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The kinetic treatment of reactions catalysed by functional micelles and comicelles made up of 
chemically inert and functional surfactants, based on the pseudophase separation approach, allows 
the evaluation of the parameters defining the catalytic phenomena. The rate enhancements of 
activated ester hydrolysis due to cationic micelles of previously described functional surfactants, 
when compared to those due to analogous non-micellar model compounds, can be mainly accounted 
for by concentration and electrostatic effects. Desolvation and other medium effects on anionic 
micellar functions are not a relevant source of rate enhancement. The merits of comicellar solutions 
for the analysis under standard conditions of the catalytic effectiveness of a variety of functional 
surfactants are also presented. 

Interest in refining analogies between micelles and enzymes has led to substantial 
progress in the field of functional micellar catalysisa2 A large variety of functional 
surfactants 1 p  3-8 have been tested as micellar catalysts of activated ester (R’-COY) 
hydrolysis and in most cases a nucleophilic mode of action (see below ; m-R-FH : 
micellar functional surfactant), involving acylation and deacylation of the -FH 
function, has been shown to be involved. 

E-IQ-FH m-IJ-FH 

+ R’-COY + R’-CQzIP 

REACTION SCHEME 

In spite of the large amount of published data, it is quite difficult to compare the 
catalytic effectiveness of the various types of functional micelles because of the 
different conditions used (micelles or solvent composition, pH, buffer, temperature, 
etc.) in the kinetic studies. Moreover, most of the investigations were conducted at 
low substrate concentration under pseudo-first-order conditions so that only the 
acylation process was followed. 

We have recently undertaken a systematic kinetic analysis zc of several of the most 
significant functional micellar reagents as catalysts of activated ester and amide 
hydrolysis, aimed at defining their relative catalytic effectiveness under identical 
conditions and also to obtain a better understanding of the factors responsible for the 
observed rate effects. Analysis in aqueous solutions could not, however, be con- 
ducted for homogeneous micellar systems because of the sparing solubility of several 
surfactants, so we used the following conditions for reasons detailed below : mixed 
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1302 FUNCTIONAL MICELLAR CATALYSIS 

micelles with CTABr as the inert solubilizing component, Tris buffers of constant 
ionic strength. We were then faced with the problem of the treatment of kinetic 
data. Gitler and Ochoa-Solano suggested for the case of functional comicelles a 
treatment based on the separation of active (functional) and inactive regions of the 
micelle. Such a static model was later criticized by Maugh and B r ~ i c e . ~  More 
recently, the kinetic treatment of bimolecular micellar reactions based on the pseudo- 
phase model has been discussed and reassessed.lo* 11 

The purpose of this paper is to present a general kinetic treatment for reactions 
catalysed by functional micelles, both homogeneous and mixed, and to estimate the 
kinetic parameters of the reactions awurring in the micellar medium and the factors 
responsible for the catalytic effects observed. 

EXPERIMENTAL 
The syntheses of surfactants (1a)-(IVa), of model compounds (1b)-(IIIb) and of p-nitro- 

phenyl acetate (PNPA) and hexanoate (PNPH) have been described.l+ Thiocholine 
(1%) was obtained by cleavage of commercially available acetylthiocholine iodide. This 
was deacylated (disappearance of the lH n.m.r. signal at 2.35 6, in D20) in a deoxygenated 
solution of HCl(2 mol dm3) in methanol, 24 h at room temperature, and, after removal of 
the solvent, the product was immediately used for the kinetic measurements carried out for 
&aerated nitrogen flushed solutions. The thiocholine SH title was determined by Ellman's 
method. l2 

The procedure used for the kinetic determinations, using a Gilford 2400 or a Varian- 
Cary 219 spectrophotometer, has been described.l* 8c 

I 
R2 

CH3 
1 + I  

R-N-CH2CH2--OH Br- 
I 
R2 

CH3 
+I 
I 

R-N-CH2-Im Cl- 

CHz--CHz-OH 

THEORETICAL 

HOMOGENEOUS FUNCTIONAL MICELLES 

Following the phase separation approach,13* l4 the overall rate of a reaction 
catalysed by micelles equals the sum of the rates of two processes: the reaction 
occurring in the micellar pseudophase of fractional volume v a d  that in the aqueous 
pseudophase of fractional volume 1 -v. 
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R. FORNASIER AND U. TONELLATO 1303 
If S and D‘ designate the substrate and the functional surfactant, subscripts w 

and m the aqueous and the micellar pseudophases and* indicates that theconcentration 
is referred to the volume of the corresponding pseudophases indicated by the sub- 
scripts, the stoichiometric concentration of S and D‘ (when [DfIt > c.m.c.) are defined 
by the material balance of eqn (1) and (2): 

CSI, = CSlW+~SlLn = rsl:(l-~>+csI*m~ (1) 

[Dqt = c.m.c. + [DfIm = [Df]:((l - u)+ [Dq:v. 

In dilute micellar solutions, when t, < 1, the relations [S], = [S],+[S]:u and 
[Dqt = c.m.c. + [Dq:Kare good approximations. On the other hand, u is defined by 
the product Tpqrn, V being the molar volume of the micelles of DC, so that [DqZ = 
l / E  Under such conditions, the overall first-order rate constant, k i  = -d[S]/ 
(dt[S],), may be given 14* by eqn (3) 

(3) 
( k b + &c. m . c . ) [ S] + kk [ S] [ D ] *mu - k ,  [ S] + ( k l /  F) [ S] f o 

where k” are the second-order rate constants in the corresponding phases for the 
reaction between S and Df, kb the pseudo-first-order rate constant for the “ spon- 
taneous ” hydrolysis of S and ko equals kb + kb c.m.c. In deriving eqn (3), it has been 
assumed that the micellar reaction occurs in the whole volume of the micelles; the 
implications of this assumption will be discussed below. 

The kj, constant may be conveniently expressed either : (a) in terms of the partition 
coefficient l4 of the substrate between the two pseudophases, Ps = [vm/[S]c, as in 

ki = - 
[sit [Sit 

eqn (41, 

or (b) in terms of the binding constant of S to the micellized surfactant, 
Ks = [S]:V/([S]~[D~]~). Since Ks = Psu/[Dq, and provided Ps 9 1, from eqn (4) one 
obtains eqn (5) or (5’) where k, = KskilV is the apparent catalytic rate constant 
which is often used to define the catalytic properties of functional surfactants. 

The above rate equations are based on a number of assumption and approximation 
which are, however, reasonable for very dilute micellar solutions and provided 

Complementary data for the definition of the catalytic effectiveness of micellar 
reagents may be obtained using excess substrate, Le., [S] % [Dqm. Under these 
conditions, the treatment in the case of ester (or amide) hydrolysis may be based on 
the Reaction Scheme following the approach described by Bender and Mar~hal1.l~ 
Kinetically the reaction may consist of a fast initial release of the alcoholic fragment HY 
(pre-steady-state) followed by a slow linear formation of HY (steady- state) provided 
the acylation stage is much faster than that of deacylation. In the pre-steady-state 
(“ burst ”) portion, the first-order rate constant for the attainment of a steady-state 
concentration of the acylated intermediate, g-&-F-COR’, is given by eqn (6) where 

P I  +e ID781. 
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1304 FUNCTIONAL MICELLAR CATALYSIS 

kz is the second-order rate constant for the acylation process, ki is the pseudo-first- 
order rate constant for the deacylation reaction and subscript refers to time zero 

k' = k,"[S]i+ ki? 
In the steady-state portion, the rate of formation of HY is given by eqn (7), analogous 
to the Michaelis-Menten equation, which becomes d[Hq/dt = k;[Df], provided 
k;[S]o % ki 

The constant ki obtained from '' burst " experiments is equivalent to the constant k, 
obtained under conditions [S] < [DfIm; the values, however, cannot be expected to 
be the same since all micellar properties are likely to be perturbed when micelles are 
saturated with respect to the substrate. 

COMICELLES OF INERT AND FUNCTIONAL SURFACTANTS 

The quantitative treatment of reactions catalysed by functional comicelles in 
dilute solutions, under conditions [S] < [DfIm, may also be based on the phase separa- 
tion approach followed in the preceding section. The stoichiometric concentrations 
of substrate and functional surfactant may be given by eqn (1) and (2) where Y is now 
defined by the quantity -([Df],+[Di],)~= [DtlmR superscripts i and t denoting 
inert and total (surfactant) and V the molar volume of the comicelle. Therefore, the 
overall first-order rate constant, in terms of the binding constant of S to comicellized 
surfactants, DL, may be expressed by eqn (8) or ( 8 7 ,  the analogues of eqn (5) and (5') .  

These expressions 

are based on assumption which are reasonable for dilute micellar solutions where 
[D'], % [Df]m 9 [S] and Ks and Vmay be taken as those of the micelles of Di only. 
However, such conditions are difficult to realize. If the ratio [Di]/[Dq is not very 
large eqn (8) or ( 8 7  may still be applied and Ks and the other kinetic constants referred 
to that comicellar composition. In this case there are problems in evaluating some 
of the micellar parameters involved in the kinetic equations such as, for instance, the 
c.m.c. and, hence, the [Dim of the individual surfactants unless one assumes, as a non- 
rigorous approximation,16 that the binary mixture of Di and Df behaves ideally. 

Conditions [DiIm, [S] % [Df], may be used to obtain kinetic data concerning the 
deacylation stage. The treatment is here analogous to that described for homo- 
geneous micelles when eqn (6) and (7) applied. 

RATE DEPENDENCE ON PH 
Most of the functional detergents so far investigated undergo acid dissociation in 

the range of neutral-alkaline solutions, There are difficulties in the interpretation of 
acid dissociation in microscopic pseudophases, particularly when charged as in the 
case of functional ionic micelles, since the K, value of a function at the micellar 
surface is different from that in water." 
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R. FORNASIER AND U. TONELLATO 1305 

Given a function - FH subject to acid dissociation to - F- and assuming that the 
corresponding forms of the surfactant, DfH and Df-, are both reactive species toward 
S with second-order rate constant, kkH and kL-, respectively, the overall first-order 
rate constant, assuming that the Ks/ V ratio does not change appreciably with the 
degree of dissociation of the function, may be given by eqn (9) 

On the other hand, the overall dissociation constant, Ka app. = [H+][Df-]/[DfH], at 
least for moderately concentrated micellar solutions, may be approximately defined 
by Ka app. = [H+][Df-],/[DfH],. Under such conditions, from eqn (9) one obtains 
eqn (10) where k! = KskiH/ Band k; = KskL-/ 

(10) k;, = ko + C D ~ , ( ~ C H + I  + ~ ~ , a p p . ) / ( r ~ + i  +K,~PP.) 
1 +K,CD'Im 

The overall catalytic rate constant is then given by eqn (1 1) 

or, when the activity of the undissociated form may be neglected, by k, = kJ(l+ 
[H+I/Ka ~PP*)*  

APPLICATION TO EXPERIMENTAL DATA 

EVALUATION OF THE KINETIC PARAMETERS 

A typical rate-concentration profile for ester (PNPH) hydrolysis catalysed by 
homogeneous functional micelles of detergent (Ia) is shown in fig. 1. The- approxi- 
mate k, value may be simply obtained 8c from the slope of the quasi-linear post- 
micellar portion of the diagram when, provided Ks[Dqm Q 1, eqn (6) becomes 
kc = ki/[D']m. Application of eqn (5)  in the rearranged form of eqn (12) or, when 
ko < 4, of eqn (1 3) allows one to estimate the ki/ v and Ks values 

from the slope and intercept of the appropriate plots [see fig. 1 for the application of 

In the case of comicelles of inert and functional surfactants, the rate concentration 
profile obtained at any given [Di]/[Df] ratio is shown in fig. 2 [see also ref. (l), ( 8 4  
and (Sc)] and application of eqn (8) or (8') in the rearranged forms analogous to (12) 
or (13) may allow determination of the kL/ and Ks values. The non-functional 
surfactant is often not so inert as has been assumed and may catalyse 8d or inhibit 
the reaction under study. In this case, there are problems in evaluating the ko term 
of eqn (8) or (8'). However, it is possible, by rewriting eqn (8') as eqn (14), to 
estimate kLorr. by approximating 

eqn (1311. 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
80

. D
ow

nl
oa

de
d 

by
 C

ar
le

to
n 

U
ni

ve
rs

ity
 o

n 
31

/0
7/

20
15

 1
2:

18
:1

8.
 

View Article Online

http://dx.doi.org/10.1039/f19807601301


1306 FUNCTIONAL MICELLAR CATALYSIS 
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FIG. 1 ,-Rateconcentration profile : the hydrolysis of PNPH catalysed by surfactant (Ia). Condi- 
tions :',[PNPH] = (3-8) x mol dm-3, Tris buffer p = 0.1 (KCI), pH 7.95, 1 % v/v CH3CN, 25°C. 
Inneraplot : [Dr],/kb against [Dflm [see text, eqn (13)]. Kinetic parameters: kc = 275 dnr3 mol-l 

s-l, Ks = 1860 dm3 mol-', kk/v = 0.15 s-l. 

[DfJ/ lOd mol dm-3 
FIG. 2.-Rate-concentration profile : the hydrolysis of PNPH catalysed by comicelles [CTABr) : 
(Ia] = 6.7. Conditions : [PNPW = (3-5) x mol ~lm-~,  Tris buffer, p = 0.1 (KCI), pH 7.95,l % 
v/v CH3CN, 25°C. Inner plot: lD%/kb against [D']m [see text, eqn (131. Kinetic parameters: 

kc = 290 dm3 mol-I s-l, Ks = 2100 dm3 m ~ l - ~ ,  k",v = 0.14 s-l. 
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R. FORNASIER AND U. TONELLATO 1307 

the k,/(l +K,[D*],) term at any [Dtlm to the overall first-order rate constant observed 
for solutions of Di only, at [D'], = [DtIm. This may easily be obtained from the 
rate-concentration profile determined for solutions of Di and the reaction considered. 
Eqn (15) may then be applied 

The above problem is virtually absent under the conditions we used for the 
kinetic analysis of various functional surfactants (see above and fig. 2 for details) 
since CTABr in Tris buffers is virtually inert (a slight inhibition is actually observed *") 
in the hydrolysis of p-nitrophenyl esters. Another advantage in the use of CTABr 
comicelles in these solutions is their very low c.m.c. ((3-5) x 10-5 mol d n r 3  ; 
[CTABr]/[Dq = 7 : 1) which, on one hand, miIlimizes the approximations in 
evaluating the c.m.c.' value and, hence, [D),.,., and, on the other hand, allows a com- 
plete kinetic analysis to be conducted for very low [Dim (compare fig. 1 and 2). 

time/min 
FIG. 3.-" B u t  " experhent. Conditions: [PNPHJo = 1.59 x lo4 rnol dm-3 m a h  = 1.15 x 
[CTABr] = 7.8 x mol dm-3, Tris buffer, = 0.1 (KCI), pH 7.95, 1.5 % V/Y CH3CN, 25OC. 

For analogous reasons, the kinetic analysis using excess substrate over the 
functional surfactant is generally more accessible for mixed than for homogeneous 
micelles. A " burst " experiment carried out for a solution of comicellized (Ia) is 
shown in fig. 3 together with the kinetic parameters calculated using eqn (6) and (7) 
and the described procedures.15 

In cases where comparison was possible, as in those illustrated by fig. 1 and 2 for 
surfactant (Ia), the kL/ B values determined for homogeneous and mixed micelles 
were substantially the same. The ki value obtained from " burst " kinetics were, 
instead, generally lower than the kc values evaluated from measurements using excess 
functional surfactant over the substrate [compare data of fig. 3 with those of fig. 1 
and 2; see also ref. (18)]. 

Kinetic parameters : k: = 190 dm3 mol-' s-' ki = 6 x s-l. 
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1308 FUNCTIONAL MICELLAR CATALYSIS 

RELATIVE REACTIVITY OF NUCLEOPHILIC SURFACTANTS IN MICELLAR AND 
AQUEOUS MEDIA 

One of the most interesting questions in the field of functional as well as of bi- 
molecular micellar catalysis concerns the relative reactivity, kL/kL, of a give nucleo- 
philic reagent, i.e., its activity as an aggregate in micelles relative to that as a monomer 
in aqueous bulk phase. This problem is related to that of desolvation, particularly 
of anionic functions, which may occur in the relatively hydrophobic micellar pseudo- 
phase and could be a factor responsible for the rate enhancements observed.'"* '* '' 

Direct measurements of the activity of monomeric surfactants in very dilute 
solutions ([Df] < c.rn.c.) are not easily accessible and may be complicated by pre- 
micellar associations of reagents. The second-order rate constant kk is more con- 
veniently, although indirectly, obtained by measuring the activity of structurally 
analogous non surfactant rnode1s.l' 8a*c e- 

TABLE l.-SECOND-ORDER RATE CONSTANTS (dm3 mo1-l s-l) FOR THE REACTION OF (I)-(IV) 
WITHP-NITROPHENYL ACETATE (A) AND HEXANOATE (H) AT 25°C 

catalyst ester kc kk 

6.8 

1 .6c 
1.3 
6.1 

295. 

210. 
580. 

1750. 

~~ 

0.087 
0.048 
0.017C 

0.065 
0.045 
4.1 
0.4 

2.3 x 10-4 

k i -  

31 
19 
58 
6.5 

23.5 
15.9 
5.1 
0.5 

16 
24 

144 
48 
12.5 
11.5 
2.8 
1.3 

1.9 
0.8 
0.4 
0.15 
1.9 
1.4 
1.8 
0.4 

0 The kc and k: constants have been determined at pH 7.95, unless otherwise indicated. The 
k16 were calculated using the following pKa app. values : (Ia), 10.5 [ref. (Sc)] ; (IIa), 12.4 [ref. (3c)l; 
(IIIa), 10.5 [the dissociation of the imidazole group, ref. (l)]; (IVa), 7.3 [ref. (4)]. b The ratio 
khlk;. C At pH 8.9. 

We here report some of the available data for functional surfactants (I-1V)a and 
their models (I-1V)b for the hydrolysis of PNPA and PNPH. Table 1 shows for 
each surfactant the rate constants evaluated from kinetic measurements carried out 
for solutions of comicelles, [CTABr]/[Df] E 7, Tris buffers of constant ionic strength 
(' = 0.1, KCl), containing CH3CN (1 % v/v) added to ensure solubility of the esters. 
The rate constants k, and k; were obtained by applying mainly eqn (15) to experi- 
mental - data and using for the comicelles the molar volume of CTABr micelles, 
I/ = 0.36 dm3 mol-1,20 and the kk- constants were obtained after correction for 
incomplete acid dissociation by means of eqn (ll), assuming negligible, at least at 
pH 2 8, the contribution of the undissociated form. The k;- constants were 
obtained by measuring the rate of hydrolysis of the esters for solutions of Tris or 
borate buffers, p = 0.1 (KCl), 1 % vlv CH3CN, and varying concentrations of model 
compounds, and corrected for incomplete acid dissociation of the functions using 
known pK, va1ues.l~ 3* 

The k; and hence the krel values of table 1 are probably overestimated by a factor 
~2 related to the use of the molar volume I7 As discussed by Bunton,ll micellar 
reactions are known to occur mainly in the Stern layer and not in the core of micelles 
and the Stern-layer volume is estimated to be approximately half that of micelles. 
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R. FORNASIER A N D  U. TONELLATO 1309 

For these reasons and because of the uncertainties of so many parameters used to 
evaluate the k” constants? these values are to be taken as very approximate. Yet the 
krel values are remarkably close to unity [but in the case of surfactant (IIa) due possibly 
to a large uncertainty 3a* in PKa and PKa app.] and apparently larger in the case of 
PNPA than in that of PNPH. On the whole there is no evidence of any substantial 
difference in reactivity of a given nucleophilic function bound to a surfactant when at 
the head of a micelle or in the aqueous bulk phase. 

CONCLUSIONS 

Although based on a number of assumptions and approximations which are less 
rigorous than desirable, the kinetic treatment discussed- here is adequate to evaluate 
the various parameters which define the rates of reactions catalysed by nucleophilic 
surfactants. 

The analysis of comicellar solutions may provide a useful method for the deter- 
mination of the catalytic properties of a functional surfactant when it is insoluble or 
only slightly soluble in water, or it is very reactive. 

The results reported in table 1, although restricted to a limited number of cases 
and the hydrolysis of activated esters, thus confirming data reported by Bunton 
and by Berezin and coworkers l4 for bimolecular micellar reactions and also for some 
reactions of surfactant (IIa), indicate that the essential factors responsible for the 
functional micellar catalysis are hydrophobic (proximity or concentration effects) 
and electrostatic (changes in the acid dissociation of the functions) in character. 

The effect of changing the reaction medium from an aqueous to a micellar phase 
does not significantly affect the activity of an anionic function : enhancement of its 
nucleophilic properties due to desolvation is apparently not relevant. This is sur- 
prising since the properties of the Stern layer, in terms of dielectric constant (medium 
polarity) and solvation capability, would have suggested higher rates in the micellar 
than in the aqueous medium. This could perhaps indicate that micellar reactions 
occur mostly on the surface of the Stern layer without benefit of the lower polarity 
and of the lower water content of the interior part of the layer. 

We thank Prof. G. Modena for helpful discussions, Prof. C. A. Bunton, University 
of California, Santa Barbara, for sending us a preprint of a relevant paper [ref. (1 l)] 
and Mr. E. Castiglione for technical assistance. 
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