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Effect of Barrier Height Uncertainty 

As noted above, we have assumed that in a large secondary or 
tertiary free radical, the rotational barrier height decreases to 
onehalf the height of the barrier in the parent alkane, rather than 
to two-thirds, as assumed in refs 4 and 5 .  In the case of a 3300 
cal/mol barrier, the difference amounts to a difference in SZ9* 
in the radical of 0.3 cal/(mol K). The differences in Cp between 
298 and 1500 K are between 0.3 and 0.05 cal/(mol K) for almost 
any value of the partition function and almost any parent alkane 
barrier between 3 and 5 kcal/mol-the range of most experimental 
values. In Table XI1 are listed Cp corrections should the barrier 
height be either two-thitds or onethird of the parent alkane barrier 
height, rather than one-half the value, as we have assumed. 
Corrections are also shown for the unlikely case that rotation is 
free (V = 0). These latter figures give an indication of the 
maximum possible errors in the assigned values. The differences 
in any equilibrium constants involving the radicals (including Kf, 
the equilibrium constants for formation from the elements) over 
the same temperature range are 10-20%-not significant, com- 
pared to other probable uncertainties. 
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Pseudophase Ion-Exchange Model Applied to Kinetics in Aqueous Micelles under 
Extreme Conditions: A Simple Modification 
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The dehydrochlorination of 1 ,l-diphenyl-2,2,2-trichloroethane (DTE) with hydroxide ion was studied in the presence of 
hexadecyltrimethylammonium hydroxide (CTAOH) micelles at 25.0 OC, under conditions where the pseudophase ion-exchange 
model (PPIE) normally fails (high sodium hydroxide and salt concentrations). A simple modification of the model, which 
includes the variable degree of d d a t i o n  concept and the contribution of the counterion in the aqueous phase to the interfacial 
counterion concentration, allows the application of the PPIE model to all ranges of concentrations in the presence and absence 
of added salts. 

Introduction 
The pseudophase ion-exchange (PPIE) formalism effectively 

describes most of the observed effects in bimolecular reactions 
of uni- and bivalent ions with organic substrates in ionic micellar 
solutions.’-s The fact that PPIE ignores details of micelle structure 
allows the application of its basic mathematic formalism to syn- 
thetic vesicles,6 reversed micelles,’ microemulsions,8 and ionenes? 

The reported “failures” of the PPIE model, in particular with 
highly hydrophilic reactive counterion surfactants such as CTA- 
OH,I“-I4 were initially rationalized in terms of an additional rate 
contribution across the micelle-water boundary.I1Js Other ap- 
proaches used include (i) the assumption that counterion binding 
obeys a micelle surface potential independent, mass action lawIsJ6 

0022-3654/92/2096-9058S03.00/0 

and (ii) spherical cell models, in which local counterion concen- 
trations are calculated by solving nonlinear Poisson-Boltzmann 
equations and treating the size of CTAOH micelles as an ad- 
justable ~arameter.~”’~ More recently,’O it was demonstrated that 
the apparent breakdown of PPIE, in the case of reactive counterion 
surfactants, is due not to fundamental defects of the model but 
to the inadequacy of the assumption that the degree of micellar 
dissociation, a, is independent of the salt and detergent concen- 
tration. Indeed, good agreement is obtained between observed 
rate constants and the PPIE model when experimentally deter- 
mined values of a (obtained from straightforward conductivity 
measurements) are employed for the simulation of the dehydro- 
chlorination of DDT and DDD in CTAOH and for the fluoride 
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Figure 1. Plot of pseudo-first-order rate constant (kOb) against 
[CTAOH] for the dehydrochlorination of DTE in the absence of KOH 
at 25.00 0.01 "C. 

ion catalyzed hydrolysis of p-nitrophenyl diphenyl phosphate in 
CTAF. 

The failure of the PPIE model observed for cationic micelles 
at high hydroxide ion concentration," for anionic micelles at high 
hydrogen ion concentration,2' and for both cationic and anionic 
micelles at high salt concentration18-21 still remains to be ra- 
tionalized and mathematically treated. 

The inability of any theory to fit experimental rate or equi- 
librium data stems from the unsuitability of the analytical ex- 
pression used to calculate the reactive ion concentration at the 
micellar surface. The two-step function, which is at the very basis 
of the PPIE model, does not include any contribution from the 
ionic concentration in the aqueous phase. Clearly, this simpli- 
fication works well when the concentration of reactive ion is low, 
say below 1w2 M, however, the failure of the PPIE model at high 
concentration of any salt with a reactive ion is intrinsically related 
to this oversimplication. Recently, Romsted successfully treated 
counterion effects on the acid-catalyzed hydrolyzed of a hydro- 
phobic ketal in cationic micelles at high salt concentration by using 
Quina's suggestion that the interfacial counterion concentration 
is equal to an initial effective counterion concentration plus the 
counterion in the aqueous pseudophase.22 

The present results demonstrate that good agreement between 
experimental data and the PPIE model is obtained by using an 
appropriate analytical expression for the hydroxide ion concen- 
tration (including the contribution of hydroxide ion in the aqueous 
phase and taking into account activity corrections), in the dehy- 
drochlorination reaction of 1 ,l-diphenyl-2,2,2-trichloroethane 
under experimental conditions where the normal PPIE equations 
fail. 

Experimental Section 
Hexadecyltrimethylammonium hydroxide (CTAOH) was pu- 

rified by previously described  procedure^.^^ In all experiments 
C02-free water was used and manipulations of CTAOH were 
carried out under a N2 atmosphere. The kinetic and physico- 
chemical (conductivity and surface tension versus concentration) 
behavior of CTAOH were found to be identical with that of a 
sample of the same detergent prepared by the method reported 
by Bunton et ale2* The compound l,l-diphenyl-2,2,2-trichloro- 
ethane (DTE) was prepared according to a previously described 
procedure,5 mp 64-65 OC, lit. mp 65 0C,24 and its punty was found 
to be satisfactory by thin-layer chromatography, UV, and IR 
analysis. All other chemicals used were the best available grade. 

Rates of dehydrochlorination of DTE were determined by 
following (Shimadzu UV 210 A spectrophotometer) the ap- 
pearance of l,l-diphenyl-2,2-dichloroethylene at 260 nm; in all 
cases the substrate concentration was 2.00 X M. The tem- 
perature for the kinetic runs was maintained at 25.00 & 0.01 OC 
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Figure 2. Plot of pseudo-first-order rate Constant (kh) against [KOH] 
at [CTAOH]: 0.005 (O),  0.010 (W), 0.030 (O), 0.04 (v), and 0.05 M 
(0) at 25.00 f 0.01 OC. 
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Figure 3. Plot of pseudo-first-order rate constant (kobr) as a function of 
[KBr] at  [KOH] = 1.0 M and [CTAOH]: 0.005 (O) ,  0.010 (0), and 
0.025 M (0)  at 25.00 & 0.01 OC. 

by using a water-jacketed cell compartment. Individual fmt-order 
rate constants, kob, were obtained from linear plots of In (A, - 
A,) vs time. All plots were linear for at least 90% of reaction, 
and correlation coefficients were greater than 0.99. 

Results 
Figure 1 shows the first-order rate constants for the dehydro- 

chlorination of DTE (eq 1). In aqueous solutions of CTAOH 
(C6H5)2CH-CC13 + HO- + (CsH5)2C=CC12 + H2O + C1- 

(1) 
the observed first-order rate constant increases smoothly as a 
function of surfactant concentration. Figure 2 illustrates results 
obtained for the same reaction at five different detergent con- 
centrations, in the range 0.0054.050 M, as a function of added 
KOH. In all cases the rate constant increased linearly with 
hydroxide ion concentration. 

Figure 3 shows the inhibition of the dehydrochlorination caused 
by addition of KBr to 0.005, 0.010, and 0.025 M solutions of 
CTAOH in the presence of 1 .O M KOH. As expected, in terms 
of ion exchange at the micelle surface, a marked decrease of the 
rate constant is observed. 

Similar results are obtained by addition of KCl, KN03, KF, 
and CH3COOK to 5 X M CTAOH in the presence of 1.0 
M KOH (Figure 4). Qualitatively, the inhibition follows the 
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F I p e  4. Plot of pseudo-first-order rate constant (k&) as a function of 
KCI (M), KNOo (O), KF (0), and CH3COOK (0) a t  [CTAOH] = 
0.005 M and [KOH] = 1.0 M at  25.00 f 0.01 OC. 

expected order,25 Le., NO3- > C1- > CH3COO- > F. 
Discussion 

The results shown in Figures 1-4 were obtained under conditions 
where the original PPIE formalism does not work, Le., the highly 
hydrophilic reactive counterion surfactant CTAOH (Figure 1 ), 
the additional complication of a high concentration of added 
NaOH (Figure 2), and high concentrations of nonreactive salts 
(Figures 3 and 4). 

M 
assuming a molar absorptivity of 17 300 M-’ cm-I and a minimum 
detectable value of 0.001 absorbance units, because no absorbance 
was detected at 235 m for a saturated solution of DTE in water. 
The low solubility of DTE is not unexpected since the solubility 
of l,l-bis@-chlorophenyl)-2,2,2-trichloroethane (DDT) in 
waterZ6s2’ is ca. 1O-Io M. This very low solubility of DTE in the 
aqueous phase allows us to treat the kinetic data using a simple 
rate expression (eq 2) based in the PPIE model, where k2,,, 

The solubility of DTE in water is less than 5.7 X 

kob = k , m [ * - ~ m  (2) 

corresponds to the second-order rate constant in the micellar phase 
and [ m - ] ,  is the local concentration of hydroxide ion in the 
micellar phase. 

The concentration of hydroxide ion in the micellar phase, was 
estimated by using the PPIE formalism and assuming that the 
interfacial counterion concentration corresponds to an effective 
counterion concentration resulting from micelle formation plus 
the counterion concentration in the aqueous phase (eq 3),22 where 

(3) 

C, corresponds to the concentration of micellized surfactant and 
P to the reactive volume in liters/mole of reactive region. This 
equation is formally different from the commonly used two step 
function of the peudophase model, in which the [HO-1, term is 
not considered to contribute to the interfacial counterion con- 
centration. Equation 3 formally attributes the contribution of high 
concentrations of hydroxide ion added as salt, [HO-I,, to the local 
interfacial counterion concentration, to invasion of the micellar 
surface by added hydroxide ion; similar to the concept of elec- 
trolyte invasion in ion exchange resins. The addition of the [HO-1, 
term to eq 3 permits treatment of a11 the experimental data re- 
ported in this paper by means of the PPIE formalism, despite the 
fact that the data were obtained under conditions where the 
original PPIE formalism normally fails (see above). 

Combining q s  2 and 3 gives an expression for the observed 
rate constant (eq 4): 

[HOP], = [HO-],/CdV + [HO-1, 

kobp k2.m([HO-Im/CdP + [HO-Iw) (4) 

TABLE I: Parameters Used To Fit the Effect of Added Salts on the 
Observed Rate Constants for Dehvdroehlorination of DTE at 25 O C  

1 0’ [ CTAOH] , 
salt (concn, M) M 

KBr (04.10)  5.0 
KBr ( 0 . 1 0 )  10.0 
KBr (B-O.10) 25.0 
KCI (04.10)  5.0 
KN03 ( 0 . 1 0 )  5.0 
KF (0-0.10) 5.0 
CH’COOK (0-0.25) 5.0 

104k2,1n, 
KOH/X 

M-I s-I 

6.80 0.050 
6.50 0.050 
6.80 0.050 
6.50 0.100 
6.50 0.043 
6.50 1.020 
6.50 0.425 

P = 0.18 L mol-’; a = 0.02; [KOH] = 1.0 M. 

The data in Figure 1 were fit by using eq 4 and degrees of 
micellar dissociation, a, obtained from conductivity measure- 
menhZ0 The conductivity data were fit with a Langmuir type 
adsorption (eq 5), and a value Of KoH = 73 M-I. This 

(5) 

value of KOH was used to obtain a values by extrapolation for 
concentrations of CTAOH and added hydroxide ion outside the 
range used in the conductivity measurements.20 The best fit of 
the data in Figure 1 was obtained with k2,,, = 6.50 X lo4 M-I 
s-I and V = 0.180 L mol-’. 

A similar result was obtained when the data in Figure 2, 
showing values of the observed rate constant for a series of 
CTAOH concentrations in the range 0.005-0.050 M and variable 
added KOH (up to 1 .O M) were fit with eq 4. Indeed, all the data 
sets, could be fitted with the values of Pand k2,,, cited above within 
5% error limits. The first part of the rate constant-[KOH] profile, 
up to 0.2 M KOH, is described primarily by the first term in q 
4, but the second term becomes predominant at higher KOH 
concentrations. 

The form of the PPIE model developed by Quina and Chai- 
movich was applied2 to calculate the local concentration of hy- 
droxide ion in the micellar phase, for the experiments in the 
presence of salt and 1 .O M KOH. Because the KOH amcentration 
is rather high, eq 5 predicts that a is approximately constant and 
in the range of 0.02. Table I contains low-exchange constants 
and k2,m values obtained by fitting of the experimental data in 
Figures 3 and 4 with eq 4. In all cases the theoretical curves (solid 
lines) agree reasonably well with the experimental data using 
essentially a single k2,,, value, within 5%, and ion-exchange 
constants (KOHIX) which are in good agreement with values re- 
ported in the l i t e r a t ~ r e . ~ ~  

In conclusion, we believe that by using the appropriate degree 
of micellar dissociation, a, and eq 3 to calculate local counterion 
concentration in the micellar phase, we can extend the application 
of the PPIE model to concentrated salt solutions and to reactive 
counterion micelles in the presence of high concentrations of added 
KOH. Thus, the modified PPIE model, including the variable 
a concept and eq 3 as the appropriate analytical expression to 
calculate the reactive counterion concentration, can be applied 
in practically all cases. 
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Microcaiorlmetric Investigation of the Solubilization of Water in Reversed Micelles and 
Water-in-Oil Microemulsions 
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1003 AA Amsterdam, The Netherlands (Received: April 7, 1992; In Final Form: July 16, 1992) 

Microcalorimetry has been used to study the solubilization of water in reversed micelles and water-in-oil (w/o) microemulsions. 
The systems were based on Aerosol OT (AOT) and two isomerically pure sodium alkylarenesulfonates as surfactants. The 
solubilization of water can be described in terms of hydration of the head group (ca. three H20 molecules per AOT), swelling 
of the water droplet, and phase separation. A11 steps are endothermic, indicating that a gain in entropy is the driving force 
for solubilization. Above 60 ' C  the hydration energy for AOT is strongly affected by temperature. The swelling of 
alkylarenesulfonate w/o microemulsions droplets in n-heptane is more endothermic than that of AOT w/o microemulsion 
droplets in n-heptane, indicating a significant influence of surfactant structure. 

Introduction 
In apolar solvents surfactants such as sodium bis(2-ethyl- 

hexy1)sulfosuccinate (Aerosol OT, AOT) form aggregates, which 
are able to solubilize large quantities of water in ~ i l . I - ~  These 
systems are often referred to as reversed micelles if the number 
of water molecules per surfactant molecule ( W) is smaller than 
12 and as water-in-oil micro emulsion^^ if W is larger than 12. 

W/o microemulsions have a variety of possible and actual 
applications in fields such as biotechnology, separation processes, 
and preparation of m i c r o p a r t i ~ l e s . ~ ~ ~ ~  Physicochemical properties 
of reversed micelles and w/o microemulsions have been investi- 
gated using several physical techniques. Emphasis has been placed, 
in particular, on the role of water, and most of the results have 
been interpreted in terms of the model of Zinsli," in which it is 
assumed that in a w/o microemulsion droplet two types of water 
exist: (i) water molecules bound to the head groups in the oil- 
water interface and (ii) free water, which behaves as bulk water. 
Fluores~ence,~~-~~ IR and R a m a ~ ~ , ' ~ * ' ~  NMR,17-22 ESR,22 and DSC 
measurements22*23 indicate that the physicochemical properties 
of AOT reversed micelles change strongly with water content if 
W is smaller than 6-10, For larger values of W, the behavior of 
the water is similar to that of bulk water. Light scattering and 
neutron scattering show that an increase in aggregate growth rate 
is observed at W > 12, which is indicative of the transition of 
reversed micelles to w/o microemuls i~ns .~~*~~ It appears that in 
this region the micellar size depends linearly on W.3*"26 Recently, 
it has been shown by Maitra and co-workers that, on the basis 

'Present address: Shell Research Ltd., Thornton Research Centre, P.O. 
Box 1, Chester CH1 3SH, England. 
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of IR measurements, it is better to distinguish three types of water 
molecules. Besides the bound water molecules and the free water 
molecules, 1-2 water molecules can be trapped between the head 
groups, having no hydrogen bond interaction with their sur- 
round ing~ .~~~~ '  If the water content of the system is increased still 
further, a phase boundary is p a s ~ e d . ~ * . ~ ~  The exact location of 
the boundary and the phase types formed, Le., a w/o micro- 
emulsion with water or two microemulsions, depends on the oil 
and the t e m p e r a t ~ r e . ~ ~ , ~ ~  

Although water-indud alterations in the structure of revenad 
micelles and w/o microemulsions have been studied in de- 
tail,'4J'-26 not much is known about the heat effects associated 
with these alterations. Thus, insight into the strength of various 
interactions in these systems is almost lacking. As far as the 
authors know, there have been only three invtstigations (all based 
on AOT) in which the heat effects associated with the solubili- 
zation of water in these systems have been m e a s ~ r e d . ~ * ~ ~  Ref- 
erences 30 and 3 1 show that the solubilization of water is endo- 
thermic, so driven by a gain in entropy. By applying a model to 
interpret the calorimetric data, D'Aprano et al. calculated that 
the solubilization of the first water molecules is associated with 
an endothermic heat effect of ca. 750 J/mol H 2 0  and that ap- 
proximately six water molecules per surfactant molecule are bound 
to the interface." 

Here we report our microcalorimetric measurements on 
AOT-based reversed micelles and w/o microemulsions from 25 
to 80 OC. The measurements were performed by titrating small 
quantities of water or w/o microemulsions into a solution of 
reversed micelles or w/o microemulsions. As a result, the heat 
effects associated with head group hydration and alterations in 
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