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2 -Methyl - 2 -uro~onoI  

Flguro 5. Feaslblllty runs of the ternary system phenol-ocresol-2- 
methyl-%-propanol. 

solid phase from Its eutectic mixture is in the range from 84 to 
91 mol % and the purity from 63 to 75 mol %. Recrystalll- 
zatbn may yield higher purity. The resulting solid-phase com- 
position from the ternary mixture In run 1 was used in run 2 for 
the second crystallization at 15.5 OC; the pvity of phenol in the 
solid phase Improved from 74.9 to 83.6 mol'%. Figure 5 
shows that 2-methyC2-propanol forms two adducts with phenol 
over the different concentratlon range. The feasibility runs in 
a larger region denoted by E,BDCE, yield better results for 
separation of phenol from eutectic mixtures than those In a 
smaller region denoted by E,ABE,. Runs 6 and 7 performed 

in the o-cresokich region yielded low phenol purity in the solid 
phase (<30 mol %) whUe the Purty of phenol In the sdid phase 
obtained from run 8 in the phenokich region was >90 mol % , 
All the runs were performad over the temperature range from 
-10 to +20 O C  and would requlre reasonable refrigeration duty. 

Conclusions 

Enthalpy changes on complex formation were used to cal- 
culate the SeleCtMty of a solvent for a given pair of close boiling 
organic components. 2-Methyl-2-propanol appears to be a 
suitable solvent for separation of phenol from its mixture wlth 
o-cresol. A ternary phase diagram for this system was con- 
structed. Using multistage crystallization, a reasonable purity 
of phenol can be achieved. 

Rl(llrtry No. phend, 10895-2; o-cresol, 95-48-7; 2-methyC2-propanol, 
75-65-0. 
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Solvent Effects on the Dissociation of Nittobenzoic Acids in Water + N,N-Dimethylformamide at 25 OC 

M. Sadlq, K. Nlazl,' and Jaber All 
Department of Chemistfy, Quaid-I-Azam University, Islamabad, Pakistan 

The dkroclation constants and molar conductivities at 
inflnite dllution of benzok and 2-, 3-, and 4-nitrobenzoic 
acids have been determined In N,Ndimethylformamide + 
water mixtures at 25 O C .  The exprlmentai data have 
been analyzed by means of the Lee and Wheaton 
equation. The resuits are compared with previous findings 
for them acids In some other water-cosoivent mixtures. 

Introduction 

The binary mixtures of N ,Ndimethylformamide (DMF) wlth 
water (W) are nonideal and show extrema in various excess 
thermodynamic functions (7-3). The present paper Is on the 
study of the dissociation of benzoic and 2-, 3-, and 4-nitro- 
benzoic adds in binary mimes of N,Ndimethylfmmide with 
water ranging in composltion from 0% to 50% (wt/wt). The 
molar conductances of the dilute solutions of the acMs have 
been measured at 25 O C .  The conductance-concentration 
data have been analyzed for the derivation of pK, and A,, 
vakres. The finished res& are compared with those previously 

0021-9568/92/ 1737-Q235$Q3.QQ/Q 

found for other water-cosolvent mixtures (4, 5). Finally the 
solvent effect on the ionizatlon of these acids has been dis- 
cussed In terms of the free energy change on the transfer of 
the respective carboxylate ion from water to water-cosohrent 
mixtures. 

Experimental Section 

The acids were the same as those used in previous studies 
(4, 5). DMF was from E. Merck and was further purified as 
detailed earlier (6). 

Conductance measurements were carried out using an au- 
tobalance precislon bridge (Wayne Kerr, B64l) at 1592 Hz in 
the same way as described elsewhere (4-6). Two different 
cells with cell constants 0.876 and 1.013 f 0.0015 cm-' were 
used. The cells were calibrated following the method of Fuoss 
and co-workers (7) using aqueous KCI solutions in the con- 
centration ranw (2-30) X lo-, mol dm-,. The reproducibility 
of the conductance measurements was better than f0.5%. 
The conductance data are given In Table 11. The accuracy of 
molar conductances is f0.2%. No solvent corrections were 
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Table I. Densities (p), Viscosities ((I), and Dielectric 
Constants ( D )  for DMF + Water at 25 OC 
~ 

wt ?% DMF 
0 

10 
20 
30 
40 
50 
60 
70 

p l  (g 
0.9971 
0.9964 
0.9963 
0.9971 
0.9968 
0.9961 
0.9934 
0.9913 

q/(mPa 8-9 D 
0.890 78.54 
1.153 76.78 
1.326 74.65 
1.665 72.00 
2.042 68.92 
2.338 64.96 
2.491 60.48 
2.580 55.50 

applied. The densltles @) and viscosities (7) of DMF-W mix- 
tures were measured In the same way as detailed earlier (6),  
and the values of dielectric constants (c) were taken or inter- 
polated from the literature (8 ,  9). These values are collected 
in Table I .  Triply distilled water was used as an aqueous 
medium or for the preparation of water-cosohrent mixtures. 

Results and Dkcurrlon 

The experimental data were treated by the method proposed 
by Pethyb- and Taba (70), which uses the Lee and Whea- 
ton conductance equation in its series form ( 7  7 ,  72). The 
molar conductances at infinite dilution (A,), standard deviations, 
(uA/%), based on the observed and calculated A values, and 
the acid dissociation constants (K, (=l/KA)), where K A  is the 
aasodatbn constant, are listed in Table 111, and were deduced 
from the equations 

(1) A = y[ho(l - AX/X) - AA,] 

-(In f) = @k/2(1 + kR) B = e2/ckT (3) 

for A, and K A  values which minlmlze 

by a kast-squares analysis. The computer program was kindly 
suppHed by Dr. Gilkerson. AX/X is the rehxatlon field effect, 
and 4 is the electrophoretic countercurrent, l/k is the radius 
of the Ion atmosphere, c is the dielecMc constant of the solvent, 
8 Is the electron charge, k Is Boltzmann’s constant, R is the 
Gurney-sphere diameter, y is the fraction of solute present as 
unpaired ion, C is the molarity of the solution, f is the activity 
coefficient, and 6 is twice the Bjerrum distance (73). 

The Gurney-sphere diameter serves as an adjustable pa- 
rameter chosen to minlmlze the sum of the square of the re- 
sidual in the fittlng of the conductance function to experimental 
data. However, for carboxylic acids the variation in u, the 
standard deviation, as a function of R is too small to be sig- 
nificant and shows no minimum in the R vs uA/ % plot. On the 
basis of the recommendation of Fuogs ( 7 4  the value of R was 
set at twice the B j e r ”  distance. Trial calculations with R set 
at 10 times this value changed the pK, value by fO.O1 or less. 
The values of A, and K A  are reported in Table 111. For an 
equlllbrlum of the type 

L L  HA - H+ i- A- 

the free energy change on dissociation of an acid is ghren by 
the expression 

(6) 

where K, (=l/KA) Is the dissociation constant. Therefore, in 
the present case the free energy change on transfer of the add 
from water to water-cosolvent mixture on dissociation, at 25 
O C ,  was calculated using the equation 

K ,  

AGO = -RT In K, 

AGOJHA) = 5.71(pK: - pKaW) kJ mol-’ (a) 

1.923 
3.703 
5.355 
6.896 
8.333 
9.677 

10.937 
12.121 
13.235 
14.285 
15.277 
16.216 
17.105 
17.948 
18.750 

1.923 
3.703 
5.355 
6.896 
8.333 
9.677 

10.937 
12.121 
13.235 
14.288 
15.277 
16.216 
17.105 
17.948 
18.759 

0.962 
1.852 
2.629 
3.459 
4.167 
4.839 
5.469 
6.061 
6.618 
7.143 
7.639 
8.108 
8.553 
8.975 
9.375 

1.923 
3.704 
5.357 
6.897 
8.333 
9.677 

10.938 
12.121 
13.230 
14.286 
15.276 
16.216 
17.105 
17.949 
18.750 

Table 11. Molar Conductivities (A) for Solutions of Acids 
in DMF-Water at 2.5 OC 

h / ( S  cm* mol-’) a t  various wt % DMF 104c/ 
(mol dm-3) 10 20 30 40 50 60 

2-Nitrobenzoic Acid 
263.36 196.30 134.40 89.27 
253.80 184.22 123.45 77.48 
245.09 175.43 115.60 70.90 
238.66 167.78 109.58 66.15 
233.10 163.66 104.82 62.76 
228.09 158.93 101.21 59.51 
224.06 154.99 98.09 57.36 
220.41 151.51 95.35 55.42 
216.92 147.74 93.35 53.94 
214.14 145.27 91.32 52.48 
211.22 142.91 89.76 51.27 
208.62 140.55 88.03 50.42 
206.62 138.86 86.46 49.23 
204.522 137.01 85.47 48.47 
202.82 135.63 84.31 47.66 

3-Nitrobenzoic Acid 
213.50 146.40 89.28 62.92 
174.06 122.32 72.39 51.28 
159.73 108.07 64.08 45.02 
146.47 99.96 58.34 40.81 
137.91 92.99 54.59 37.77 
130.16 87.97 51.55 35.71 
125.00 84.34 49.25 34.05 
120.48 81.35 47.27 32.53 
116.07 78.22 45.64 31.38 
113.79 76.09 44.24 30.44 
109.53 73.73 43.12 29.64 
107.26 72.29 42.08 28.93 
105.19 70.75 41.08 28.26 
103.26 69.68 40.35 27.68 
101.72 68.43 39.60 27.13 

4-Nitrobenzoic Acid 
223.22 159.65 104.15 77.04 
197.67 138.81 95.56 64.29 
180.97 126.58 85.10 57.19 
169.45 117.63 78.48 51.87 
160.38 111.83 73.98 48.43 
152.90 106.45 70.14 45.76 
147.07 102.98 67.63 43.65 
142.30 98.80 64.99 41.93 
138.21 95.83 62.50 40.50 
134.58 93.29 60.60 39.32 
131.53 91.17 59.17 38.22 
128.78 89.32 57.70 37.21 
126.58 87.65 56.86 36.42 
125.00 86.20 55.55 35.71 
123.25 84.69 54.76 35.08 

Benzoic Acid 
99.75 61.84 38.65 24.12 
77.87 47.34 29.03 18.05 
65.86 40.43 24.58 15.25 
59.07 36.20 21.90 13.58 
54.38 33.28 20.07 12.42 
50.91 31.30 18.72 11.62 
48.21 29.46 17.69 10.94 
46.04 28.12 16.86 10.41 
44.25 27.01 16.17 10.00 
42.75 26.09 15.60 9.66 
41.48 25.29 15.12 9.35 
40.36 24.61 14.70 9-09 
39.39 24.01 14.33 8.81 
48.53 23.49 14.01 8.63 
37.77 23.02 13.72 8.47 

42.26 
34.32 
31.10 
28.77 
26.70 
25.29 
24.09 
23.08 
22.25 
21.55 
20.93 
20.37 
19.79 
19.33 
18.92 

32.01 
25.31 
22.37 
20.00 
18.18 
17.22 
16.39 
15.62 
14.56 
14.36 
14.21 
13.88 
13.55 
13.33 
13.12 

60.83 
49.30 
43.51 
39.26 
36.52 
34.42 
32.28 
31.43 
30.32 
29.37 
28.56 
27.87 
27.24 
26.69 
26.20 

13.81 
10.55 
9.00 
7.96 
7.29 
6.74 
6.47 
6.16 
5.81 
5.59 
5.43 
5.25 
5.12 
4.98 
4.89 

29.9 
24.1 
21.2 
19.4 
18.2 
17.2 
16.4 
15.8 
15.1 
14.6 
14.2 
13.8 
13.5 
13.2 
12.8 

where pK, = -(log KJ, and the free energy change on transfer 
of carboxylate ions, AG’dA-), was calculated according to the 
procedure detailed by Wells ( 15, 76): 
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2 s t ,  1.3 1 4  1 5  

Table 111. Conductance Parameters for Acids in DMF-W 
Mixtures at 25 O C  

w t %  ibl KA/ 
DMF (S cm2 mol-') (dm3 mol-') AKA/% o r / %  pK. 

1 6  

2-Nitrobenzoic Acid 
0 401.48 f 0.07 157 0.011 0.035 2.195 

10 278.79 f 0.05 278 0.044 0.041 2.555 
20 215.47 k 0.02 513 0.046 0.042 2.710 
30 153.55 i 0.05 82 1 0.014 0.003 2.915 
40 113.06 i 0.06 1779 0.010 0.005 3.250 
50 70.36 i 0.03 3507 0.011 0.011 3.545 
60 54.17 f 0.04 7313 0.012 0.015 3.864 

3-Nitrobenzoic Acid 
0 406.06 f 0.14 2976 0.012 0.008 3.495 

10 318.73 i 0.11 3737 0.034 0.032 3.572 
20 217.68f 0.10 3830 0.024 0.026 3.583 
30 140.89 f 0.07 4985 0.011 0.014 3.697 
40 110.45 f 0.03 6854 0.014 0.012 3.836 
50 63.42 f 0.05 10210 0.022 0.019 4.009 

4-Nitrobenzoic Acid 
0 369.85 i 0.24 2857 0.010 0.007 3.455 

10 282.18i0.12 2973 0.015 0.011 3.473 
20 203.26 f 0.15 3657 0.027 0.035 3.551 
30 162.88 i 0.05 6480 0.022 0.010 3.800 
40 123.37 f 0.26 9616 0.089 0.045 3.983 
50 105.18 f 0.18 17139 0.008 0.006 4.234 

Benzoic Acid 
0 383.08 i 0.65 15667 0.011 0.015 4.195 

10 261.12 f 0.36 22259 0.024 0.021 4.347 
20 176.05 f 0.34 27619 0.009 0.006 4.441 
30 135.62 i 0.24 45649 0.007 0.004 4.659 
40 103.08 f 0.88 73542 0.041 0.032 4.866 
50 75.06 f 0.86 84139 0.042 0.031 4.925 

4.2 ' 

3.88 

Table IV. Values for Standard Molar Free Energy of 
Transfer AGo,,(A-) for Anions from Water to 
WaterCosolvent at 25 OC 

AGo,/(kJ mol-') at various wt  % cosolvent 
10 20 30 40 50 

a 
b 

d 
e 
f 
g 

a 
b 

d 
e 
f 
g 

a 
b 

d 
e 
f 
g 

c 

C 

c 

a 
b 

d 
e 
f 
g 

C 

1.5 
3.4 
6.0 
5.3 
5.6 
6.0 
6.9 

0.8 
2.1 
3.0 
3.2 
3.3 
4.6 
5.4 

1.0 
3.5 
2.7 
3.0 
3.0 
4.4 
4.9 

1.3 
2.3 
3.1 
3.3 
4.7 
5.9 
5.7 

2-Nitrobenzoate 
4.0 6.2 
7.9 12.8 

11.0 14.8 
10.6 13.8 
9.8 13.8 

14.05 19.2 
11.11 14.2 

3-Nitrobenzoate 
3.0 5.0 
6.9 10.7 

10.1 11.5 
7.6 9.0 
7.0 10.3 

12.0 15.6 
8.8 11.3 

4-Nitrobenzoate 
4.2 6.3 
6.9 11.2 
9.9 11.9 
7.4 9.1 
5.6 7.9 

11.2 14.9 
8.8 12.1 

4.3 7.0 
6.9 12.5 

10.9 12.5 
8.0 10.7 

Benzoate 

9.1 13.6 
13.2 17.9 
9.6 13.4 

11.0 
15.2 
16.4 
15.4 
18.1 
22.5 
16.7 

7.8 
12.8 
12.7 
11.8 
14.5 
17.0 
12.8 

8.8 
12.8 
12.8 
11.7 
10.0 
16.6 
13.7 

10.1 
14.8 
14.4 
12.0 
17.0 
19.6 
14.5 

13.1 
16.3 
18.7 
17.4 
22.0 
20.4 
18.7 

9.8 
14.0 
14.7 
12.1 
17.2 
16.6 
14.1 

10.8 
13.0 
14.0 
12.1 
11.8 
15.8 
15.5 

13.7 
15.7 
15.8 
14.8 
21.5 
20.7 
15.2 

a MeOH-W. bEtOH-W. 1-PrOH-W. dACN-W. eAc-W. 
'THF-W. BDMF-W. 

A 2-Nttrobenzoic acid 
A 3-Nitrobentoic acid 
0 4-Nitrobenzoic acid 
H Benzoic acid 

t 

A MeOH-W 
A EtOH-W 
0 1-hOH-W 
H ACN-W 
0 AC-W 
0 THF-W 

DMF-W 

!7 1.47 1.67 1.87 2.07 2.27 2.472.57 
1001 D 

Flgurr 2. Dependence of values of the free energy change Go& 
on transfer of 2-nitrobenzoate ion from water to water-cosoivent 
" s o n  the inverse dielectric constant values (I/€) for these solvent 
systems at 25 O C .  

where s and w refer to water-cosolvent mixture and water, 
respectively. The other symbols are the same as defined in ref 
16. The values of AGo,(H+), i.e., free energy change on 
transfer of a proton from water to these sdvent mixtures, were 
taken from ref 16. The derived values of pK, are collected in 
Table 111. The AGo,(A-) values for each anion in various 
water-codvent mixtures are plotted in FQures 2-5 against the 
inverse of permitivity (1 /e) of these solvent mixtures, respec- 
tively. 

Conductance RewrJyI. Table I I I shows that the A. values 
for 2-, 3-, and hitrobenzoic and benzoic acids decrease with 
addition of DMF. This may be attributed to a relative increase 
in the viscosity value of the DMF-W mixtures (see Table I). No 
literatwe values for A. for these acids in DMF-W mixtures were 
available: therefore, no comparison could be made. 
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24 b 

1 2ot 

100/D ~ .- 

Flgurr 3. The same as Figure 2 for 3-nitrobenzoate ion. 

24 I 

1'. t 
E" 
2 12 

'2 
L 

A EtOH- W 
0 01-PrOH-W 

I ACN-W 
0 A t - W  
0 T H F - W  

DMF - W  

0 0 

' rn 
1 27 1 47 i 67 1 a7 2 07 2 27 2 47257 

100/D 

Flgurr 4. The same as Figure 2 for 4-nitrobenzoate ion. 

Dbsoc&Hon Cutstant Values. The pK, values reported In 
Table 111 are correct to fO.O1. In  Figure 1, the pK, values 
for four acids are plotted as a function of the reciprocal di- 
electric constant (11~) of the solvent mixtures. The plots are 
nonlinear. The nonlinear plots are also found if one plots the 
dependence of AGob(A-) values on the composition of 
water-cosolvent mixtures (see Figures 2-5). Such a type of 
dependence may be attributed to specific solute-solvent in- 
teractions. The values of AGOJA-) for these acids in different 
solvent systems were derived from pK, values taken from 
previous papers (4, 5, 77). The pK, values of benzoic and 
2- and 3-nitrobenzolc acids are available In the literature in a 
few DMF-water mixtures (78, 79). These values have been 
derived potentiometrically. Present values differ slightly from 

t P 

A MeOH - W 
A EtOH-W 
0 1-ROH - W  

0 AC-W 
THF-W D M F - W  

m ACN-w 

127 1 47 1 6 7  1 a7 2 07 2 27 2 6 7 2 5 7  
100/D 

Flgwr 5. The same as Figure 2 for benzoate ion. 

literature values because of various approximations used In the 
determination of pH' values In mlxed solvent systems. 

In  the present study It has been found that the acMs dlsso- 
clate according to the order 2-nitrobenzoic acid > 3-nltro- 
benzoic acid > Cnitrobenzoic add > benzoic acid. 

R.o#ry No. DMF, 68-12-2 benzoic acid, 65-85-0; 2~obenzolc add, 
552-16-9; 3-nitrobenroic acid, 121-92-6; hitrobenzoic acid, 62-23-7: 
benzoate, 766-76-7; 2-nkrobenzoate1, 771-70-0; bnitrobenzoate, 16885- 
78-2; Cnitrobenzoate, 2906-29-8. 
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