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Abstract 

The proton-transfer indicator reaction method is applied to the pentachlorophenol-triethylamine proton-transfer equilibrium 
K ~  undergoing solvation by tetrahydropyran, 1,3-dioxane, and 1,4-dioxane in bulk cyclohexane. A predicted decrease in Kvr 
occurs owing to hydrogen bonding solvation of the free phenol upon increasing ether concentration. However, the data 
unexpectedly suggest that hydrogen bonding solvation by the ethers to the proton of the proton-transfer adduct also occurs. 
© 1998 Elsevier Science B.V. All rights reserved 
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1. Introduct ion 

Short-range solvation is the direct interaction 
of solute and solvent molecules, generally by means 
of hydrogen bonds. Such interactions alter the re- 
activity of  the solutes in ways that can be measured 
readily in the laboratory. We use these changes in 
reactivity to provide insights into the binding 
constants and stoichiometry of  the solute-solvent  
interaction. 

Phenols (P) and amines (A) interact in solution such 
that the phenolic hydrogen and the unshared amine 
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electrons form a pheno l -amine  hydrogen-bonded 
adduct (PA). The phenolic hydrogen may then shift 
along the hydrogen bond axis toward the amine elec- 
trons, resulting in a phenolate ion and an ammonium 
ion joined by a hydrogen bond, a proton-transfer 
adduct (P-A+). KHB and K t are equilibrium constants 
for formation of  hydrogen-bonded adduct and the con- 
version of hydrogen bonded adduct to proton-transfer 
adduct, respectively. 

p + A ~:~B pA ¢~ p -  A + 

Formation of the proton-transfer adduct is favored by 
involvement of  more acidic phenols, more basic 
amines, and a more polar solvent system. The conver- 
sion of the phenol to a phenolate ion is readily 
observed in the UV-v i s ib l e  optical spectrum of  the 
phenol. Our studies do not differentiate KHB and Kt, 
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providing rather the product of these constants, KpT. 

(KHB)(Kt) = KpT 

Studies in this laboratory first focused on the effect of 
varied solvent polarity--so-called long-range sol- 
ration--on KpT [1]. Later, given evidence that the 
KpT shifts were owing to hydrogen bonding by 
Lewis base solvents to the amine protons of primary 
and secondary amines involved in a proton-transfer 
adduct, extensive studies of such short range solvation 
were undertaken using formation of the 2,4-dinitro- 
phenol (DNP) and diethylainine (DEA) proton-transfer 
adduct, and a variety of interactive solvents presented 
as the minor component in a mixed benzene-solvent 
system [2-5]. Experimental and computational methods 
were devised using the Kvr equilibrium as an indicator 
reaction reporting on the solvation state of both re- 
actant and product species. Solvation stoichiometries 
and binding constants are evaluated as adjustable 
parameters in a binding isotherm that is fitted to 
experimental KpT versus solvent concentration data 
[6]. For example, the binding isotherm for single- 
stage solvation of the adduct and one of the reactant 
species is 

KpT=K~,r{(1 +(K~[S])")/(1 + (K,,'[S])") (I) 

where K~T is the proton-transfer constant in the non- 
interactive bulk solvent, Ks and Ks' are the binding 
constants of n and n' solvent molecules to the adduct 
and reactant, respectively, and [S] is the molarity of 
the interactive solvent component. For solvation num- 
bers n or n' greater than one, single-molecule binding 
constants Ks and Ks' are determined as the geometric- 
average, nth or n'th root of the total solvation 
constants Ks and Ks', respectively. 

Several important findings resulted. First, the most 
common stoichiometry is two solvent molecules per 
proton hydrogen bonding site--bifurcated hydrogen 
bonds--a t  both the secondary amine proton of the 
DEA-DNP adduct and the phenolic hydrogen of 
free DNP, for aprotic Lewis base solvents including 
linear and cyclic ethers, esters, a urea, a nitrile, and 
even weakly basic thioethers [.7]. Also, larger than 
normal binding constants for the six-membered-ring 
cyclic ethers (but not five-membered-ring ethers) 
having more than one ring oxygen (l,3-dioxane, 1,4- 
dioxane and trioxane), implied that more than one of 
the ring oxygens are involved in a hydrogen bond 

[6,8]. Finally, application of the method to protonic 
solvation by alcohols yielded stoichiometries and 
binding constants for primary and secondary stages 
of solvation [9]. A review of both the aprotic and 
protic solvation has been published [10]. 

Although the binding constants determined by this 
method are of reasonable magnitude, there is little 
literature data available for direct comparison, and 
virtually none against which to judge either the aprotic 
bifurcation stolchiometries or the protic multistage 
stoichiometries. For example, although bifurcated 
hydrogen bonding is well known in the solid state 
[11], there are relatively few reports of such in the 
liquid state [ 12-16]. Thus, we are motivated to further 
test our model by applying it to systems for which it 
predicts significantly novel behavior. 

All of the proton-transfer equilibria studied to date 
are shifted toward adduct (KpT increases) upon addi- 
tion of the interactive (and generally more polar) 
solvent component, whether protic or aprotic. This 
invited the criticism (discussed in Ref. [9]) that the 
Kpv increase might be owing to long-range, non- 
specific dielectric stabilization of the zwitterionic 
adduct as the polarity of the mixed solvent system is 
raised. However, a decrease in KpT is predicted for any 
proton-transfer system in which the solvent interacts 
more strongly with a reactant than with the adduct. 
The expected functional dependence is seen by setting 
K~ = 0 in Eq. (1), leading to Eq. (2): 

K~T 
KpT= (1 + (K~'[S])"') (2) 

For the simplest case, n' = 1, this predicts a hyperbolic 
decline to a plateau for a plot of KpT versus [SI. Any 
decrease in Kvr would clearly refute the dielectric 
stabilization hypothesis. We now present results for 
three systems designed to test this prediction. 

This study reports the effect on the proton-transfer 
equilibrium of pentachlorophenol (PCP) and tri- 
ethylamine (TEA) upon solvation by tetrahydropyran, 
1,3-dioxane, and 1,4-dioxane in bulk cyclohexane 
solvent. In contrast to the diethylammonium moiety 
of the DNP-DEA adduct, the PCP-TEA adduct contains 
no exposed polar hydrogen inviting solvation. There- 
fore, the aprotic Lewis base solvents are expected to 
significantly interact only with the free PCP, and 
thereby produce a decrease in KPT upon increasing 
base concentration. The predicted decrease in Kvr is 
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T a b l e  1 

E x p e r i m e n t a l  K v r  v a l u e s  i n  e t h e r - c y c l o h e x a n e  m i x e d  s o l v e n t s  at  

2 5 ° C  

Concentration Kpv 
(wt%) 

Tetra- 1,3 1.4 
hydropyran -Dioxane -Dioxane 

0 1 1 5 0  1 3 0 0  1 3 0 0  

0.1 1 0 5 0  - -  - -  

0 . 3  - -  7 4 4  9 4 8  

0 . 4  6 9 5  - -  

0 . 5  4 5 5  6 9 5  7 8 5  

0 . 7 5  - -  6 8 3  7 8 5  

0 . 9  - -  6 0 7  - -  

1 .0  5 5 5  6 2 5  6 2 8  

1 .0 5  - -  - -  5 9 6  

1.1 - -  6 0 8  5 8 5  

1 .2  - -  - -  6 6 5  

1.5 2 6 3  6 8 3  5 5 5  

1 .7  - -  - -  5 2 8  

1 .8  5 5 3  

1.9 - -  4 3 0  

2 . 0  2 8 5  6 5 0  4 8 6  

2 .5  2 0 0  - -  5 6 3  

3 . 0  2 1 5  - -  - -  

4 . 0  1 8 0  - -  - -  

8 . 0  1 2 5  - -  - -  

observed, adding further support to the validity of the 
model, and ruling out non-specific dielectric stabiliza- 
tion as the dominant solvation mechanism in these 
systems. However, acceptable fits to the data cannot 
be obtained unless some unexpected, albeit weaker, 
solvation of the proton-transfer adduct also is 
invoked. Apparent solvation stoichiometries and 
binding constants are discussed. 

Mixtures of PCP and TEA were prepared in a solvent 
of cyclohexane to which known concentrations of a 
cyclic ether were added. All solutions were prepared 
by weight. UV-visible spectra of these solutions were 
taken using a Perkin-Elmer Lambda 20 spectro- 
photometer with a temperature control set at 25.0°C. 

Values for Kp7 were determined by methods 
described earlier [2-5]. The resulting Kpv versus [S] 
data were subjected to non-linear least-squares curve 
fitting to Eqs. (1) and (2), assuming two and one 
solvation sites, respectively. The solvation binding 
constants Ks and Ks' were determined as adjustable 
parameters for a variety of assumed solvation 
stoichiometries n and n'. The computational method 
and justification of the assumptions are discussed in 
Ref. [9]. 

3. Results 

The KpT values for the PCP-TEA adduct at various 
molarities of cyclic ether in cyclohexane bulk solvent 
at 25°C are presented in Table 1, and are plotted in 
Figs. 1-3, along with all possible curves fitted to Eqs. 
(1) and (2) with n and n' values of 0, 1 and 2. The 
corresponding best-fit Ks and Ks' solvation binding 
constants are presented in Table 2 in order of decreas- 
ing fit quality, along with the sums of squares of 
deviations of the data points from the values predicted 
by the best-fit equation. 

4. Discussion 

2. Materials and methods 

PCP was recrystallized from benzene and stored in 
a desiccator over calcium sulfate until use. Triethyl- 
amine was distilled, then stored in a dark bottle under 
dry nitrogen gas until use. Cyclohexane was either 
spectrograde, and used without further treatment, or 
was reagent grade and was distilled before use. 1,4- 
Dioxane was spectrograde and was used without 
further purification. Tetrahydropyran and 1,3-dioxane 
were distilled before use. All cyclic ethers were stored 
tightly stoppered until use to avoid contamination 
with water. 

The predicted decrease in Kvr upon increasing [S] 
is observed for all three systems. This is consistent 
with the weaker solvation of the adduct, as expected 
owing to the absence of an exposed polar hydrogen. 
This equilibrium shift away from the adduct clearly 
rules out non-specific dielectric stabilization as the 
dominant solvation mechanism in these systems. 
However, in fitting the data to Eqs. (1) and (2), two 
unexpected findings emerge: (1) there does seem to be 
some significant solvation of the 'buried' adduct 
proton; and (2) the bifurcated hydrogen bonding to 
the free phenol seen in the earlier studies, although 
not ruled out, is not as clearly indicated for these 
systems. 
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Fig. 1. Plot of KpT versus tetrahydropyran molarity in cyclohexane 
bulk solvent at 25°C. The best-fit curves for the four different n:n' 
solvation patterns, as labeled, are superimposed on the experimental 
data shown as solid circles. 

1,4-Dioxane Molarity 

Fig. 3. Plot of KpT versus 1,4-dioxane molarity in cyclohexane bulk 
solvent at 25°C. The best-fit curves for the four different n:n' solva- 
tion patterns, as labeled, are superimposed on the experimental data 
shown as solid circles. 

The three acceptable fits for solvation by tetrahy- 
dropyran correspond to adduct: free phenol solvation 
numbers of 0:1, 1 : 1 and 2:1. None of these correspond 
to the bifurcated solvation of the free phenol, as seen 
in the earlier studies. However, the 2:2 solvation 
scenario provided a fit that could be considered 
marginally acceptable, and, if so, would be supportive 
of the bifurcated solvation of the free phenol. By 
contrast, solvation numbers of 0, 1, or 2 all are possi- 
bilities for the adduct proton. Note that, taking into 
account the phenol-amine hydrogen bond, the solva- 
tion number of 2 would represent trifurcated hydrogen 
bonding to the adduct proton. The binding constants 
generated by fitting to any of the six solvation 
patterns are of expected magnitudes and vary by 

I; 
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Fig. 2. Plot of Kvr versus 1,3-dioxane molarity in cyclohexane bulk 
solvent at 25°C. The best-fit curves for the four different n:n' solva- 
tion patterns, as labeled, are superimposed on the experimental data 
shown as solid circles. 

only a factor of two for K S' and a factor of 10 for Ks 
(Table 2). 

For solvation by 1,3-dioxane there are two acceptable 
fits, corresponding to adduct: free phenol solvation 
numbers of 1:1 and 2:2, and one marginally accepta- 
ble fit for the 2:1 solvation pattern. There is no doubt 
that solvation of the adduct occurs in this system. 
Either normal or bifurcated solvation of the free 
phenol are supported, but if the latter is accepted, 
then too must mixed trifurcated hydrogen bonding 
to the adduct proton be accepted. More puzzling is 
the fact that the solvation binding constants for both 
of the two best fits seem to be unreasonably large 
(Table 2), in comparison either to those obtained 
with the other two solvents in this study or to the 
same solvent in the earlier DNP-DEA study [6]. 
The graphical origin of these large binding constants 
can be seen in Fig. 2 as an exceptionally steep initial 
decline followed by an abrupt bend to a plateau, in 
contrast with the more gradually varying data of Figs. 
1, and 3 (note different x-axis scale in Fig. 1). 

There are three acceptable fits for solvation by 1,4- 
dioxane, corresponding to adduct: free phenol solva- 
tion numbers of 1:1, 2:1, and 2:2. In addition, the 0:1 
solvation pattern could be considered marginally 
acceptable. These data also strongly support solvation 
of the adduct, which, counting the adduct's internal 
hydrogen bond, would be either bifurcated or trifurcated. 
Again, the 2:2 solvation scenario is the only one sup- 
portive of the bifurcated solvation of the free phenol 
seen in the earlier studies. The binding constants are 
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Table 2 
Least-squares fitting data for the six simplest solvation scenarios 

147 

Reactive solvent Sum of Model and parameters ~' 
squares 

n n ' K ,  K s ' 

DNP K~' h 

Tetrahydropyran 5.1 E4 1 1 1.59 26.8 - -  
5.3 E4 2 1 1.40 22.4 - -  
5.6 E4 - -  1 - -  20.9 - -  
8.3 E4 2 2 13.9 32.7 11 
2.3 E5 1 2 10.0 26.6 - -  
2.6 E5 - -  2 - -  16.0 - -  

1.3-Dioxane 7.1 E3 2 2 60.5 86.4 
8.1 E3 1 1 86.3 184 
2.0 E4 2 t 8.2 25.9 
1 . 9  E 5  - -  1 - -  1 0 . 4  

6.2 E5 - -  2 - -  10.6 
7.8 E5 1 2 7E-6 12.2 

1,4-Dioxane 2.7 E4 2 1 3.50 14.0 - -  
3.0 E4 1 1 5.2 22.0 - -  
3.9 E4 2 2 17.9 28.7 53 
6.0 E4 - -  1 - -  8.84 - -  
3.2 E5 - -  2 - -  8.65 - -  
4.2 E5 1 2 1E-6 9.76 - -  

"Equilibrium constants are apparent binding constants in units of molarity. For solvation stoichiometries of n greater than one, single- 
molecule binding constants are determined as the geometric-average, nth root of the total solvation constant. 

bData from Ref. [6] for solvation of the free DNP in equilibrium with the DNP-DEA adduct in benzene bulk solvent. 

o f  expec ted  magni tudes  and vary by less than a factor 

of  three (Table 2). 

In summary,  of  the six solvat ion number  combina-  

tions presented,  only  the two that we most  expec ted  to 

o b s e r v e - - 0 : 2  and 1 : 2 - - c a n  be confident ly excluded.  

Three  of  the remaining  four  solvat ion patterns require 

n '  = 1 single salvat ion of  the free p h e n o l - - 0 : l ,  1:1 

and 2 : 1 - - a n d ,  so, are contrary to D N P / D E A  studies, 

where,  for most  aprotic solvents,  two solvent  mo-  

lecules associate with each avai lable phenol ic  proton 

[6]. In rat ional izing this possible viola t ion o f  that pat- 

tern, we recognize  that the present  study differs f rom 

the D N P / D E A  studies in three ways.  First, compar ing  

D N P  and PCP, the 6 posit ion of  D N P  is unsubstituted, 

so when  the phenol ic  hydrogen  rotates toward that 

side o f  the ring there is more  room for solvent  mole-  

cules than is the case with PCP, where  both the 2 and 6 

posit ions are substituted. Second,  the different  acidity 

o f  PCP may result  in a proton-transfer  adduct less 

conduc ive  to bifurcation.  Finally,  the prior studies 

were  done in benzene  bulk solvent,  which can interact 

with a phenol  by ~r-bonds, whereas  cyc lohexane ,  used 

in the present study, has no such interaction.  On  the 

other  hand, the only acceptable  solvat ion pattern that 

provides  the expected  bifurcat ion to the free phenol  is 

2 : 2, which also requires a t tachment  of  two solvents  

to the proton-transfer  adduct. No  specific solvat ion of  

the proton-transfer  adduct  was expected,  so the pos- 

sibility o f  n -- 2 solvation,  corresponding to mixed  

tr ifurcated hydrogen  bonding,  is doubly surprising. 

The  proton o f  the proton-transfer  bond is expected  

to be rather occluded by the pentachlorophenola te  

and t r i e thy lammonium ions. Further, hydrogen 

bonds as strong as specific solvat ion o f  the proton- 

transfer adduct are normal ly  too insistent on l inear 

geomet ry  to accommoda te  second and third partici- 

pants [ 11 ]. 

In previous  studies it was usually clear  which set of  

s toichiometr ies  was the best choice,  but in this study it 

is less obvious.  The  origin o f  the over lapping  and 
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non-unique fits seen in the present study can be attrib- 
uted to two factors. First, in the decreasing Kvr 
regime, even the simplest solvation pattern (single 
site, n' = 1) predicts a hyperbolic isotherm. In contrast, 
in the prior, increasing Kvr studies, the simplest solva- 
tion pattern (single site, n = 1) predicts a linear isotherm, 
distinctly different than any two-site solvation pattern. 
Second, in the decreasing Kvr regime, the Kvr -- 0 
lower bound forces all single-stage solvation patterns 
to yield an isotherm that is at least approximately 
hyperbolic. Thus, the present decreasing-Kvr experi- 
ment permits unambiguous discrimination between 
possible short-range and long-range solvation 
mechanisms, but at the expense of discrimination 
among the possible short-range mechanisms. 
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