values obtained in this experiment yielded results similar to those results
obtained by Platt in 2001. Another researcher, Robert Luo, who is also completing pi star
studies, obtained pi star values consistent with those obtained in this experiment. Pi star
values appear to be fairly reproducible for most solvents. Some solvents needed
additional study, and were found to produce slightly different pi star values when they
were remeasured. As mentioned above these multiple values were averaged with the
originals.

The solubility portion of this research was the most reproducible part of this
experiment. As stated above, duplicate solubility tests were run for each saturated
solution. These duplicate tests produced precise results within approximately .0001-
.0005g. Even though the gravimetric procedure for determination of solubility may
appear elementary in concept, it proved to be a reproducible and valuable technique for
this research.

Three solutes, p-chlorobenzoic acid, p-aminophengi, and p-toluic acid, were
examined in the solubility portion of the experiment. All three solutes were polar
compounds, and were expected to be fairly scluble because of their polar nature. As
predicted in the work of Abbot and coworkers, p-aminophenol was less soluble than p-
chlorobenzoic acid, which was less soluble than p-toluic acid. This relationship could
also be predicted based on the structure of these compounds alone. Toluic acid contains a

carboxyl functionality para to a methyl group on a benzoic acid. This carboxyl group



creates a dipole, which makes the solute more soluble in the series of solvents used. In
comparison, p-chlorobenzoic acid contains a carboxyl group para to a chlorine atom on a
benzene ring. Since these polar groups are opposite to each other on the ring, the net
polar effect is weakened therefore decreasing the solubility in the solvent. Lastly, p-
aminophenol is the least soluble because it contains functional groups of less polarity.

Polarity was not the only factor in determining solubility of a solute. Both p-
chlorobenzoic acid and p-toluic acid produced solubility results that were both accurate
and precise; however, p-aminophenol produced results that were precise but not accurate.
Upon preparation and standing of saturated solutions of p-aminophenol, the solute
produced a black or brown colored precipitate, or the solvent’s color changed to a clear
yellow solution. Investigation of the properties of p-aminophenol lead to the conclusion
that p-aminophenol undergoes an oxidization reaction in some solvents.

Taking the data obtained for the UV-vis spectrophotometer and the solubility
study, a correlation was established between pi star and solubility. Platt’s study in 2001
indicated that a fair linear fit was established between the two properties; therefore, that
is the direction this researcher followed. Figure 23 shows the correlation established
between pi star and the log of the solubility of p-chlorobezizoic acid. As pi star increases
the log of solubility is observed to increase, therefors producing a fair linear trend with a
correlation coefficient of .6216.

Figure 24 shows the correlation established between pi star and the log of
solubility of p-aminophenol. As stated above, the solubility study for this solute was

flawed and that is why such a weak correlation of .1125 was established between pi star



and solubility. One could conclude that studies utilizing solutes with hydroxyl
functionalities must be completed in non-oxidizing systems.

Figure 25 shows the correlation established between pi star and the log of the
solubility of p-toluic acid. Again, as pi star increases, the log of solubility also increases.
There is a slightly stronger correlation coefficient of .6982 for this data series, which may
be attributable to the fact that p-toluic acid is a more polar compound that p-
chlorobenzoic acid and p-aminophenol.

Figure 26 shows all three correlations and the results of Platt’s research on the
solubility of salicylic acid on the same scale. Ignoring p-aminophenol, because of
inaccurate solubility data, the trends observed for p-toluic acid and p-chlorobenzoic acid
are similar. The tighter correlation for the data points for p-toluic acid are most likely a
result of its increased polarity. In comparison to Platt’s results, the correlation developed
in this research is weaker. Platt’s research produced pi star values that spanned the pi star
scale instead of clustering at the center as my results did. This clustering weakened my
data series, and therefore weakened my correlation.

Although a linear fit is established between pi star and log of solubility, the
correlation is not as strong as this researcher and others would have predicted. One
problem encountered in this research is that many scivents yielded pi star values in the
range .380 to .450. This collection of data peints at the center of the scale left minimal
data points for the extremes of the scale. Another possible research target for the future
could include examination of a solvent’s structure as a prediction of pi star. Having this

knowledge would have made finding solvents with certain pi star values easier.



The predictability of the relationship between pi star and solubility was not
established as well as I expected in this research. There may be another factor involved,
which is not taken into account in this study. From Figures 23-26, it is observed that
solubility does increase with increasing pi star values and a fair linear trend is observed,
but the correlation is weak.

In an attempt to identify the other factor effecting the correlation between pi star
and solubility, I examined the effect of non-halogenated, mono-halogenated, and poly-
halogenated solvents. The plot shown in Figure 27 was constructed for the p-
chlorobenzoic acid. A linear regression line was fitted to each solvent type data series.
This study did not include many non-halogenated solvents, therefore with only two data
points a correlation could not accurately be established for those solvents. The mono-
halogenated and the poly-halogenated solvents were fitted with a linear trend line. They
did not show a good linear fit. There is a lot of scatter observed in this correlation,
therefore leading me to believe that the extent of halogenation is not the effect limiting
the correlation of pi star and solubility.

In conclusion, the correlation between pi star and solubility must be affected by a
factor that was not taken into consideration in this study.> Further research may maximize
that predictability of the relationship between pi star and solubility; however at this point

only a far linear relationship is established using solutes of varying polarity.



Glossary
Bathochromic shift or red shift — characterized by a shift in Ay, to a longer wavelength
in the ultra-violet visible spectrum with a decrease in the energy gap
Lambda maximum - A, — the ultra-violet visible wavelength in nanometers at
maximum absorbance
Pi star - * - the polarity-polarizability of a solvent
Supercritical fluid — a substance above its critical temperature and critical pressure.

Critical temperature and pressure are defined as the limits at which a substance

exists in liquid-vapor equilibrium.
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Table I: Solute Properties

Compound Molecular Weight Structure
p-chlorobenzoic acid 156.67 g/mol Cl
0
p-aminophenol 109.13 g/mol NH,
OH
p-toluic acid 136.15 g/mol CH,
0 OH

Table II: Solvents

hexane

cyclohexane

carbon tetrachloride

tetrachloroethylene

1-chlorobutane

1-bromobutane

1,1,1-trichloroethane

bromoethane

trichloroethylene

2-bromobutane

2-bromopropane

1-bromopropane

1,2-dibromoethane

methylene chloride

1,1,2,2-tetrachloroethane

dibromomethane

DMSO
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Table IV: Solvent Pi Star Values
Solvent Average Amax (Wavenumber |n*
2-bromobutane 303.1 32992 0.426
dibromomethane 312.7 31980, 0.831
1-bromopropane 303.8 32916 0.457
methylene chloride 308.8 32383| 0.669
1-chlorobutane 302.3 33080/ 0.391
hexane 291.1 34352 -0.117
1,1,1-trichloroethane 302.7 33036/ 0.409
tetrachloroethylene 299.5 33389 0.268
trichloroethylene 302.8 33025 0.413
2-bromopropane 303.3 32971] 0.435
1,1,2,2-tetrachloroethane 312.1 32041| 0.806
carbon tetrachloride 297.6 33602| 0.183
cyclohexane 293.6 34060 0.000
1-bromobutane 302.5 33058] 0.400
bromoethane 302.7 33036] 0.409
1,2-dibromoethane 308.3 32436 0.649
DMSO 316.9 31556/ 1.000
Table V: Solubility Data for p-chlorobenzoic acid
Solvent Mass A|Mass B | Solubility A | Solubility B | Average Solubility | log Solubility
2-bromobutane 0.0083 | 0.0082 | 0.00530 0.00524 0.00527 -2.278
dibromomethane 0.0064 | 0.0063 | 0.00409 0.00402 0.00406 -2.392
1-bromopropane 0.0062 | 0.0063 | 0.00396 0.00402 0.00399 -2.399
methylene chloride 0.0075 | 0.0076 | 0.00479 0.00485 0.00482 -2.317
1-chlorobutane 0.0067 | 0.0064 | 0.00428 0.00409 0.00418 -2.378
hexane 0.0034 | 0.0035 | 0.00217 0.00224 0.00220 -2.657
1,1,1-trichloroethane 0.0059 | 0.0057 | 0.00377 0.00364 0.00370 -2.431
tetrachloroethylene 0.0033 | 0.0033 | 0.00211 0.06211 0.00211 -2.676
trichloroethylene 0.0069 | 0.0067 | 0.00441 . 0.00428 0.00434 -2.362
2-bromopropane 0.0045 | 0.0046 | 0.00287 0.00294 0.00291 -2.537
1,1,2,2-tetrachloroethane | 0.0093 | 0.0092 | 0.00594 0.00588 0.00591 -2.229
carbon tetrachloride 0.0033 | 0.0031 0.00211 0.00198 0.00204 -2.690
cyclohexane 0.0018 | 0.0018 | 0.09115 0.00115 0.00115 -2.939
1-bromobutane 0.0065 | 0.0064 | +0.00415 0.00409 0.00412 -2.385
bromoethane 0.0077 | 0.0071 0.00492 0.00453 0.00473 -2.325
1,2-dibromoethane 0.0082 | 0.0081 0.00524 0.00517 0.00521 -2.284
DMSO




Table VI: Solubility Data for p-aminophenol

Solvent Mass A |Mass B| Solubility A | Solubility B | Average Solubility | log Solubility
2-bromobutane 0.0055 | 0.0050 | 0.00504 0.00458 0.00481 -2.318
dibromomethane 0.0052 | 0.0052 | 0.00476 0.00476 0.00476 -2.322
1-bromopropane 0.0025 | 0.0028 | 0.00229 0.00257 0.00243 -2.615
methylene chloride 0.0031 | 0.0038 | 0.00284 0.00348 0.00316 -2.500
1-chlorobutane 0.0008 | 0.0006 | 0.00073 0.00055 0.00064 -3.193
hexane 0.0045 | 0.0051 | 0.00412 0.00467 0.00440 -2.357
1,1,1-trichloroethane 0.0012 | 0.0011 | 0.00110 0.00101 0.00105 -2.977
tetrachloroethylene 0.0006 | 0.0002 | 0.00055 0.00018 0.00037 -3.436
trichloroethylene 0.0055 | 0.0057 | 0.00504 0.00522 0.00513 -2.290
2-bromopropane 0.0033 | 0.0039 | 0.00302 0.00357 0.00330 -2.482
1,1,2,2-tetrachloroethane | 0.0068 | 0.0069 | 0.00623 0.00632 0.00628 -2.202
carbon tetrachloride 0.0003 | 0.0004 | 0.00027 0.00037 0.00032 -3.494
cyclohexane 0.0033 | 0.004 0.00302 0.00367 0.00334 -2.476
1-bromobutane 0.0072 | 0.0019 | 0.00660 0.00174 0.00417 -2.380
bromoethane 0.0051 | 0.0048 | 0.00467 0.00440 0.00454 -2.343
1,2-dibromoethane 0.0069 | 0.0064 | 0.00632 0.00586 0.00609 -2.215

DMSO
Table VII: Solubility Data for p-toluic acid

Solvent Mass A|Mass B| Solubility A | Solubility B | Average Solubility | log Solubility
2-bromobutane 0.0802 | 0.0796 | 0.05891 0.05846 0.05869 -1.231
dibromomethane 0.1306 | 0.1244 | 0.09592 0.09137 0.09365 -1.029
1-bromopropane 0.099 |0.1008 | 0.07271 0.07404 0.07337 -1.134
methylene chloride 0.1801 | 0.1799 | 0.13228 0:13213 0.13221 -0.879
1-chlorobutane 0.0757 | 0.0766 | 0.05560 0.05626 . 0.05593 -1.252
hexane 0.0123 | 0.0128 | 0.00903 0.00948 0.00922 -2.035
1,1,1-trichloroethane 0.0917 | 0.0915 | 0.06735 0.06721 0.06728 -1.172
tetrachloroethylene 0.0711 [ 0.0703 | 0.05222 005163 0.05193 -1.285
trichloroethylene 0.1848 | 0.1844 | 0.13573 0.13544 0.13559 -0.868
2-bromopropane 0.0767 | 0.0764 | - 0.05633 0.05611 0.05622 -1.250
1,1,2,2-tetrachloroethane | 0.1376 | 0.1344 | 0.10107 0.09871 0.09989 -1.000
carbon tetrachloride 0.0636 | 0.0637 | 0.04671 0.04679 0.04675 -1.330
cyclohexane 0.0154 | 0.0152 | +~0.01131 0.01116 0.01124 -1.949
1-bromobutane 0.0844 | 0.0836 | 0.06199 0.06140 0.06170 -1.210
bromoethane 0.1102 | 0.1109 | 0.08094 0.08145 0.08120 -1.090
1,2-dibromoethane 0.086 | 0.0896 | 0.06317 0.06581 0.06449 -1.191

DMSO
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