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The Dimroth-Reichardt %( 30) betaine dye, 4nitroanisole, 4nitroaniline and N,N-diethyl4nitroaniline 
have been used to study preferential solvation in binary mixtures of 2-methylpropan-2-01 with hexane, 
benzene, propan-2-01, ethanol and methanol at 30 *C over the whole range of solvent compositions. A 
theoretical equation which takes into account the solutesolvent and the solvent-solvent interactions has 
been successfully employed to correlate the experimental values with solvent composition. The 
indicators have been used to compute the Dimroth-Reichardt $(30), and Kamlet-Taft 1c *, a and )? 
solvatochromic parameters of the mixtures. 

The study of solute-solvent interactions in binary mixtures is 
more complex than in pure solvents. In a pure solvent the 
composition of the microsphere of solvation of a solute, the so- 
called cybotatic region, is the same as in the bulk solvent, but in 
binary mixtures the composition in this microsphere can be 
different. The solute can interact to a different degree with the 
components of the mixture, and this difference in the 
interactions is reflected in the composition of the microsphere 
of solvation. The effect of varying the composition of the 
mixture from the bulk solvent to the solvation sphere is called 
preferential solvation. 

Moreover, the solvent-solvent interactions produced in 
solvent mixtures can affect solute-solvent interactions, and 
therefore preferential solvation. 

In previous work, l p 2  we studied the preferential solvation of 
several electrolytes (acids and tetraalkylammonium salts) in 
mixtures of 2-methylpropan-2-01 and small amounts of other 
alcohols (up to ca. 16% in volume). Later, we correlated the 
variation on the dissociation pK values of the electrolytes in 2- 
methylpropan-2-ol-alcohol,2-methylpropan-2-ol-hexane and 
2-methylpropan-2-01-benzene mixtures with the variation of 
the microscopic properties of the mixtureV3 The microscopic 
properties were measured by the Kamlet-Taft solvatochromic 
parameters of polarity/polarizability (n*), hydrogen bond 
acidity (a) and hydrogen bond basicity (B)."8 

Some macroscopic properties (densities, refractive indices, 
viscosities and relative permittivities) the 2-methylpropan-2-01 
mixtures were also studied over the whole range of solvent 
 composition^.^ Macroscopic properties of solvent mixtures 
provide information about the solvent-solvent interactions, but 
not about the solut-olvent interactions. 

The use of solvatochromic indicators is a suitable method for 
studying solutesolvent interactions, since the transition energy 
of the indicator depends on the solvation's sphere composition 
and properties.' This method also provides information about 
some solvent properties such as polarity and hydrogen bonding 
capabilities. '4 

The ET(30) betaine dye [2,6-diphenyl-4(2,4,6-triphenyl- 
pyridin- 140)- 1 -phenolate J is the solvatochromic indicator most 
widely used.4i10 It was proposed by Reichardt for measuring 
empirically the polarity of solvents. The indicator is sensitive to 
the polarity (n*) and hydrogen bond donor capability (a) of the 
solvent. 

~~~ 

7 For Parts 1-3, see refs. 21-23. 

4-Nitroanisole, 4nitroaniline and N,N-diethyl-4-nitroaniline 
belong to a series of indicators proposed by Kamlet, Taft et al. 
for measuring different properties of the  solvent^.^-^ 4- 
Nitroanisole and N,N-diethyl4nitroaniline are mainly sensitive 
to the dipolarity and polarizability of the solvent (n*). 4- 
Nitroaniline is capable of acting as hydrogen bond donor in 
hydrogen bond acceptor solvents and, therefore, it is sensitive 
to this solvent property 0, in addition to polarity and 
polarizability (n*). 

The solvatochromic parameters [ET(30), K*, B and a] are 
calculated from the maximum of absorbance of the indicators, 
expressed in wavenumber (5) as kK (1 kK = 10oO cm-'). 

The ET(30) polarity was defined as the excitation energy (kcal 
mol-'; 1 cal = 4.184 J) of the Reichardt's betaine dye in a 
particular This energy can be calculated from the 
maximum of the long-wavelength absorption band of the 
indicator (FA) according to eqn. (1). 

A normalized parameter f l  in reference to tetramethylsilane 
(,?$ = 0) and water (fl = 1) is now recommended instead of 
ET(30) 4~10 eqn. (2). 

The 7t*, a and 8 parameters can be calculated from 4- 
nitroanisole,' Reichardt's betaine,' 4-nitroaniline and N,N- 
diethyl4nitroaniline wavenumbers (FB, FA, Fc and qD), 
respectiveIy, according to eqns. (3)-(5)3 where 6 is a 

34.12 - FB 
(3) n* = 

2.343 

1.035is, + 2.64 - Cc 
8 =  

2.80 (4) 

a = 0 .198FA - 2.091 - 0.899(~* - 0.2116) - 0.1488 (5 )  

polarizability correction term (S = 1 for aromatic, 0.5 for 
polychlorinated and 0 for the other organic pure solvents). For 
solvent mixtures a good estimation of 6 can be obtained 
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averaging the 6 values of pure solvents mixed according to their 
mole fractions.' 

Marcus and Migron l 2  have proposed another approach to 
calculate /3 from 4-nitroaniline and the n* parameter. We shall 
discuss this approach in the Results and discussion. 

Several attempts have been made to obtain measures of 
preferential solvation in binary solvents from solvatochromic 
indicators. Dawber et ~ 1 . ' ~  proposed the deviation of 
experimental ET(30) values from linearity as a measure of 
preferential solvation, and related this deviation with 
thermodynamic and kinetic properties. l4 Using a similar 
approach, but with N-alkylpyridinium instead of ET(30) dye 
and introducing the solvent exchange model of Covington et 
al.,15 Chatterjee and Bagchi 16,17 described the preferential 
solvation of that solvatochromic indicator. 

In a previous study,I8 we derived an equation that embodied 
preferential solvation, based on a one-step solvent exchange 
model, to describe preferential solvation of ET(30) indicator. 
This equation did not consider the solvent-solvent interactions 
and because of this limitation did not apply to 'synergetic' 
mixtures. The term 'synergetic' was proposed l9 to describe the 
behaviour showed by some mixtures of dipolar hydrogen bond 
acceptors (dimethyl sulfoxide, acetonitrile, etc.) with good 
hydrogen bond donors (e.g. alcohols). These mixtures have 
ET(30) values higher than those of the pure solvents mixed. 

Skwiercynski and Connors2' proposed a model with a 
solvent exchange equilibrium which takes into account the 
solvent-solvent interactions, but owing to the restrictions 
included in the model, this did not apply to synergetic 
mixtures.2 

Recently, we have derived a two-step solvent exchange model 
that can be applied to synergetic  mixture^.^'-^^ In many 
instances, this model can be simplified to the Skwierczynski and 
Connors model, but avoids their restrictions. 

In this work, we shall generalize the model derived for ET(30) 
to any solvatochromic indicator. The model will be applied to 
study the preferential solvation of Reichardt's ET(30) betaine 
dye, Cnitroanisole, 4-nitroaniline and N,N-diethyl-Cni- 
troaniline in binary mixtures of 2-methylpropan-2-01 with 
hexane, benzene, propan-2-01, ethanol and methanol over the 
whole range of solvent compositions. 

Preferential solvation models 
The general model proposed21-23 is based on two solvent 
exchange processes in Scheme 1. 

I(Sl), i m S 2 e I ( S 2 ) ,  + mS1 

m m 
2 2 
- s2 z I(S12), t s1 

Scheme 1 

S1 and S2 indicate the two pure solvents to be mixed, and 
S12 represents a solvent formed by the interaction of solvents 1 
and 2. This new solvent can have properties quite different from 
those of solvents 1 and 2, as we demonstrated for synergetic 
mixtures.21 The term m is the number of solvent molecules 
solvating the solvatochromic indicator I. It has been 
demonstrated21*22 that for many binary systems, the m value 
that gives the best results is close to 2. In this instance, the 
general model becomes the two-step model proposed by 
Skwierczynski and Connors,20 Scheme 2. 

I(S1), + 2s2 z I(S2)Z + 2s1 

I(Sl), + s2 e I(S12), + 2s1 

Scheme 2 

The constants of these processes are defined by the 
preferential solvation  parameter^,^'-^^ eqns. (6) and (7), that 

(7) 

relate the ratio of mole fractions of solvents S1, S2 and S12 
solvating the indicator (G, y2 and Y12, respectively) with the 
ratio of mole fractions of the two solvents in the bulk mixed 
solvent (xy and x:, respectively). 

The constantsf,/, and f12/1 measure the tendency of the 
indicator to be solvated with solvents S2 and S12, respectively, 
with reference to solvent S1. 

The Y values of the mixture, where Y is an appropriate 
solvatochromic property, can be calculated as an average of the 
Y values in pure solvents S1, S2 and S12 (Y,, Y2 and Y12, 
respectively) according to the mole fractions of these solvents in 
the indicator's microsphere of solvation, eqn. (8). 

Substituting eqns. (6) and (7) into eqn. (8) and considering 
eqn. (9), eqn. (10) can be derived, where a and c are given 

x; + x; = $ +  x"z + = 1 (9) 

by eqns. (1 1) and (12). 

Eqn. (9) is the main equation that was used to relate the 
ET(30) parameter with the solvent comp~si t ion.~ ' -~~ Addition- 
ally, the same equation can be applied not only to the transition 
energies of a solvatochromic indicator (ET), but also to any 
other solvatochromic parameter linearly related to the 
transition energy, without change of the preferential solvation 
parameters f2/1 and fiZll. Therefore, the Y parameters of the 
equation may represent a transition energy (ET), wavenumber 
of maximum absorption (9, or even a solvatochromic 
parameter dependent on only a single indicator [ET(30), l$ or 
n*]. Since /3 and a parameters depend on the wavenumber of 
two or three solvatochromic indicators [eqns. (4) and (5)] ,  they 
must be described by the combination of several equations 
similar to eqn. (10). 

Although eqn. (10) is a general all-purpose equation, 
sometimes it can be simplified. 

If the solvatochromic and preferential parameters of the 
mixed solvent S12 fulfil eqns. (13) and (14),21 then eqn. (10) 

f12ll = 1 + f i l l  

Yl + f 2 / 1  y2 
1 +fill 

y12 = 

becomes eqn. (15) which was the equation used in an earlier 

study to relate the ET(30) values of many binary solvent 
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mixtures with solvent composition." It is also the equation 
derived from the one-step solvent exchange equilibrium 
proposed by Skwierczynski and Connors;20 Scheme 3. 

I(S1) + s2 e I(S2) + s1 
scheme 3 

A further simplification for some systems is that iff2/, = 1, 
eqn. (15) becomes23 eqn. (16). 

Eqn. ( 16) applies to the so-called ideal binary systems, which 
show a linear relationship between the solvatochromic property 
Y and the solvent composition. For these systems there is no 
preferential solvation V211 = 1, and flz,l = 2, according to 
eqn. (13)] and the solvatochromic parameter of the mixed 
solvent S12, Y12, is the simple average of the solvatochromic 
parameters of the pure solvents S1 and S2, Yi and Yz, 
according to eqn. (14). 

Experimental 
A P F b  
A Beckman DU-7 spectrophotometer, with a 10 mm cell, 
connected to a microcomputer was used for acquisition and 
numerical treatment of the absorbance data. 

Solvatochromic indicators 
The following dyes were used for determination of solvatochro- 
mic parameters: 2,6-diphenyl-4-(2,4,6-triphenylpyridin- 140)- 1 - 
phenolate (Reichardt's betaine), > 95% Aldrich; 4-nitroanisole 
Merck (handled with activated coal and crystallized from 
acetone-water); Cnitroaniline RPE, > 99% Carlo Erba; and 
N,N-diethyl4nitroaniline (kindly provided by Professor R. W. 
Taft, University of California, Irvine). 

Solvents 
The solvents were the same used in a previous work.' 

Procedure 
For the spectrophotometric measurements, indicator dye 

solutions of about lo4 M (Dimroth-Reichardt's betaine dye and 
4-nitroanisole) or 5 x lo-' M (for Cnitroaniline and N,N- 
diethyl-4-nitroaniline) were prepared. The solvent mixtures 
studied were the same used previously for 2-methylpropan-2-01 
rich  mixture^,^^^ plus seven others to cover the whole range of 
solvent compositions (at 30,40,50,65,85,95 and 100% vol. of 
solvent 2). All the mixtures were prepared and measured for this 
work, and therefore some solvatochromic data may be slightly 
different from that reported previously for 2-methylpropan-2-01 
rich mixtures. 

The spectrum of the indicator dye was recorded in the ranges: 
450-800 nm (Reichardt's dye), 260-350 nm (4-nitroanisole), 
330-41 0 nm (4-nitroaniline) and 350-460 nm (N,N-diethyl-4- 
nitroaniline). All the measurements were taken in a closed vessel 
outwardly thermostatted at 30 & 0.1 "C with a water flow. The 
absorbance data were acquired by means of the DUMOD 
program. 24 

Computation 
The spectra of the solvatochromic dyes in each solvent mixture 
were processed by numerical smoothing of the absorbance data, 
and the wavelength of the maxima of the spectra were obtained. 
The 'moving window averaging' technique was used to smooth 
the absorbance data. In this method, each data point is replaced 
by the arithmetic average of the point and n previous and n 
posterior points (n = 5-10 in this work). The smoothing was 
repeated until a constant maximum was obtained. 

Results a d  discussion 
The applicability of the equations proposed has been tested for 
the four indicators studied peichardt's ET(30), Cnitroanisol, 
4-nitroaniline and N,N-diethyl4nitroaniline J in mixtures of 2- 
methylpropan-2-01 with hexane, benzene, propan-2-01, ethanol 
and methanol. Table 1 presents the literature solvatochromic 
properties4*6*8*11 of these solvents at 25 "C together with the 
ones obtained here for the pure solvents at 30 "C. There is good 
agreement between the values obtained in this work by 
application of eqns. (3)-(5) and the literature ones. However, 
we have also examined the possibility of using the Marcus and 
Migron approach to calculate /3. These authors set up general 
LSER equations which related the wavenumber of maximum 
absorption of several indicators with the solvatochromic 

Table 1 Experimental (303.2 K) and literature (298.2 K)4*698.11 solvatochromic parameters for the pure solvents used in the preparation of binary 
mixtures, and calculated solvatochromic parameters (303.2 K) for the mixed S12 solvents formed 

Solvents ETN R* B a 6 

Hexane 

Benzene 

2-Methylpropan-2-01 

Fropan-2-01 

Ethanol 

Methanol 

Hexane-2-methylpropan-2-01 

Benzene-2-methylpropan-2-01 

Propan-2-01-2-methylpropan-2sl 

Ethanol-2-methylpropan-2-ol 

Methanol-2-methylpropan-2-ol 

Lit. 
Exp. 
Lit. 
Exp. 
Lit. 
Exp. 
Lit. 
Exp. 
Lit. 
Exp. 
Lit. 
Exp. 
Avg." 
Calc.b 
Avg. 
CalC. 
Avg. 
Calc. 
Avg. 
Calc. 
Avg. 
Calc. 

0.009 

0.111 
0.118 
0.389 
0.392 
0.546 
0.536 
0.654 
0.649 
0.762 
0.749 
0.20 
0.29 
0.26 
0.21 
0.46 
0.49 
0.52 
0.5 1 
0.57 
0.49 

- 
- 0.08 
- 0.06 

0.59 
0.60 
0.41 
0.50 
0.48 
0.50 
0.54 
0.56 
0.60 
0.60 
0.22 
0.22 
0.55 
0.56 
0.50 
0.51 
0.53 
0.52 
0.55 
0.52 

0.00 
0.03 (0.01)' 
0.10 
0.09 (0.08) 
1.01 
0.94 (1.07) 
0.95 
0.87 (1.04) 
0.77 
0.74 (0.88) 
0.62 
0.62 (0.79) 
0.47 

0.52 
0.58 (0.64) 
0.90 
0.92 (1.08) 
0.84 
0.87 (1.02) 
0.78 
0.82 (0.96) 

-0.07 (0.00) 

0.00 

0.00 
- 0.06 

0.42 
0.32 
0.76 
0.66 
0.83 
0.88 
0.93 
1.09 
0.16 
0.49 
0.13 

0.49 
0.54 
0.60 
0.59 
0.70 
0.54 

- 

- 0.08 

0 

1 

0 

0 

0 

0 

0 

0.5 

0 

0 

0 

@ Avg. = average of the experimental values of pure 2-methylpropan-2-01 and cosolvent. * Calc. = calculated from the Ylz values of Tables 7 or 8. 

2179 

/3 values in brackets have been calculated by eqn. (1 7). 

.I. Chem. SOC., Perkin Trans. 2,1996 



parameters. For 4-nitroaniline (Q they propose eqn. (17). 

31.10 - 3.14~* - ijc 
P =  

2.79 

In Table 1, the /? values calculated by this equation are given 
in brackets. These /3 values are in general higher than the 
literature and than the ones calculated by eqn. (4). These two 
last sets of values agree better and therefore we have used eqn. 
(4) to calculate the /3 values of the mixtures. Anyway, there is a 
good linear relationship between the values calculated by 
eqn. (4) v4) and eqn. (17) &,) for all the studied mixtures, 
eqn. (18). 

P17 = 1.1568, r = 0.9943 sd = 0.024 PI = 90 (18) 

Hexane is an apolar solvent without hydrogen bonding 
properties. Benzene similarly has no hydrogen bonding 
properties, but its polarity is similar to that of 2-methylpropan- 
2-01, and it is the most polarizable solvent studied (8 = 1). 
Propan-2-01 has polarity and hydrogen bond acceptor 
capabilities similar to those of 2-methylpropan-2-01, but it is a 
stronger hydrogen bond donor. Ethanol and methanol are 
stronger hydrogen bond donors and weaker hydrogen bond 
acceptors than 2-methylpropan-2-01, but their polarities are 
slightly higher. 

The measured wavenumbers of maximum absorption (9 for 
the four solvatochromic indicators in the mixtures studied are 
presented in Tables 2-6, expressed as wavenumber in kK. 
Tables 2-6 also present the solvatochromic parameters l$, a, /? 
and R* calculated from the wavenumbers by means of eqns. (1)- 
(5).  The maximum of absorption of the Reichardt's ET(30) 
indicator in 2-methylpropan-2-01-hexane mixtures has not been 
measured for mole fractions of hexane higher than 0.6 because 
of the very low solubility of the indicator in non-polar solvents 
(Table l).4 Consequently, the corresponding and a 
parameters for these mixtures cannot be calculated. The value 
given for pure hexane has been taken from the l i terat~re,~ and 
the f l  and a values given in Table 2 for pure hexane have been 
calculated using this literature value. 

Table 7 and Figs. 1 4 ,  present the results obtained in the 
application of eqn. (10) to the studied mixtures. The fits 

Table 2 Experimental wavenumbers (in kK = lo3 cm-') and 
solvatochromic parameters for binary solvent mixtures of 2- 
methylpropan-2-01-hexane at 303.2 K 

Indicators 

x2' A B C D E Y a P  n* 

o.ooO0 
0.0015 
0.0029 
0.0058 
0.0144 
0.0284 
0.0420 
0.0681 
0.0928 
0.1047 
0.1276 
0.2403 
0.3298 
0.4246 
0.5782 
0.8070 
0.9334 
1 .oOOo 

15.19 
15.16 
15.16 
15.15 
15.14 
15.09 
15.07 
15.03 
14.98 
14.97 
14.9 1 
14.62 
14.38 
14.29 
13.71 

- 
10.80' 

32.93 
32.95 
32.95 
32.95 
32.95 
32.98 
33.00 
33.05 
33.07 
33.09 
33.1 1 
33.27 
33.40 
33.56 
33.74 
34.00 
34.20 
34.27 

26.55 
26.60 
26.62 
26.58 
26.62 
26.65 
26.70 
26.75 
26.81 
26.83 
26.88 
27.21 
27.48 
27.88 
28.51 
29.41 
30.29 
31.27 

25.62 
25.62 
25.63 
25.65 
25.63 
25.65 
25.67 
25.70 
25.75 
25.78 
25.81 
26.05 
26.27 
26.55 
26.87 
27.24 
27.61 
27.75 

0.393 
0.390 
0.390 
0.389 
0.388 
0.384 
0.382 
0.379 
0.374 
0.373 
0.368 
0.343 
0.321 
0.313 
0.262 

- 
0.006 

0.32 0.93 0.51 
0.33 0.91 0.50 
0.33 0.91 0.50 
0.32 0.93 0.50 
0.32 0.91 0.50 
0.33 0.91 0.49 
0.33 0.90 0.48 
0.34 0.89 0.46 
0.34 0.89 0.45 
0.35 0.89 0.44 
0.34 0.88 0.43 
0.35 0.85 0.36 
0.36 0.84 0.31 
0.41 0.80 0.24 
0.38 0.69 0.16 
- 0.51 0.05 
- 0.33 -0.03 
0.10 0.03 -0.06 

~~~ 

x2 = Mole fraction of hexane. A = 2,6diphenyl4(2,4,6triphenyl- 
pyridin-1 -io)-1 -phenolate. B = 4-Nitroanisole. C = CNitroaniline. 
D = NyN-diethyl4nitroaniline. ' Data from ref. 4. 

obtained are very good (sd c 0.05) and eqn. (10) can be 
successfully applied to all the indicators and mixtures studied. 
The Y12 value is intermediate between Yl and Y2 except for 4- 
nitroanisole in propan-2-01 mixtures, 4-nitroaniline in propan- 
2-01 and ethanol mixtures, and N,N-diethyl-4-nitroaniline in 
propan-2-01 mixtures, where it is lower than Y, and Y2. 
Therefore, these last mixtures can be considered synergetic,2 *22 

although the variation of the wavenumbers is so small that the 
synergism is almost imperceptible in Figs. 2-4 and it is doubtful 
whether the synergetic behaviour really exists or it is a 
consequence of the instrumental uncertainty in the measure- 
ments (that we presume to be about f0.5 nm which 
corresponds to cu. k 0.04 kK). 

Figs. 1 4  show clearly that the susceptibility of the four 
solvatochromic indicators is very different. The variation of 
Reichardt's ET(30) indicator in going from the most polar and 
hydrogen bond donor solvent methanol to the less polar and 
hydrogen bond donor hexane is almost 9 kK (Fig. 1). The 
variation between the hexane and the other solvents for the a* 

Table 3 Experimental wavenumbers (in kK) and solvatochromic 
parameters for binary solvent mixtures of 2-methylpropan-2-01- 
benzene at 303.2 K 

Indicators 

x2' A B C D EY S 7 ~ *  

O.oo00 
0.0021 
0.0043 
0.0085 
0.02 10 
0.041 1 
0.0605 
0.0969 
0.1305 
0.1465 
0.1766 
0.3170 
0.4192 
0.5199 
0.6679 
0.8599 
0.9536 
1 .m 

15.15 
15.14 
15.13 
15.13 
15.08 
15.05 
15.00 
14.97 
14.94 
14.90 
14.84 
14.46 
14.22 
14.1 1 
13.78 
13.45 
13.22 
12.07 

32.94 
32.94 
32.95 
32.94 
32.94 
32.94 
32.93 
32.92 
32.92 
32.91 
32.91 
32.84 
32.81 
32.79 
32.75 
32.72 
32.72 
32.72 

26.54 
26.56 
26.58 
26.62 
26.64 
26.67 
26.70 
26.84 
26.92 
26.93 
27.01 
27.22 
27.37 
27.54 
27.92 
28.47 
28.85 
29.00 

25.61 
25.62 
25.61 
25.62 
25.61 
25.61 
25.61 
25.61 
25.63 
25.63 
25.63 
25.63 
25.64 
25.64 
25.65 
25.67 
25.69 
25.71 

0.389 
0.388 
0.388 
0.388 
0.383 
0.381 
0.376 
0.373 
0.371 
0.367 
0.362 
0.328 
0.307 
0.298 
0.268 
0.239 
0.2 19 
0.118 - 

0.32 0.93 0.50 
0.32 0.93 0.50 
0.32 0.92 0.50 
0.32 0.91 0.50 
0.31 0.90 0.50 
0.31 0.88 0.50 
0.31 0.87 0.51 
0.31 0.82 0.51 
0.31 0.80 0.51 
0.30 0.80 0.52 
0.30 0.77 0.52 
0.24 0.70 0.55 
0.21 0.65 0.56 
0.21 0.59 0.57 
0.17 0.45 0.59 
0.16 0.26 0.60 
0.15 0.14 0.60 
.0.06 0.09 0.60 

a x2 = Mole fraction of benzene. A, By C and D as in Table 2. 

Table 4 Experimental wavenumbers (in kK) and solvatochromic 
parameters for binary solvent mixtures of 2-methylpropan-2-01- 
propan-2-01 at 303.2 K 

Indicators 

~ 

O.ooO0 
0.0025 
0.0050 
0.0099 
0.0243 
0.0475 
0,0696 
0.1 108 
0.1485 
0.1662 
0.1995 
0.3490 
0.4545 
0.5572 
0.7003 
0.8770 
0.9598 
1 .m 

15.20 
15.20 
15.21 
15.23 
15.28 
15.37 
15.44 
15.56 
15.65 
15.70 
15.77 
16.05 
16.20 
16.32 
16.50 
16.68 
16.76 
16.81 

32.94 
32.95 
32.95 
32.95 
32.95 
32.95 
32.94 
32.93 
32.93 
32.92 
32.93 
32.92 
32.9 1 
32.92 
32.93 
32.93 
32.97 
32.96 

26.52 
26.52 
26.52 
26.52 
26.52 
26.52 
26.5 1 
26.49 
26.48 
26.47 
26.46 
26.46 
26.45 
26.48 
26.53 
26.56 
26.62 
26.65 

25.62 
25.62 
25.62 
25.61 
25.61 
25.61 
25.61 
25.61 
25.61 
25.60 
25.60 
25.54 
25.52 
25.52 
25.52 
25.53 
25.57 
25.56 

0.394 
0.394 
0.395 
0.396 
0.401 
0.409 
0.41 5 
0.426 
0.433 
0.438 
0.444 
0.469 
0.482 
0.493 
0.508 
0.524 
0.53 1 
0.536 

0.33 0.94 0.50 
0.33 0.94 0.50 
0.33 0.94 0.50 
0.34 0.94 0.50 
0.35 0.94 0.50 
0.36 0.94 0.50 
0.37 0.94 0.50 
0.39 0.95 0.51 
0.41 0.95 0.51 
0.42 0.95 0.51 
0.43 0.96 0.51 
0.49 0.93 0.51 
0.51 0.93 0.52 
0.54 0.92 0.51 
0.59 0.90 0.51 
0.62 0.89 0.51 
0.65 0.89 0.49 
0.66 0.87 0.50 

~~ ~ 

x2 = Mole fraction of propan-2-01. A, B, C and D as in Table 2. 
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Table 5 Experimental wavenumbers (in kK) and solvatochromic 
parameters for binary solvent mixtures of 2-methylpropan-2-01- 
ethanol at 303.2 K 

Table 7 Parameters from eqn. (10) for the mixtures of 2- 
methylpropan-2-01 (Sl) with hexane, benzene, propan-2-01, ethanol and 
methanol for the different indicators used 

Indicators Cosolvent(S2) Y, Y2 Ylz fZl1 fi2/i N a  sdb 

xza A B C D EY S jl n* 

O.oo00 
0.0033 
0.0065 
0.0 129 
0.03 16 
0.06 1 3 
0.0893 
0.1404 
0.1861 
0.2072 
0.2463 
0.4 127 
0.5220 
0.6225 
0.7539 
0.9033 
0.969 1 
1 .oooo 

15.19 
15.22 
15.27 
15.31 
15.46 
15.65 
15.79 
16.01 
16.22 
16.30 
16.43 
16.78 
17.04 
17.27 
17.59 
17.85 
18.00 
18.09 

32.95 
32.95 
32.95 
32.95 
32.95 
32.94 
32.93 
32.93 
32.93 
32.93 
32.93 
32.91 
32.89 
32.89 
32.88 
32.85 
32.83 
32.82 

26.53 
26.53 
26.52 
26.52 
26.51 
26.49 
26.48 
26.48 
26.48 
26.48 
26.49 
26.56 
26.63 
26.70 
26.78 
26.86 
26.89 
26.91 

25.62 
25.61 
25.61 
25.61 
25.61 
25.60 
25.60 
25.60 
25.58 
25.56 
25.57 
25.52 
25.53 
25.50 
25.52 
25.49 
25.47 
25.46 

0.393 
0.396 
0.400 
0.403 
0.417 
0.433 
0.446 
0.465 
0.484 
0.491 
0.502 
0.533 
0.556 
0.576 
0.605 
0.628 
0.641 
0.649 

0.33 0.94 0.50 
0.34 0.93 0.50 
0.35 0.94 0.50 
0.35 0.94 0.50 
0.38 0.94 0.50 
0.42 0.95 0.50 
0.44 0.95 0.51 
0.48 0.95 0.51 
0.53 0.94 0.51 
0.54 0.93 0.51 
0.57 0.93 0.51 
0.64 0.89 0.52 
0.68 0.87 0.53 
0.73 0.83 0.53 
0.80 0.81 0.53 
0.84 0.77 0.54 
0.87 0.75 0.55 
0.88 0.74 0.56 

~~~ ~ ~ ~~ 

a x2 = Mole fraction of ethanol. A, B, C and D as in Table 2. 

Table 6 Experimental wavenumbers (in kK) and solvatochromic 
parameters for binary solvent mixtures of 2-methylpropan-2-01- 
methanol at 303.2 K 

Indicators 

x2" A B C D EY S jl n* 

O.oo00 
0.0047 
0.0093 
0.01 85 
0.0450 
0.086 1 
0.1238 
0.1906 
0.2480 
0.2737 
0.3202 
0.5047 
0.6 132 
0.7039 
0.8 153 
0.9309 
0.9783 
1 .m 

15.16 
15-34 
15.40 
15.49 
15.77 
16.08 
16.29 
16.65 
16.88 
16.98 
17.1 1 
17.76 
18.12 
18.40 
18.73 
19.1 1 
19.22 
19.23 

32.95 
32.95 
32.95 
32.95 
32.94 
32.94 
32.93 
32.92 
32.92 
32.93 
32.93 
32.91 
32.88 
32.85 
32.81 
32.75 
32.73 
32.72 

26.54 
26.56 
26.57 
26.57 
26.57 
26.57 
26.59 
26.61 
26.64 
26.65 
26.70 
26.82 
26.87 
26.93 
26.97 
27.01 
27.01 
27.01 

25.63 
25.62 
25.61 
25.61 
25.61 
25.60 
25.59 
25.58 
25.56 
25.56 
25.54 
25.50 
25.47 
25.45 
25.38 
25.27 
25.24 
25.21 

0.390 
0.406 
0.41 1 
0.419 
0.444 
0.471 
0.490 
0.522 
0.542 
0.551 
0.562 
0.620 
0.651 
0.676 
0.705 
0.739 
0.749 
0.749 

0.32 0.94 0.50 
0.36 0.93 0.50 
0.37 0.92 0.50 
0.39 0.92 0.50 
0.44 0.92 0.50 
0.50 0.92 0.50 
0.54 0.91 0.51 
0.61 0.90 0.51 
0.66 0.88 0.51 
0.69 0.87 0.51 
0.72 0.85 0.51 
0.84 0.79 0.52 
0.91 0.76 0.53 
0.96 0.73 0.54 
1.01 0.69 0.56 
1.07 0.64 0.59 
1.09 0.63 0.59 
1-09 0.62 0.60 

a x2 = Mole fraction of methanol. A, B, C and D as in Table 2. 

indicators 4-nitroanisol and N,N-diethyl-4-nitroaniline is about 
1.5 and 2.5 kK only (Figs. 2 and 4). And, in going from the 
alcohols to hexane, the /?indicator 4nitroaniline varies about 5 
kK (Fig. 3). The variation on /?and a* values for the alcohols is 
very small and this means that the variation in the 
wavenumbers of 4nitroaniline, 4-nitroanisol and N,N-diethyl- 
4nitroaniline for the mixtures of 2-methylpropan-2-01 with 
other alcohols is very small too (Figs. 24). Therefore, the 
uncertainty of the measurements may have a strong influence 
on the calculatedf,,,. andf,,/, parameters for these indicators 
and mixtures. In this instance, the synergetic behaviour of some 
of these mixtures cannot be assured. 

Since the variation on the wavenumbers of many solvent 
mixtures is small and none of the other mixtures shows an 
evident minimum, maximum or inflection point such as those 
observed in previous work,, 1-23 the simplified eqn. (1 5 )  should 
fit most mixtures well. The results obtained in the application of 
this equation are presented in Table 8. The standard deviations 
obtained are about 0.1 or less, except for Reichardt's ET(30) 

2,6-Diphenyl4(2,4,6-triphenylpyridin- 1 40)- 1 -phenolate 
Hexane 15.17 10.80 14.14 0.46 2.1 
Benzene 15.15 12.07 13.17 0.0072 1.1 

Ethanol 15.19 18.08 16.55 4.6 6.8 
Methanol 15.21 19.27 16.29 19 18 
4-Nitroanisole 
Hexane 32.94 34.27 34.07 0.18 1.3 
Benzene 32.94 32.72 32.88 3.9 1.3 
Propan-2-01 32.95 32.96 32.91 0.65 5.1 
Ethanol 32.95 32.82 32.90 0.69 3.0 
Methanol 32.95 32.72 32.73 0.022 0.25 
4-Nitroaniline 
Hexane 26.57 31.27 30.42 0.0059 0.67 
Benzene 26.56 29.02 27.02 3.8 8.9 
Propan-2-01 26.53 26.64 26.37 1.2 2.6 
Ethanol 26.53 26.91 26.20 3.1 2.0 
Methanol 26.56 27.02 26.68 1.8 0.87 
N,N-Diethyl4nitroaniline 
Hexane 25.63 27.68 25.61 17 16 
Benzene 25.61 25.71 25.64 0.54 3.6 
Propan-2-01 25.62 25.56 23.21 0.85 0.055 
Ethanol 25.62 25.46 25.50 0.26 2.2 
Methanol 25.62 25.20 25.56 1.2 4.9 

Propan-2-01 15.19 16.81 16.26 1.9 3.7 

16 0.04 
18 0.04 
18 0.01 
18 0.02 
18 0.03 

18 0.01 
18 0.01 
18 0.01 
18 0.01 
18 0.01 

18 0.04 
18 0.03 
18 0.01 
18 0.01 
18 0.01 

18 0.04 
18 0.01 
18 0.01 
18 0.01 
18 0.01 

" N = number of data points. sd = standard deviation. 

20 ] 1 

18 

Y 
+ 16- f!l 
5 
z 5 14 

12. 

I Y 
l O ! . ' . I ' . ' l ' '  ' " ' " ' , I  

0.0 0.2 0.4 0.6 0.8 1 .o 
mde fraction,x; 

Fig. 1 Wavenumbers of maximum of absorption of 2,Gdiphenyl-Q 
(2,4,tbtriphenylpyridin- 140)- 1 -phenolate (Reichardt's dye) for binary 
solvent mixtures of 2-methylpropan-2-01 with: hexane (0), benzene 
(O), propan-2-0l (O), ethanol (A) and methanol (V). Lines computed 
using eqn. (10) from the parameters of Table 7. 

indicator in the mixtures with benzene. The Y, ,  value for this 
system (Tables 7 and 8) do not fulfil eqn. (14), and therefore this 
system is much better described by the general eqn. (10). The Y, , 
values obtained for ET(30) indicator and hexane and propan-2- 
01 mixtures (Table 7) are very close to the Y,,  value calculated 
by eqn. (14) (given in Table 8) and they,,,, values are about one 
unit higher thanf,/, [eqn. (13)]. Therefore, these mixtures can 
be well described by the simplified eqn. (15) with almost no 
variation in the standard deviations. For the same indicator but 
for ethanol and methanol mixtures, they,,,, and Y12 values of 
Table 7 and those calculated by eqns. (13) and (14) are very 
different, and the standard deviations obtained by eqn. (15) 
(Table 8) are about three times higher than those obtained from 
the general eqn. (10) (Table 7). Therefore, these two systems are 
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A 
34.0 

Y -.. 
i!! s 33.5 
C 
Q, 

P 
33.0 

32.5 
0.0 0.2 0.4 0.6 0.8 1 .o 

mole fraction, x i  

Fig. 2 Wavenumbers of maximum of absorption of 4-nitroanisole for 
binary solvent mixtures of 2-methylpropan-2-01. Symbols and lines as 
in Fig. I .  

32' 

A 

0.0 0.2 0.4 0.6 0.8 1 .o 
mole fraction, x i  

Fig. 3 Wavenumbers of maximum of absorption of 4-nitroaniline for 
binary solvent mixtures of 2-methylpropan-2-01. Symbols and lines as 
in Fig. 1. 

28 I 1 
1 b 

0.0 0.2 0.4 0.6 0.8 1 .o 
mde fraction, x i  

Fig. 4 Wavenumbers of maximum of absorption of N,N-diethyl-4- 
nitroaniline for binary solvent mixtures of 2-methylpropan-2-01. 
Symbols and lines as in Fig. 1. 

Table 8 Parameters from eqns. (15) and (16) for the mixtures of 2- 
methylpropan-2-01 with hexane, benzene, propan-2-01, ethanol and 
methanol for the different indicators used 

Cosolvent y1 y 2  f2,l sd Y12" 

2,6-Diphenyl-4-(2,4,6-triphenylpyridin- 1 40)- 1 -phenolate 
Hexane 15.15 
Benzene 15.10 
Propan-2-01 15.20 
Ethanol 15.26 
Methanol 15.36 
CNitroanisole 
Hexane 32.94 

32.95 
Benzene 32.95 
Propan-2-01 32.95 
Ethanol 32.95 
Methanol 32.95 
4-Nitroaniline 
Hexane 26.61 
Benzene 26.62 
Propan-2-01 26.49 
Ethanol 26.49 
Methanol 26.54 

26.54 
N,N-Diethyl-4-nitroaniline 
Hexane 25.59 

25.59 
Benzene 25.62 
Propan-2-01 25.62 
Ethanol 25.62 

25.61 
Methanol 25.61 

ioSo 
12.51 
16.78 
17.98 
19.18 

34.26 
34.28 
32.71 
32.93 
32.82 
32.71 

31.08 
28.98 
26.65 
26.94 
27.04 
27.04 

27.7 1 
27.70 
25.71 
25.53 
25.47 
25.46 
25.20 

0.37 
0.51 
2.2 
2.1 
1.9 

1.1 
1 
1.6 

17 
0.57 
0.28 

0.47 
0.66 
0.077 
0.43 
1 .o 
1 

0.97 
1 
0.35 
3.3 
1.4 
1 
0.33 

0.04 
0.18 
0.02 
0.07 
0.10 

0.0 1 
0.02 
0.01 
0.0 1 
0.01 
0.01 

0.1 I 
0.06 
0.03 
0.04 
0.02 
0.02 

0.04 
0.04 
0.01 
0.02 
0.01 
0.0 1 
0.01 

13.98 
14.23 
16.28 
17.10 
17.86 

33.63 
33.61 
32.80 
32.93 
32.90 
32.90 

28.03 
27.55 
26.50 
26.63 
26.80 
26.79 

26.63 
26.65 
25.64 
25.55 
25.53 
25.53 
25.51 

Yl calculated from eqn. (14). 

better described by the general model than by the simplified 
one. 

For 4-nitroanisole the standard variations obtained from 
eqn. (10) (given in Table 7) and from the simplified eqn. (15) 
(Table 8) are practically the same. Moreover, the variation of 
the wavenumbers for the mixtures of 2-methylpropan-2-01 with 
the other alcohols and also benzene is very small. Therefore, all 
these systems can be well fitted to the simplified eqn. (15) 
without a significant increase of the standard deviation. The 
variation for 2-methylpropan-2-01-hexane mixtures is higher, 
but thef,,,, value of this system is about one unit higher than 
f i l l  and the Y, ,  value of Table 7 is close to the one predicted by 
eqn. (14) (see Table 8), therefore this system can be also well 
fitted to the simplified eqn. (1 5). Moreover, the fill value of 
Table 8 for this system is close to unity and the system can be 
considered ideal and described by the most simplified eqn. (1 6), 
the results for which are also given in Table 8. The behaviour of 
4-nitroanisol for mixtures of 2-methylpropan-2-01 and propan- 
2-01 can also be considered ideal since the wavenumber remains 
virtually unchanged for the full range of solvent compositions 
(Tables 4 and 8). 

For 4-nitroaniline, the variation of the wavenumbers of the 
mixtures with alcohols is small and they can be fitted to the 
simplified eqn. (1 5). Thef,/, value for methanol mixtures is 1 -0 
and these mixtures fit well the linear eqn. (16). The variation is 
higher for the 2-methylpropan-2-01-benzene mixtures, but the 
Y, value is close to the one calculated using eqn. (1 5) and even 
thef,,/, value is much higher than the f Z l l  value, the system 
can be fitted well to eqn. (15) too. However, the Y,, value for 
hexane mixtures (30.42) is quite far away from that calculated 
from eqn. (14) (28.03), and this system must be fitted to the 
general eqn. (10). 

As for the other n* indicator 4-nitroanisole the variation in 
wavenumber of N,N-diethyl-4-nitroaniline is very small for the 
mixtures of 2-methylpropan-2-01 with the other alcohols and 
benzene, which can be described by the simplified eqn. (1 5). The 
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0.0 0.2 0.4 0.6 0.8 1 .o 
mole fraction, 4 

Fig. 5 Ep values of binary mixtures of 2-methylpropan-2-01. Symbols 
as in Fig. 1. 

0.7 1 

R' 

-0.1 I I " ' I . '  1 " ' I ' ' ~  

0.0 0.2 0.4 0.6 0.8 1 .o 
mole fraction, x: 

Fig. 6 n* values of binary mixtures of 2-methylpropan-2-01. Symbols 
as in Fig. 1. 

variation for hexane mixtures is higher and even though Y12 is 
somewhat different from the value calculated by eqn. (14), the 
wavenumber of this system fits eqn. (1 5) well. The f2,1 values 
of hexane and ethanol in Table 8 are close to unity and the 
two systems fulfil eqn. (1 6). 

The proposed equations can be also used to estimate the 
solvatochromic parameters of the studied mixtures (Figs. 5-8). 
According to eqns. (3)-(5), E: and R* are linearly related to the 
wavenumber of maximum absorption of Reichardt's ET(30) 
and 4-nitroanisole indicators. Therefore, they must follow an 
equation similar to eqn. (10) with Y = E: or Y = n*. It can be 
observed that the shape of the plot of E: against x t  (Fig. 5) is 
identical to the plot of Fig. 1. The shape of the plot of R* against 
x: (Fig. 6) is reversed compared to that of Fig. 2 because of the 
negative coefficient for CB in eqn. (3). The shape of the plot for p 
and 01 variation is more complex. The B parameter is calculated 
from a linear combination of the wavenumbers of 4-nitroaniline 
and 4-nitroanisol [eqn. (4)], and therefore its plots in Fig. 7 are 
a linear combination of two different eqns. (10). The a 
parameter is a Iinear combination of Reichardt's ET(30), 4- 
nitroanisol and 4-nitroaniline wavenumbers, although the 
contribution of Cnitroaniline is very small [eqn. ( 5 ) ] .  
Therefore, the exact shape of the plots in Fig. 8 must be 
described by a linear combination of three different eqns (10). 

The results of Tables 7 and 8 provide information about the 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.01 ' " I " ' 1 3 .  ' I ' ' 3 I ' " 4  
0.0 0.2 0.4 0.6 0.8 1 .o 

mole  fraction,^; 
Fig. 7 #I values of binary mixtures of 2-methylpropan-2-01. Symbols as 
in Fig. 1. 

1.2 

1 .o 

0.8 

0.6 

0.4 
a 

0.2 

0.0 1 Y 

-0.2 ' I " ' I " '  

0.0 0.2 0.4 0.6 0.8 1 .o 
mole fraction, x i  

Fig. 8 a values of binary mixtures of 2-methylpropan-2-01. Symbols as 
in Fig. 1. 

solvatochromic properties of the two pure solvents mixed S1 
and S2 and also of the solvent S12 formed by interaction of 
solvents S1 and S2. The properties of the S12 solvents have 
been calculated using eqns. (1H5). The polarizability (6) of 
the 2-methylpropan-2-01-benzene solvent (S = 0.5) has been 
assumed to be the average of the polarizabilities of 2- 
methylpropan-2-01 (6 = 0) and benzene (S = 1). The param- 
eters obtained are presented in Table 1 and compared with the 
values calculated from the simple average of the parameters of 
the two pure solvents S1 and S2. 

The properties of the mixed S12 solvents formed by 
interaction of 2-methylpropan-2-01 with other alcohols are very 
close to the average properties of the two alcohols, especially 
for propan-2-01 and ethanol which are the alcohols closest 
to 2-methylpropan-2-01. The properties of benzene-2- 
methylpropan-2-01 are also very close to the average of the 
properties of the two solvents, except for the hydrogen bond 
acidity a, which seems to be equal to that of pure benzene (ie. ca. 
zero). The properties that differ most from the average are 
observed for the hexane-2-methylpropan-2-01 solvent. The 
polarity of this solvent is equal to the average, but the EF;! and 
hydrogen bond acidity are much higher and the hydrogen bond 
basicity much lower than expected from the average. The 
hydrogen bond basicity is equal to zero, as it is for pure hexane, 
but the hydrogen bond acidity is even higher than that of pure 
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2-methylpropan-2-01. This leads to a synergetic behaviour for 
this parameter and mixtures, which can be observed in Fig. 8. 
The a values for 2-methylpropan-2-01-hexane mixtures show a 
maximum at mole fractions close to 0.5. We do not at present 
have a complete justification for this behaviour, although it 
must be related to the preferential solvation of Reichardt’s and 
$-nitroanisole indicators, from which wavenumber a is mainly 
calculated. 4-Nitroanisole presents an ideal behaviour in 2- 
methylpropan-2-01-hexane mixtures (Table 8) and this gives a 
n*,, value equal to the average of n*, and z*~. But, since 
Reichardt’s indicator shows a strong preferential solvation 
which leads to an Ey12 value much higher than the average 
(about 50% higher) the calculated a12 value must be also much 
higher than expected from the average [eqn. ( S ) ] .  

Conclusions 
The results obtained demonstrate that the general two-step 
preferential solvation model described by eqn. (10) and 
previously applied to the Reichardt’s ET(30) indicator 21-23 can 
be successfully applied to other solvatochromic indicators. 
When the variation in the wavenumber of maximum absorption 
of the particular indicator is small or the Y,  value is close to the 
one calculated from eqn. (14), the one-step preferential solvation 
model described by the simplified eqn. (1 5) can be also applied. 
If the one-step model can be applied and the value of the 
preferential solvation parameterf,,, is close to 1, the behaviour 
of the indicator can be considered ideal in the particular solvent 
system and its wavenumber calculated from eqn. (16). By means 
of the proposed equations and the computed parameters of 
Tables 7 or 8, the solvatochromic parameters at any solvent 
composition of the binary solvent-indicator systems can be 
easily calculated. 
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