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ABSTRACT 

The short-range solvation of the proton transfer complex formed between 2,4_dinitrophenol 
and n-butylamine was studied in benzene solution containing small amounts of three ethers: n- 
propyl ether, tetrahydropyran, and dioxane. In all cases a pattern is observed in which solvation 
by the ether causes an increase in the equilibrium constant for the formation of the proton transfer 
complex until a plateau value is reached. This is followed on further increase of the ether concen- 
tration by a second rise followed by a second plateau. The equilibrium constants for each of the 
solvation events and the number of solvent molecules reacting per amine molecule were calculated. 
The first step involves two solvent molecules per amine, and the second step involves a larger 
number. 

INTRODUCTION 

Solvation effects can be divided into two groups, short-range and long-range 
effects. Short-range effects result from direct interaction, generally by hydro- 
gen bonding, between the solute and a solvent, thereby changing the charac- 
teristics of the solute. Long-range effects relate to charge separation in the 
solute, and are a property of polar solvents. Since our solvent systems are com- 
posed of benzene with small amounts of a series of non-polar ethers added, 
long-range effects are not a significant factor in this study. 

Short-range effects have been studied extensively in this laboratory. The 
first observation related to the relatively high reactivity of n-butylamine, a 
primary amine, in forming proton transfer complexes with p-nitrophenol in 
dimethylsulfoxide (DMSO) when compared with that of triethylamine [ 11. 

The existence of hydrogen bonds between the DMSO and the amine protons 
of the primary and secondary amines was confirmed by NMR studies [ 21. The 
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p-nitrophenol was replaced by the more acidic 2,4dinitrophenol (DNP ) , which 
allowed the effect of the solvent on the formation of the proton transfer com- 
plex to be observed at much lower concentrations of DMSO [ 31. The studies 
then focused on secondary amines, especially diethylamine, and were extended 
to a number of other electron-donating solvents [ 41. It was determined that 
the amine proton was bound by what must be a bifurcated hydrogen bond to 
two solvent molecules in the case of every solvent studied [ 51. Equilibrium 
constants were determined for the formation of the solute-solvent hydrogen 

TABLE 1 

Equilibrium constants for the formation of the proton transfer complex between 2,4-DNP and 
nBA at 25’ C in mixed benzene-ether solvents 

Ether 
(wt.%) 

KM! 

n-Propyl ether Dioxane Tetrahydropyran 

0 
0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
1.0 
1.5 
2.0 
2.5 
3.0 
3.4 
4.0 
4.4 
4.8 
5.0 
5.2 
5.5 
5.7 
5.8 
5.9 
6.0 
6.5 
7.0 
7.5 
8.0 
9.0 

10.0 
12.0 

65 
76 

106 
101 
115 
140 
133 
133 

115 
125 
128 
128 

121 
121 
140 
130 
152 
132 
140 
152 
200 

65 65 

110 

133 
135 
168 
205 

218 428 

233 420 

215 
258 
268 
305 

361 
508 
345 

203 
190 

360 

236 
118 
140 
175 
213 
247 

420 

535 
805 
997 

1260 
1370 
1225 
1267 
1256 
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bond. It was further determined that the solvation structure is a crowded struc- 
ture, such that small increases in the steric demand of the solvent and/or amine 
blocked the solvation reaction [ 61. To this time a detailed study of the more 
complex primary amine model was avoided because in preliminary studies in 
polar electron-donating solvents, measurements of the equilibrium constants 
for the solvation reaction or estimations of the number of solvent molecules 
associating with each amine proton were not possible [ 3,4]. We have now un- 
dertaken to make that study using DNP as the acid and n-butylamine (nBA) 
as the base in forming the proton transfer complex, and mixed solvent systems 
of benzene with small amounts of three ethers, n-propyl ether, tetrahydro- 
pyran, and dioxane as the experimental system. 

MATERIALS AND METHODS 

2,4-Dinitrophenol was Aldrich reagent grade. It was dried over magnesium 
sulfate, then recrystallized twice from benzene. The Aldrich reagent grade n- 
butylamine was purified by fractional distillation, then stored in a dark bottle 
under nitrogen until used. n-Propyl ether and tetrahydropyran were fraction- 
ally distilled before use. Benzene and dioxane were Aldrich spectral grade, and 
were used without further purification. 

Methods of analysis and calculation were as described in previous papers 
[4-61. 
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Fig. 1. Equilibrium constants for the formation of the proton transfer complex between DNP and 
nBA in mixed benzene-n-propyl ether solvents versus wt.% n-propyl ether. 
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Fig. 2. Equilibrium constants for the formation of the proton transfer complex between DNP and 
nBA in mixed benzene-tetrahydropyran solvents versus wt.% tetrahydropyran. 

500 

5 400 - 

2 
B 8 300 - 

if 
L 9 200 - 

2 
100 -' 

+ + 

,_+-+J + 
/! ++ 

I 
0 1 2 3 4 5 6 7 6 9 10 

WT. % DIOXANE 

Fig. 3. Equilibrium constants for the formation of the proton transfer complex between DNP and 
nBA in mixed benzene-dioxane solvents versus wt.% dioxane. 

TABLE 2 

Solvation parameters of nBA with various ethers 

Solvent 

n-Propyl ether 
Dioxane 
Tetrahydropyran 

1875 
290 

12.5 

1.88 
1.17 
1.51 

Large 
13 200 
2 691 

Large 
15 
17 

aKsrl and KBn are the equilibrium constants for the first and second solvation reactions, respectively. 
bn (1) and n (2) are the numbers of solvent molecules per amine for the first and second solvation 
steps, respectively. 
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RESULTS 

Equilibrium constants were obtained for the formation of the proton trans- 
fer complex ( KPT) between DNP and nBA in pure benzene and benzene-ether 
mixtures (Table 1). The result for n-propyl ether is shown in Fig. 1, for te- 
trahydropyran in Fig. 2, and for dioxane in Fig. 3. The results of calculations 
on the data are presented in Table 2. 

DISCUSSION 

The short-range solvation of nBA has been studied previously [ 3,4], but the 
added solvents were very polar (dimethylsulfoxide and dimethylformamide ) 
so that long-range solvation was an important part of the solvation pattern. In 
those results, the KPT values displayed a steep and continuous climb, devoid 
of other features, to values for KPT that were sharply higher than are obtained 
with less polar solvents. We suspect that at higher concentrations of electron- 
donating solvent in both those studies the proton transfer complex is disso- 
ciating into dinitrophenolate and butylammonium ions [4]. The ethers used 
in the present study are sufficiently non-polar that little or no long-range sol- 
vation was evidenced in studies with secondary amines [ 4,5]. 

For all three of the solvents studied the most obvious and interesting feature 
of the results is the two-plateau pattern obtained for the rise in KPT accom- 
panying the short-range solvation of the amine. The primary amine has two 
amine protons available for short-range solvation. Since the first addition of a 
solvent molecule to one of these protons raises the electron density on the 
amine nitrogen, the formation of a solute-solvent hydrogen bond to the other 
proton should be more difficult. These facts support the interpretation that 
each rise represents the individual solvation of one proton. The obvious par- 
allel is the titration of a diprotic acid. As in the case of the diprotic acid the 
second position does not react as readily as the first, so the first position sol- 
vates completely (arrival at the first plateau) before the second begins to 
solvate. 

In every study of solvation of a secondary amine, two solvent molecules as- 
sociated with the amine proton [ 4,5]. Applying these same methods of calcu- 
lation to the first rise in the data for all three ethers, once again the involve- 
ment of two solvent molecules is indicated. This infers that the first stage of 
solvation is the exact parallel of the solvation of secondary amines. 

Further examination of the results raises doubt about these assumptions. 
For all three ethers, calculations based on the second rise leads to a very high 
value for the number of solvent molecules involved in that step. Extending our 
“diprotic acid” model, we would expect to see exactly the same solvation pat- 
tern occurring at the second proton as at the first, that is the addition of two 
more solvent molecules to the solvation structure. Furthermore, since the in- 
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crease in electron density on the amine nitrogen caused by solvation of the 
second proton should be very similar to that for the first solvation, one would 
expect that the second rise in the value of the equilibrium constant should 
display an increase that is comparable with the first rise. In fact, the results do 
not support either assumption. In the second stage of solvation a large number 
of solvent molecules is involved rather than two. The second rise is very similar 
in magnitude to the first in the case of dioxane, slightly larger than the first in 
the case of n-propyl ether, and considerably larger than the first in the case of 
tetrahydropyran. 

A second model is therefore proposed to explain the results. The first rise 
represents the stepwise hydrogen bonding of one solvent molecule to each pro- 
ton of the amine. The difference between the equilibrium constants for these 
two steps is perhaps too small to produce an intermediate plateau, so the result 
appears to be a single smooth curve. Further solvation is not easily accom- 
plished, perhaps for steric reasons. Then, when the concentration of ether is 
sufficiently high, a structuredbut not hydrogen-bonded solvation shell of ether 
molecules surrounds the amine group, leading to the second rise in KPT. The 
number of ether molecules involved in this shell and its effectiveness at influ- 
encing the formation of the proton transfer complex varies with the structure 
of the ether, as seen in the variable nature of the second rise from one ether to 
the next. Tetrahydropyran, with the alkyl groups tied back in a ring, is more 
compact than n-propyl ether, allowing close approach of a larger number of 
ethers to the amine in the solvation shell. Dioxane is equally compact, but the 
second electronegative oxygen may be disruptive in the assembly of the sol- 
vation shell. 

In studies with secondary amines, dioxane proved to be a bulky electron- 
donating solvent which displayed a very high value for KS,, the equilibrium 
constant for formation of the solute-solvent hydrogen bond. Clearly the situ- 
ation is different in the solvation of primary amines. Bonding by dioxane is of 
intermediate strength. This can be construed as further evidence that the 
mechanism of the bonding is different in the cases of secondary versus primary 
amines. 

SUMMARY 

The short-range solvation of n-butylamine, a primary amine, by three ethers 
has been studied using the equilibrium constant for the formation of a proton 
transfer complex with 2,4_dinitrophenol as a probe. The solvation proceeds in 
two stages in each case. In the first stage, approximately two solvent molecules 
per n-butylamine are involved. The effect on the equilibrium constant for the 
proton transfer complex formation is least for n-propyl ether and greatest for 
tetrahydropyran, while the equilibrium constants for the binding of the solvent 
to the solute are in the opposite order. The second stage of solvation involves 



an indefinite but large number of solvent molecules, with the constants ar- 
ranged in the same order as for the first stage. Two models for the process are 
presented. In one, the diprotic acid model, the solvent molecules attach only 
to one proton in the first stage, then to the other in the second. In the other 
model, one solvent molecule attaches to each proton in the first stage, and a 
structured, but not hydrogen-bonded, solvation shell forms in the second stage. 
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