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The fraction of micellar surface neutralized is calculated from kinetic results considering independent distribution equilibria 
between aqueous and micellar pseudophases for different ions in solution. The new model explains the kinetic results for 
the basic hydrolysis of acetylsalicylic acid in cetyltrimethylammonium bromide, chloride, and hydroxide (CTABr, CTACI, 
and CTAOH, respectively), and the basic hydrolysis of 3-acetoxy-2-naphthoic acid in CTAOH and CTABr. 

Introduction 
The effect of ionic micelles on the rates of bimolecular reactions 

is determined by increase in concentration of reactants within the 
small volume of the micellar Stern layer.’ The apparent rate 
constants in micellar solutions may be either larger* or smaller3 
than the rate constants in water, showing both important catalytic 
or inhibition effects by these micellar systems. Most of the kinetic 
results can be explained by means of the pseudophase kinetic model 
proposed by Menger4 and developed by Bunton5 and Romsted6 
by assuming that the counterion of the micelle and the ionic 
reactant compete for the ionic head groups of the micellar surface, 
with the restriction that the fraction of these head groups neu- 
tralized, @, is a constant independent of the surfactant concen- 
tration. However, measurements by light scattering suggest that 

increases on addition of counterions in solution’J and even for 
ions that bind very strongly to the micelle to consider it as a 
constant is only an appro~imation.~ 

In this paper we have developed a new model that permits one 
to estimate the variation of p with surfactant concentration as 
a function of the distribution equilibria constants of the ions in 
solution between aqueous and micellar pseudophases at different 
surfactant concentrations. We applied the model to explain the 
basic hydrolysis of acetylsalicylic acid in CTABr, CTAC1, and 
CTAOH and 3-acetoxy-2-naphthoic acid in CTABr and CTAOH. 

Theoretical Approach 
The pseudophase kinetic mode1435*6910J’ considers the total volume 

of the micelles as a separate phase uniformly distributed in the 
aqueous phase, the reaction occurring in both phases according 
to Scheme I, where the subscripts M and W denote the micellar 
and aqueous phases, respectively, S is the substrate, Dn is the 
micellized surfactant whose concentration is given by [Dn] = [D] 
- cmc, cmc is the critical micelle concentration, and Ks is the 
binding constant of the substrate to the micelle written in terms 
of micellized surfactant: 

Scheme I 

S w  + Dn 2 SM 

h w n L  Ji 
products 

kw‘ and kM’ are the pseudo-first-order rate constants in aqueous 
and micellar pseudophases, respectively, given by 

kw’ = kw[OHw-] 

kM’ = k~[oH,- ]  / [Dn] 

where kM is written in terms of the mole ratio of micellar OH- 
bound to the micellar head groups. The pseudo-first-order rate 
constant can be easily derived as 

where [OHT-] = [OHw-] + [OHM-] and mOH = [ o H ~ - ] / [ D n l .  
For a reaction with a reactive ion OH- as the micelle counterion, 

the distribution of this ion between aqueous and micellar pseu- 
dophases can be fitted to a mass-action modelI2 as 

KOH’ = [OHM-l/([OHW-]([Dnl - [OHM-])] (2) 
and the fraction of micellar head groups neutralized will be p 
= [OH,-]/[Dn]. Equation 2 predicts that p increases with 
surfactant concentration. 

When two ions compete for the micellar head groups, it is 
possible to define independent equilibria for each of them, so that 
for OH- as the reactive ion and X- as the micelle counterion, the 
equilibrium constants KoH’ and Kx‘ can be written as 

KOH’ = [oHM-l/~[oHW-~([Dnl - [OHM-] - [xM-l)) 

KX’ = [XM-l/([XW-l([Dnl - [OHM-]- [XM-])) 
which reduce to 
KOH’[OHM-]~ - (&,’[Dn] - &’[XM-] + Ko,’[OHT-] + 

. l)[OHM-] + ([Dn] - [XM-l)KOH’[OHT-l = 0 (3) 
(1) Fendler, J. H.; Fendler, E. H. “Catalysis in Micellar and Macromo- 

lecular Systems”; Academic Press: New York, 1975. Cordes, E. H. Pure 
Appl. Chem. 1978,50,617. Bunton, C. A. Pure Appl. Chem. 1977,49,969. 

(2) Bunton, C. A,; Rodenas, E.; Moffatt, J. R. J .  Am. Chem. SOC. 1982, 
102, 2053. 

(3) AI-Lohedan, H.; Bunton, C. A,; Romsted. L. S .  J .  Phvs. Chem. 1981. 

Kx’[XM-]2 - (Kx’[Dn] - Kx’[OHM-] + K,’[x~-] + 1) x 
[XM-] + ([Dnl - [OHM-])KX’[XT-] = 0 (4) 

These two equations can be solved simultaneously with an iterative 
Calculation method to give the values of [OHM-1 and ixM-1 as 

Mittal, K. L., Ed.; Plenum Press: New York, 1977; Vol. 2, p 509. 
(7) Rhode, A.; S a c k ” ,  E. J .  Colloid Interface Sei. 197% 70, 494. 
(8) Rhode, A.; Sackmann, E. J .  Phys. Chem. 1980,84, 1598. 
(9) Gunnarsson, G.; Jonsson, B.; Wennerstom, H. J .  Phys. Chem. 1980, 

and halide concentrations with a computer program. In this case 
the fraction of micellar head groups neutralized will be p = 

84, 3114. (12) Bunton, C. A.; Romsted, L. S.; Savelli, G. J. Am. Chem. SOC. 1979, 
101, 1253. Bunton, C. A.; Romsted, L. S.; Thamavit, C. J. Am. Chem. SOC. 
1980, 102, 3900. Bunton, C. A.; Gan, L. H.; Moffatt, J. R.; Romsted, L. S.; 

(10) Quina, F. H.; Chaimovich, H. J .  Phys. Chem. 1979, 83, 1844. 
(1 1) Berezin, I. V.; Martinek, K.; Yatsimirskii, A. K. Russ. Chem. Rev. 

(Engl. Transl.) 1973, 42, 787. Savelli, G. J. Phys. Chem. 1981, 85, 41 18. 
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Figure 1. Variation of the pseudo-first-order rate constant ky with 
CTABr concentration for acetylsalicylic acid: (0) [NaOH] = M, 
(a) [NaOH] = 3 X M, (0) [NaOH] 
= 8 X 

([OHM-] + [XM-])/[Dn]. This value of p will depend on sur- 
factant, total hydroxide, and halide concentrations and on the 
values of KOHf and K x f .  

Experimental Section 
Materials. Acetylsalicylic acid and other reactants from Merck 

were used without further purification. The 3-acetoxy-2-naphthoic 
acid was prepared from 3-hydroxy-2-naphthoic acid and acetic 
anhydride at room temperature and the product recrystallized from 
MeOH/Et20. The surfactants CTACl and CTAOH were pre- 
pared by ion exchange of CTABr with anionic resin Amberlita 
21 K. The CTAOH was prepared and kept under N2 and it was 
used only the following day after preparation. The absence of 
Br- in CTACl and CTAOH was tested with fluorescein and silver 
ion, respectively. 

Kinetics. All the reactions were run at  25 f 0.1 OC in a 
thermostated Spectronic 2000 Bausch and Lomb spectropho- 
tometer. Both substrates were completely dissociated under our 
experimental conditions and the reactions were followed at 296.5 
nm (isosbestic point) for the salicylic acid and 350 nm for the 
3-hydroxy-2-naphthoic acid with its A,,, shifted slightly by sur- 
factants. To the mixture of CTAX and NaOH at  a given con- 
centration in the thermostated cuvettes, 0.1 mL of acetylsalicylic 
acid or 3-acetoxy-2-naphthoic acid stock solution (3 X M 
in acetonitrile) was added so that the amount of CH$N in the 
reaction mixture was 3%. The concentrations were as follows: 
NaOH, 10-2-8 X M; CTAX, 2 X X M; and for 
both substrates M in all experiments. The hydroxide ion 
concentration was always in large excess over both substrates. 
Values of pseudo-first-order rate constants were obtained by 
least-squares fit with correlation coefficients greater than 0.999. 

Results and Discussion 
The second-order rate constant, kw, for the basic hydrolysis 

of acetylsalicylic acid in water is 7.45 M-’ min-’, which agrees 
with the literature value.13 The experimental pseudo-first-order 
rate constants ky for the reaction in micellar solutions of CTABr, 
CTACI, and CTAOH are shown in Figures 1-3, respectively, at 
different hydroxide ion and surfactant concentrations. The 
variations of pseudo-first-order rate constants with hydroxide ion 
concentration at  fixed concentrations of CTABr and CTACl are 
shown in Figure 4. 

The kinetic results for the reaction in CTABr and CTACl can 
be adapted to the model proposed by Buntons and Romsted6J4 
as already reported.15 This model considers that ions bind to 
micelles according to the exchange model developed for resins and 

M, (0) [NaOH] = 5 X 
M. Lines are predicted values with different models. 

(13) Edwards, L. J .  Trans. Faraday Soc. 1950, 46, 723. 
(14) Romsted, L. S. Ph.D. Thesis, Indiana University, Bloomington, IN 

(15) Vera, S.;  Rodenas, E. An. R.  Acad. Farm. 1984, 50, 73. 
1975. 
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Figure 2. Variation of the pseudo-first-order rate constant kq with 
CTACl concentration for acetylsalicylic acid: (0) [NaOH] = M, 
(0) [NaOH] = 3 X M, (0) [NaOH] 
= 8 X 

M, (0) [NaOH] = 5 X 
M. Lines are predicted values with different models. 
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Figure 4. Variation of the pseudo-first-order rate constant k y  with 
NaOH at a fixed surfactant concentrations for acetylsalicylic acid: (a) 
[CTABr] = M, (b) [CTACI] = M. 

that can be taken as a constant when one of the ions in solution 
binds very strongly to micelles.3 For OH- reactive ion and X- 
as micelle counterion the ion-exchange equilibria can be expressed 
by 

OHM- + Xw- OHw- + XM- 
with an equilibrium constant 

and the following expression for mOH can be easily deduced: 
KB?H = [OH,-] [xM-l /[OHM-] [xW-l 
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TABLE I: Parameters That Best Fit the Kinetic Results for 
Acetylsalicylic Acid in CTABr and CTACI, with j3 as a Constant 

CTABr CTACI 
[OH,-/ kM/ KS/ kM/ KS/ 

M m i d  M-I KRIoH j3 min-' M-' KCloH j3 
0.01 0.54 120 2 0.8 0.95 120 1.3 0.71 
0.03 0.53 120 2 0.8 0.94 120 1.3 0.71 
0.05 0.68 200 2 0.8 0.91 130 1.3 0.71 
0.08 0.73 270 2 0.8 0.96 160 1.3 0.71 

TABLE 11: Parameters That Best Fit the Results for Acetylsalicylic 
Acid in CTAOH 

[NaOH]/M kM/mid  Ks/M-l KOH'/M-I 
0.00 0.60 350 380 
0.01 0.60 350 3 80 
0.03 0.60 350 380 

TABLE 111: Variation of j3 in CTAOH at Different NaOH 
Concentrations for Acetylsalicylic Acid 

B 
lO'[CTAOH]/M 0 M NaOH 0.0: M NaOH 0.03 M NaOH 

2 0.374 0.808 0.921 
4 0.484 0.8 13 0.921 
6 0.547 0.817 0.922 
10 0.621 0.825 0.923 
20 0.709 0.840 0.924 
40 0.781 0.860 0.927 
60 0.816 0.874 0.930 

The experimental rate constants can be adapted to eq 1 and 
5 at  different surfactant and NaOH concentrations by simulation 
techniques with a computer program, using kw = 7.45 M-' m i d ,  
cmc(CTABr) = 9 X lo4 M, cmc(CTAC1) = 1.3 X M,I6 
@(CTABr) = 0.8, P(CTAC1) = 0.71,596 and kM, Ks, and KXoH 
as adjustable parameters. The main problem is to fix the exact 
value of each of the parameters, because small variations in them 
also give acceptable fits of the experimental results, as already 
r e ~ r t e d . ~  Table I gives the values of parameters that best fit the 
experimental results in CTABr and CTACl at constant 8, but to 
fit them kM and Ks must be allowed to vary. In figures 1 and 
2 dashed lines represent the calculated values of k* for CTABr 
and CTAC1, respectively. The variation of the pseudo-first-order 
rate constants a t  fixed CTABr and CTACl amounts with hy- 
droxide ion concentrations (dashed lines in Figure 4) can only be 
fitted up, with this model, to [OH-] = 0.05 M. 

To fit all the kinetic results, we used the new model proposed 
above, which allows B to vary with hydroxide and surfactant 
concentrations. The reaction was studied in micelles of CTAOH 
and the experimental results were fitted to eq 1 and 2 by using 
cmc(CTA0H) = 8.4 X M12 and kw = 7.45 M-' min-' as 
fixed parameters, and determining Ks, KOH', and and kM by 
simulation techniques. Table I1 gives the values of parameters 
that best fit the experimental results and Figure 3, solid lines, 
shows the values of k* so calculated. As can be seen, the fraction 
of micellar head groups neutralized 8 changes with surfactant and 
hydroxide ion concentration (Table 111) and it is not possible to 
consider it as a constant for this hydrophilic ion. 

The experimental results in CTABr and CTACl can be adapted 
to the new model proposed by using the values of KOH' and kM 
obtained for CTAOH and Ks and Kx' as adjustable parameters. 
The values of them that best fit the results are given in Table IV 
and the pseudo-first-order rate constants so calculated are rep- 
resented, by solid lines, in Figures 1 and 2 for CTABr and CTACI, 
respectively. The changes of @ with surfactant and hydroxide 
concentrations for the estimated values of KOH' and Kx' are plotted 
in Figure 5. As we can see, (3 is variable a t  small OH- con- 
centrations, while for increasing it @ becomes nearly constant with 

(16) Mukerjee, P.; Mysels, K. J. "Critical Micelle Concentration of 
Aqueous Surfactant Systems"; National Bureau of Standards: Washington, 
DC, 1971; Nutl. Stand. Ref: Datu Ser. ( U S .  Nutl. Bur. Srund.) NSRDS-NBS 
20420. 

TABLE I V  Parameters That Best Fit the Results for Acetylsalicylic 
Acid in CTABr and CTACI with tbe Iterative Calculation Method 

CTABr CTACI 
[OH,-]/ k M /  Ksl &I)/ k M /  Ks/ Kc{/ 

0.60 110 760 0.61 150 494 
0.59 110 760 0.62 150 494 
0.60 110 760 0.61 150 494 
0.60 110 760 0.62 150 494 

M-l min-l M-1 M-1 min-1 M-1 M-1 

0.01 
0.03 
0.05 
0.08 
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Figure 5. Variation of j3 with [CTAX] at different NaOH concentrations 
for acetylsalicylic acid: (0)  CTABr, (0) CTACI. 
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Figure 6. Variation of pseudo-first-order rate constant kp with CTAOH 
concentration for 3-acetoxy-2-naphthoic acid: (0)  only CTAOH, (0) 
[NaOH] = lo-* M. Lines are predicted values. 

values higher than 0.9. It is important to notice that with this 
treatment, which considers @ variable, kM becomes constant in- 
dependent of surfactant and hydroxide ion concentrations as it 
should be and with the same value for the three studied surfactants 
CTAOH, CTABr, and CTACl, while Ks is different for each of 
them. The values of KB: and Kc,' agree that C1- binds to micelles 
less strongly than Br-.10,17,'s 

In Figure 4 we plot the calculated results for k, at different 
OH- concentrations and fKed CTABr and CTACl amounts, using 
the parameters Kx' and kM as determined before and the values 
of Ks of 150 and 1 10 M-' for CTACl and CTABr, respectively 
(solid lines). As we can see, the results fit very well until [OH-] 
= 0.15 M. In this case it is not possible to force the data to fit 
through an empirical increase of Ks, as it has been done in the 
literature for other  reaction^,^^**^ because increasing Ks decreases 
the calculated value of pseudo-first-order rate constant. Some 

(17) Al-Lohedan, H.; Bunton, C. A. J .  Org. Chem. 1982, 47, 1160. 
(18) Bartet, D.; Gamboa, C.; Sepulveda, L. J.  Phys. Chem. 1980,84,272. 
(19) Al-Lohedan, H.; Bunton, C. A.; Moffatt, J. R. J .  Phys. Chem. 1983, 

(20) Rodenas, E. An. Quim. 1983, 79, 638. 
87, 332. 
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Ks = 800 M-l, kM = 0.67 min-l, KOH' = 380 M-l, and the cal- 
culated values of the pseudo-first-order rate constant are the solid 
lines in Figure 6. The new model, which considers p variable, 
also explains the experimental results in CTABr, and the pa- 
rameters that give the best fit are Ks = 600 M-', kM = 0.67 min-l, 
and KBi = 1900 M-I, and in Figure 7 solid lines represent the 
calculated values of ky. 

We note that the value of kM is nearly the same for both 
substrates, while the value of Ks is higher for 3-acetoxy-2- 
naphthoic acid as expected for a more hydrophobic substrate. The 
KOH' is also the same for both substrates, but the best value of 
KBi is different for each of them, corresponding to exchange 
constant values KBTH of 2 and 5 for acetylsalicylic acid and 
3-acetoxy-2-naphthoic acid, respectively, but as we have pointed 
out earlier, it is possible to obtain acceptable fitting of the ex- 
perimental results for both substrates by using some other values 
of KBTH in the range 2-5. 

Both substrates, acetylsalicylic acid and 3-acetoxy-2-naphthoic 
acid, are completely dissociated under our kinetic conditions and 
can be treated as exchangeable micelle counterions whose dis- 
tribution will depend upon the concentrations of other counterions 
in solution,IO but although the interaction between one ionic 
substrate with the micelle both electrostatic and hydrophobic forces 
will contribute, from the formal point of view the ionic substrate 
model does not improve the adjustment of the experimental results. 

The results for the basic hydrolysis of acetylsalicylic acid and 
3-acetoxy-2-naphthoic acid are important because independent 
of the model used the second-order rate constant in the micellar 
pseudophase k2m, M-' min-', given by k2" = 0.14kM, is about 100 
times smaller than the second-order rate constant in water for both 
substrates. That means that binding of the substrate to cationic 
micelles stabilizes the ground state much more than the transition 
state, accounting for the small catalysis observed for these re- 
a c t i o n ~ . ~ ~  

It can be concluded that by consideration of independent 
equilibrium distribution for ions in solution between aqueous and 
micellar pseudophases it is possible to explain the experimental 
results of the basic hydrolysis of acetylsalicylic acid and 3-acet- 
oxy-2-naphthoic acid and, from the best fit of the results, to 
calculate the fraction of micellar head groups neutralized p, which 
depends on the values of the equilibrium distribution constants 
of different ions. This is only an approach to the real distribution 
of ions between aqueous and micellar pseudophases, although we 
are sure this is not the final solution for the treatment of kinetic 
data for reactions in micellar systems. 

acetylsalicylic acid, 50-78-2; 3-acetoxy-2-naphthoic acid, 5464-07-3. 
Rqktry NO. CTAB, 57-09-0; CTAC, 112-02-7; CTAOH, 505-86-2; 
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Figure 7. Variation of the pseudo-first-order rate constant ky with 
CTABr concentration for 3-acetoxy-2-naphthoic acid: (0) [NaOH] = 

M, (0) [NaOH] = 5 X lo-* M, (a) 
[NaOH] = 8 X 10" M. Lines are predicted values with different models. 

M, (0)  [NaOH] = 3 X 

TABLE V Parameters That Best Fit the Kinetic Results for 
3-Acetoxv-2-na~hthoic Acid in Cl'ABr. with i3 as a Constant 

0.01 0.8 1 500 5 0.8 
0.03 0.85 400 5 0.8 
0.05 0.90 500 5 0.8 
0.08 0.88 500 5 0.8 

authors explain the results at high ion concentration considering 
an additional pathway across the micellar boundary, in which 
hydroxide ion in the aqueous phase would be able to react with 
the organic substrates,21 although there is also some evidence that 
at high ion concentration there is a breakdown of the pseudophase 

In order to test the new model we have studied the basic hy- 
drolysis of a more hydrophobic substrate, 3-acetoxy-2-naphthoic 
acid. The second-rate constant in pure aqueous solution kw is 
9.63 M-l mi&. The experimental pseudefirst-order rate constants 
for the reaction in CTAOH and CTABr are represented by dots 
in Figures 6 and 7, respectively, for different OH- and surfactant 
concentrations. The kinetics results for the reaction in CTABr 
can be adapted to the pseudophase kinetic model, Table V gives 
the values of parameters that best fit the experimental results, 
and in Figure 7 dashed lines represent the calculated values of 
ky. The results in CTAOH can be fitted to eq 1 and 2 by using 

(21) Nome, F. R.; Franco, C.; Ionescu, G. J .  Phys. Chem. 1982,86,1881. 
(22) Ionescu, G.; Rubio, D. A. R. Arq. Eiol. Tecnol. 1981, 24, 76. (23) Romsted, L. S., personal communication. 


