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Appendix 
The fundamental quantities calculated by the PSS model are 

the surfaces and the volumes, from which all the other quantities 
are calculated. We report eqs 2 and 3 which calculate the surface 
areas S and volumes V per unit cell: 

rZnCf+  g ) ( t [ 3 ~ +  g )2  + (f+ g)(2h + H )  + hH + hZ + 

with 

h = (1  + f, sin cos-] (::;i(f+d - 

and 

H = ( 1  - g)  sin c0s-l - (: :;I 
R is given by eq l,fand c are defined in the text, Z is the number 
of spheres in the unit cell, n is the coordination number of the 
spheres, and g = d / R  with d = 0, d2,  d3,  ... where dz,  dS ,  ... are 
the thicknesses by means of which different parallel surfaces, 
necessary for the description of a multilayer (monolayers included), 
are created. Five different parallel surfaces are necessary for a 
bilayer (normal or reversed): one for the interface and four for 
defining Vchains, v / a l ,  etc. In eqs 2 and 3 the areas and volumes 
of the half-necks are considered, since each neck belongs to a 
couple of spheres. 

When (double) neck overlapping occurs, the areas and volumes 
given by eqs 2 and 3 have to be supplemented with the necessary 

correction terms. The correction terms to surfaces are S,,, = 
- 2 s A B  + S'AB where 2sAB are the areas of those parts of the 
surfaces of necks A and B that are hidden by the overlapping and 
have to be neglected. These portions of surfaces form a sort of 
concave-convex "tent". S'AB are the areas of the portions of 
spherical surfaces that underlie the "tents". The correction terms 
for volumes are v,,, = -VAB + 2v',B where VAB are the portions 
of the volumes that are in common to neck A and neck B (because 
of the overlapping) and V',, the volumes of the spherical segments 
that are in common to the same necks. The correction terms are 
as many as the parallel surfaces and underlying volumes con- 
sidered. Each correction term has to be multiplied by OSZnm, 
where m is the number of next-neighbor necks to each neck upon 
the sphere. The calculations of the correction terms involve surface 
and volume integrals which are written in cylindrical coordinates 
and computed numerically. 

When two necks widely overlap, the overlapping involves about 
the whole height of both necks and not only their bases. This 
happens for highfand c values which may be necessary in de- 
scribing some structures (see Figure 4 ) .  The corresponding 
correction terms which involve a great number of surface and 
volume integrals and which are very complicated because of the 
biconical C,, symmetry of the (isolated) necks were calculated. 

The (double) overlapping occurs when the angle at the center 
of the sphere 0, which subtends the arc of the maximum overlap 
on the sphere, changes sign. It is easy to show that 0 = 2ao - 
6, where a,, is the angle (at the center of the sphere) between the 
principal axis of symmetry of a neck and the point of tangence 
of this neck to the sphere and p the angle a t  the center of the 
sphere between the two principal symmetry axes of the two 
nearest-neighbor necks. p depends on the symmetry of the unit 
cell. 

The nearest-neighbor assumption which underlies eq 1 can be 
abandoned for a different assumption which considers a different 
number of necks allowed around each sphere (Le., n has to be 
redefined for each symmetry). In such a case only eq 1 has to 
be modified. The new assumption can be intentionally designed 
to obtain particular topologies and symmetries otherwise out of 
reach by the PSS model as described here. 
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Rates of reaction of OH- with methyl naphthalene-2-sulfonate (MeONs) in aqueous cationic surfactants (C16H33NR30H, 
R = Me, Et, n-Pr, n-Bu, and cetylquinuclidinium hydroxide) increase with increasing surfactant and hydroxide ion concentrations. 
The variations of rate constants can be fitted to an equation that describes the distribution of both reactants between water 
and micelles in terms of Langmuir isotherms. The Langmuir coefficients for OH- decrease in the head-group sequence Me3N 
> quinuclidinium > Et3N > Pr,N > Bu3N. The second-order rate constants at the micellar surfaces are not very sensitive 
to the bulk of the head group, although they increase at high added OH-. Rate constants for attack of water on micellar-bound 
substrate increase with increasing bulk of the head group. 

Rate effects of aqueous colloidal self-assemblies, e.g., micelles, 
microemulsion droplets, and synthetic vesicles, are generally ex- 

plained in terms of pseudophase models.24 Reaction occurs in 
water or a t  colloidal surfaces that are treated as distinct reaction 
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media. The overall reaction rate is the sum of rates in  each 
pseudophase, and the first-order rate constant, k,, in  aqueous 
micelles is given by 

where kw‘ and k,‘ are first-order rate constants in aqueous and 
micellar pseudophases, respectively, and K, is the binding constant 
of the substrate to micellized surfactant, Dn. 

Equation 1 fits data for spontaneous reactions and for micel- 
lar-inhibited reactions where k,’ = 0. However, for nonspon- 
taneous micellar-assisted reactions kw’ and k,’ depend on the 
concentration of the second reagent in each pseudophase. The 
distribution of organic nucleophiles, for example, between water 
and micelles can often be measured The problem 
is more difficult for hydrophilic ions, unless their distribution c a n  
be estimated electrochemically6 or ~pectrometrically,~ and a variety 
of quantitative treatments have been developed to attack this 
problem. 

In many systems both reactive and inert counterions are present 
and compete for the micellar s ~ r f a c e . ~ ~ - ~ * ~  This competition 
can be described by equations similar to those applied to binding 
to ion-exchange resins or by equations that include both Coulombic 
and specific micelle-ion interactions. The competition is elimi- 
nated when reactive ion is the surfactant counterion:3l0 and the 
simplest hypothesis is that ionic concentration at the micellar 
surface is directly related to @ = 1 - a,  where CY is the fractional 
micellar charge. Values of B are not very sensitive to surfactant 
and electrolyte concentrations and are ca. 0.7 for aqueous cationic 
micelles that have moderately hydrophilic counterions, e.g., Br-. 
Ionic concentrations at  micellar surfaces should then be ap- 
proximately constant and independent of added a n i ~ n . ~ ~ , ~ ~  This 
hypothesis predicts that rate constants for reaction with a substrate 
bound to CTABr (CI6H3>NMe3Br), for example, should be 
unaffected by added Br-.I’ However, rate constants increase, 
although slowly, on addition of Br-.I2 Reactions of other mod- 
erately hydrophilic ions give similar rate dependence on surfactant 
and ion  concentration^.^^^^^^^ The situation is much worse for 
reactions of very hydrophilic anions, e.g., OH- or F, where rate 
constants increase sharply with increasing concentrations of re- 
active ion,9a*c,13114 The hypothesis of a constant p is completely 

( I )  (a) Present address: Dipartimento di Chimica, Universita di Perugia, 
Perugia, 06100, Italy. (b) Present address: Department of Chemistry. 
Rutgers, SUNJ, Piscataway, NJ 08855-0939. 

(2) (a) Cordes, E. H.; Gitler, C. Prog. Bioorg. Chem. 1973, 2, I .  (b) 
Fendler, J. H. Membrane Mimetic Chemistry; Wiley-Interscience: New York, 
1982. 

(3) (a) Martinek, K.; Yatsimirski, A. K.; Levashov, A. V.;  Berezin, I .  V.  
In  Micelliration, Solubilization and Microemulsions; Mittal, K.  L., Ed.; 
Plenum Press: New York, 1977; p 489. (b) Romsted, L. S.  Ibid. p 509. (c) 
Romsted, L. S. In  Surfactants in Solution; Mittal, K. L., Lindman, B., Eds.; 
Plenum Press: New York, 1984; Vol. 2, p 1015. (d) Sudholter, E. J .  R.; van 
der Langkruis, G. B.; Engberts, J. E. F. N.  Red. Trau. Chim. Pap-Bas 1979. 
99, 73. 

(4) (a) Bunton, C. A. Caral. Reo. Sci. Eng. 1979, 20, I .  (b) Bunton, C. 
A.; Savelli, G. Ado. Phys. Org. Chem. 1986, 22, 213. 

( 5 )  (a) Bunton, C. A.; Cerichelli, G.; Ihara, Y.; Sepulveda, L. J .  Am. 
Chem. Sot. 1979,101.2429. (b) Bunton, C. A,; Sepulveda, L. Isr. J .  Chem. 
1979, 18, 298. 

(6) Larsen, J. W.; Tepley, L. B. J .  Colloid Inferfuce Sci. 1974, 49, I 1  3. 
(7) (a) Bartet, D.; Gamboa, C.; Sepulveda, L. J .  Phys. Chem. 1980, 84, 

272. (b) Abuin, E.; Lissi, E.; Araujo, P. S.; Aleixo, R. M. V.; Chaimovich, 
H.; Bianchi, N . ;  Miola, L.; Quina, F. H. J .  CoNoid Interface Sci. 1983, 96. 
293. 

(8) Quina, F. H.; Chaimovich, H. J .  Phys. Chem. 1979, 83, 1844. 
(9) (a) Bunton, C. A.; Romsted, L. S.; Savelli, G. J .  Am. Chem. Soc. 1979, 

101, 1253. (b) Bunton, C. A.; Romsted, L. S.; Thamavit, C. Ibid. 1980, 102, 
3900. (c) Bunton, C. A.; Can, L-H.; Moffat, J .  R.; Romsted, L. S.; Savelli, 
G. J .  Phys. Chem. 1981.85,4118. 

(IO) Can, L.-H. Can. J .  Chem. 1985, 673, 598. 
( 1  1 )  (a) AI-Lohedan, H.; Bunton, C. A,; Romsted, L. S .  J .  Phys. Chem. 

1981, 85, 2123. (b) AI-Lohedan, H.  Tetrahedron 1989, 45, 1747. 
(12) Bacaloglu, R.; Bunton, C. A.; Ortega, F. J .  Phys. Chem. 1989, 93, 

1497. 
(13) Bunton, C. A.; Frankson, J.; Romsted, L. S. J Phys. Chem. 1980,84, 

2607 _.. 

(14) Stadler, E.; Zanette, D.; Rezende, M. C.; Nome, F. J .  Phys. Chem. 
1984, 88, 1892. 

inadequate for these systems and other approaches are needed. 
Various groups have postulated that concentrations of OH- at 

the surface of a CTAOH micelle increase with increasing [OH-] 
or [CTAOH].3c*4b*9c~10 Neves et a]. calculated values of CY for 
CTAOH and CTAF from slopes of plots of conductivity against 
[surfactant] above and below the critical micelle concentration, 
cmc.I5 For “well-behaved” surfactants, e.g., CTACl and CTABr, 
these plots are linear with an abrupt change of slope in the region 
of the cmc.12J5J6 With CTAOH and CTAF they are curved with 
no sharp break, and with CTAOH plots become less curved at 
high surfactant, especially with added NaOH.9c*’5 

This curvature is strongly indicative of a variation of a, but 
determination of a (or @) from the ratio of slopes of conductivity 
against [surfactant] above and below the cmc has problems. 
Above the cmc conductivity is due largely to free counterion and 
the macroionic micelle, and there is a problem in estimating the 
contribution of the micelle to overall conductivity, especially when 
a is high, i.e., the micelle is highly charged. Evans’ equation 
attempts to solve this problem, but it includes the micellar ag- 
gregation number1’ which is not known with certainty for CTAOH 
and may well vary with concentration. Generally values of a 
calculated from the ratio of slopes are higher than those from use 
of Evans’ equation,I2 although they are useful in illustrating trends 
in a due to changes in solvent or surfactant structure.’*J5J6 The 
possible presence of submicellar species also complicates estimation 
of a from conductivities. Values of the cmc of hydroxide ion 
surfactants, measured by surface tension, are lower than those 
from conductivity (Experimental Section and ref Sc), possibly 
because submicellar species are contributing to conductivity but 
differ from monomer in their surface activity. 

However, Neves et al. used their conductivity data to calculate 
a for CTAOH and CTAF from the ratio of slopes and stated that 
they could fit micellar effects upon elimination in up to 0.035 M 
CTAOH, and upon dephosphorylation in up to 0.2 M CTAF, on 
the assumption that concentrations of OH- and F a t  micellar 
surfaces are directly related to conductimetric values of @ = 1 
- a.15 We understand from Professor NomeIs that the actual 
fitting procedure used to relate conductimetric values of CY to 
overall reaction rates in  CTAOH and CTAF was not that de- 
scribed in ref 15. Values of a were measured conductimetrically 
only up to ca. 5 X M for CTAF and CTAOH, 
respectively. Values at higher concentrations were calculated by 
using an equilibrium equation that described variations of CY for 
surfactant concentrations between ca. 3 X M and the highest 
concentrations shown in Figures 3 and 4 of ref 15. These values, 
obtained by extrapolation, were then used to fit rate data at 
surfactant concentrations higher than those used in the conduc- 
tivity experiments. 

We do not know of a direct experimental method for deter- 
mination of concentrations of OH- or F (or of @) at the relatively 
high concentrations of CTAOH and CTAF that have been ex- 
amined kinetically. Two theoretical treatments have been used 
to estimate ionic concentrations at micellar surfaces. The first 
involves solution of the Poisson-Boltzmann equation (PBE).19*20 
This method is reasonably satisfactory, at least for dilute ionic 
solutions, but as applied to reactions in CTAOH and similar 
surfactants, it involves the assumption that the micelle grows on 
addition of OH-.19a,20 The second treatment assumes that ionic 
distribution between water and micelles follows a Langmuir form, 
eq 2,9cJ0.12,14321 where [X-,] and [X-,] are molarities of X- in 

and 8 X 
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TABLE I: Micellar Effects upon the Spontaneous Reaction with 
WatpP 

surfactant 1 O3[D1, 
M CTAX CTEAX CTPAX CTBAX CQX 

1 2.45 2.94 2.55 3.06 3.42 
2 3.16 3.54 3.58 4.44 4.71 
5 4.25 4.8 1 6.39 8.33 5.78 
IO 4.53 5.00 7.38 9.61 6.21 
20 4.92 5.54 8.45 9.66 6.14 
40 4.81 6.18 8.95 10.2 6.87 
60 5.19 6.22 9.81 11.3 7.00 
80 5.32 6.63 9.80 11.2 7.39 

'Values of I O S k , O  a t  25.0 OC, X = (so4)o.s; in water k ,  = 1.2 X 
lo-s s-1. 

aqueous and micellar pseudophases in terms of total solution 
volume. 

Values of Kx are low for hydrophilic ions, e.g., OH-, so that 
their concentrations at micellar surfaces should increase sharply 
with added anion. However, Kx' should be larger for less hy- 
drophilic anions, e.g., Br-, and their concentrations at  micellar 
surfaces should be less sensitive to changes in concentrations of 
surfactant or counterion. Equation 2 can be applied to a variety 
of ionic reactions, and it is convenient to write the first-order rate 
constants in eq 1 

kw' = kw[X-w] (3)  

(4) kM' = kMIX-Ml / LDnl 

with ionic concentration in the micellar pseudophase written as 
a mole ratio. 

This treatment has been applied to reactions of several hy- 
drophilic anions, e.g., OH-, F, and HC02-; with larger values 
of Kx', to reactions of less hydrophilic anions;"3l2 and also to 
reactions in mixtures of reactive and inert anions.21,22 We apply 
it here to reaction of OH- with methyl naphthalene-2-sulfonate 
ion (MeONs): 

MeONs 

Reactions of MeONs with CI- and Br- have been followed in 
solutions of cetyltrialkylammonium chlorides and bromides (alkyl 
= Me(CTAX), Et(CTEAX), n-Pr(CTPAX), n-Bu(CTBAX); X 
= CI, Br). Overall first-order rate constants increase with in- 
creasing bulk of the surfactant head group, even though ionic 
concentrations at the micellar surface, as given by B or Kx', 
decrease.12 The bulkier head groups are therefore increasing the 
nucleophilicity of the halide ions. This increase is due, at least 
in part, to a decrease in hydration of the halide ions at the micellar 
surface, and changes in their N M R  line widths confirm this 
e x p I a n a t i ~ n . I ~ * ~ ~  

Ions such as OH- are very strongly hydrated, so they may 
behave differently to CI- or Br- in cationic micelles. We also 
examined reaction in cetylquinuclidinium hydroxide (CQOH). 

C I 6 H $ S  OH- 

CQOH 

This surfactant head group is relatively bulky but it has a rigid 
structure, unlike those of the trialkylammonium surfactants. 

Reactions were followed with and without added OH-, and we 
corrected the overall rate constants for the contribution of the 

(21) (a) Rodenas, E.; Vera, S. J. Phys. Chem. 1985, 89, 513. (b) Vera, 
S.; Rodenas, E. [bid. 1986, 90, 3414. 

(22) Germani, R.; Ponti, P. P.; Savelli, G.; Spreti, N.; Bunton, C. A,; 
Moffatt, J. R. J. Chem. Soc., Perkin Trans. 2 1989, 401. 

(23) (a) Bacaloglu, R.; Bunton, C. A,; Cerichelli, G.; Ortega, F. J. Phys. 
Chem. 1989, 93, 1490. (b) J. Phys. Chem., in press. 

TABLE 11: Rate and Binding Constants for Spontaneous Hydrolysis 
of MeONs" 

surfactant K., M-I 105ku0, s-I 
CTAX 1090 5.8 
CTEAX IO00 6.4 
CTPAX 1000 9.0 
CTBAX 1000 11.0 
CQX 1000 7.0 

" A t  25.0 OC, kwo = 1.2 X 10-5s-i. 

1 0.003 

c u3c 
c 2:  3 os 2 13 3 15 

[CTAOH] , M 

Figure 1 .  Reaction in CTAOH: 0. With 0.05, 0.1, and 0.5 M total 
OH-: A, 0, 0 ,  respectively. 

4 0.003 

3 002 
c 
I 
v) 

u *  
x 

c c31 

0 o o c  8 I I ~ 8 I I ~  , ! ! 8 ! 8 8 ! , 8 , I I  , ! I  
0 00 0 05 0 10 0 15 

[CTEAOH] , M 

Figure 2. Reaction in CTEAOH: 0. With 0.1 and 0.5 M total OH-: 
0, 0 ,  respectively. 

spontaneous reaction with water.I2 

Results 
Spontaneous Reaction. Micellar effects upon reaction of water 

with MeONs were examined by using sulfate as counterion (Table 
I ) .  Reaction is speeded by cationic micelles and rate constants 
increase smoothly with [surfactant] and become constant with 
fully bound substrate, following eq 5:3*4*24 

where [D,] is total surfactant concentration, less that of monomeric 
surfactant, which is assumed to be given by the cmc. Superscript 
O denotes the spontaneous reaction. 

(24) Menger, F. M.; Portnoy, C. E. J. Am. Chem. SOC. 1967,89, 4698. 
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, 
I 
' ,  I , , , I , , , 1 I I I , , , , I , c c2 33: O C F  - - 5  ' C  

: , - c  K-r , , I # , '  , ' # I , ' # # '  # ' ! ! ' l , 8 #  ' 8  , , I !  > #  , -  
n - ^  

[CTPAOH] , M 

Figure 3 Reaction in CTPAOH 0 With 0 I ,  0 5, and 1 0 M total 
OH-, 0, 0, X, respectively 

1 +* 

-1 i 

[CTBAOH], M 

Figure 4. Reaction in CTBAOH: 0. With 0.5 and 1 .O M total OH-: 
0, +, respectively. 

Values of k M o  and K ,  are in Table 11. Rate increases by 
cationic micelles of these SN2 reactions of water had been observed 

Reaction with Hydroxide Ion. The variations of k ,  with 
surfactant concentration are given in Figures 1-5 in the absence 
and presence of added OH-. Values of k+ are given by 

k,' = k+ - k," (6) 

on the assumption that reaction with water will not be very sen- 
sitive to the nature of the counterion. The correction is small 
except in dilute surfactant. 

Rate constants in  the absence of added OH' do not reach 
limiting values, even at  high [surfactant], as found for other 
reactions in CTAOH.%I4 Overall rate constants, at a given [OH-], 
decrease with increasing bulk of the trialkylammonium groups, 
although they increase for reactions of MeONs with CI-and Br-I2 
(Figures 1-5 and Table 111). Despite its bulk the quinuclidinium 
head group does not disfavor reaction. 

Table IV illustrates the magnitude of micellar rate enhance- 
ments by comparing rate constants of reaction in the absence and 
presence of CTAOH (0.05 M). Comparisons were based on the 
total concentration of OH- in solution [OH-T]. The micellar rate 

( 2 5 )  (a) AI-Lohedan, H.; Bunton, C. A.; Mhala, M. M. J .  Am. Chem. Soc. 
1982, 104, 6654. (b) Bunton, C. A.; Ljungren. S. J .  Chem. SOC., Perkin 
Trans. 2 1984. 355 .  

TABLE IV: First-Order Rate Constants of Overall Reaction with 
Hydroxide Ion" 

surfactant IOH-+1, M 104k4, s-I k,.ib 
CTAOH 
CTAOH 
CTEAOH 
CTEAOH 
CTPAOH 
CTPAOH 
CTBAOH 
CTBAOH 
CQOH 
CQOH 

0.05 
0.5 
0.05 
0.5 
0.05 
0.5 
0.05 
0.5 
0.05 
0.5 

1 1  27 
26 6.3 

8.9 21 
24 5.8 

6.9 17 
21 5.0 
6.0 14 

18 4.3 
13 31 
32 7.7 

" I n  0.05 M surfactant. bRelative to values in 0.05 or 0.5 M NaOH 
in water. 

enhancements decrease with increasing [OH-,] as is generally 
found for overall rates of bimolecular reactions in micellar solu- 
t i o n ~ . ~ - ~  

The rate data were fitted to eqs 1-4 with the parameters shown 
in Table 111. The value of KO*' = 55 M-' for CTAOH had been 
used in earlier simulations, and we assumed that it applied to 
reaction of M ~ O N S . ~ ~ ~ ' ~  The fits are reasonably good in view of 
the simplicity of the model, although rate constants at high [OH-] 
are underpredicted with a constant kM, in agreement with ob- 
servations on eliminations in cationic  surfactant^.'^ The fitting 



Head-Group Size and Nucleophilicity in SN2 Reactions The Journal of Physical Chemistry, Vol. 94, No. 13, 1990 5335 

TABLE V Critical Micelle Concentrations’ 
head grow cmc, mM head group cmc, mM 

TABLE VI: Comparison of Rate Constants in Micelles’ 
surfactant OH- C1-b Br- 

Me3Nb 0.76 (=1.1) n-Pr3N 0.46 ( = I )  
Et3N 0.63 n-Bu3N 0.22 

’ From surface tension measurement. Values in parentheses corre- 
spond approximately to breaks in the conductivity plots. bReported 
values were 0.86 and 1-2 mM from surface tension and conductivity.” 

at high [OH-] is not very sensitive to values of KOH’ and K,, and 
the shapes of the plots suggest that values of kM in the tri- 
alkylammonium surfactants increase at high [OH-]. Kinetic data 
for reactions of MeONs in CTACI and CTABr were fitted at  
constant kM, but salt concentrations were limited to 0.2 M for 
CI- and 0.1 M for Br-.12 

Rate constants in dilute surfactant with no added OH- were 
also underpredicted by eqs 1-4, and there appears to be an ad- 
ditional reaction path with [surfactant] < 6 X M (Figures 
1-5). The deviations are largest in dilute CTPAOH and CTB- 
AOH. These anomalies did not appear in dephosphorylation, 
aromatic nucleophilic substitution, or elimination in CTAOH.**I4 
Elimination, in  particular, was well studied with [CTAOH] < 
6 X M, so deviations would not have been missed because 
of paucity of data.14 

These deviations are probably due to the presence of submicellar 
species that are kinetically effective but are not included in 
pseudophase treatments such as eqs 1-5. Addition of OH-should 
stabilize micelles relative to submicelles, and the kinetics fit eqs 
1-4 with added NaOH. Substrate structure may also affect 
formation of submicelles, especially if surfactant is not in large 
excess over substrate, as in some of our experiments in dilute 
surfactant. We used ca. lo4 M substrate, so as to have reasonable 
absorbance changes in the course of the reaction. In  other re- 
actions studied to date in CTAOH [substrate] was M 
because absorbance changes during reaction were large.9cJ4 
However, striking deviations from the predicted rate-surfactant 
profiles for nucleophilic reactions of dinitroarenes and N-alkyl- 
2-bromopyridinium ions in dilute cetyltrialkylammonium chloride 
and bromide were ascribed to reactions in submicellar aggregates.26 

The naphthalene residue of MeONs could interact with sur- 
factant cations and stabilize small clusters of them, and if OH- 
is attracted to the clusters, reaction rates should be higher than 
predicted by a micellar model (eqs 1-5). The rate increases above 
predicted values are largest with surfactants that have the less 
hydrophilic head groups, which is consistent with interactions of 
substrate with surfactant monomers or n-mers. These small 
assemblies should be converted into micelles with increasing 
[ ~ u r f a c t a n t ] . ~ ~  This explanation is consistent with differences in 
the cmc determined conductimetrically and by surface tension 
(Table V). 

Discussion 
Values of kM are not very sensitive to changes in surfactant 

head group and without added OH- range from 1.5 X s-I 
in CTPAOH to 2.3 X s-I in CQOH (Table 111). Addition 
of small amounts of OH- does not affect kM, although values 
increase at  high [OH-]. Some of these differences may be due 
to the approximations in eqs 1-5. The results are consistent with 
the qualitative generalization that concentration of reactants a t  
the surface of a micelle or similar colloidal particle is a significant 
source of rate enhancements of bimolecular r e a c t i o n ~ . ~ - ~ , ~  How- 
ever, comparison of micellar effects upon reactions of MeONs 
with H20,  OH-, and halide ions suggests that there are differences 
in behavior that can be related to structures of the reactants and 
micellar surfaces, and therefore to the locations of the sites of 
reaction. In water OH- is a better nucleophile than CI- or Br-, 
and the second-order rate constants are respectively 8.3 X 
0.15 X lo4, and 0.76 X lo4 M-Is-l a t 25.0 oC.4b However, in 
dilute surfactant the overall reaction with Br- is faster than with 

CTAX 10.5 (2.0) 0.8 (0.18) 7.0 (0.96) 
CTEAX 8.3 (1.9) 1.5 (0.25) IO (1.4) 
CTPAX 6.1 (1.5) 1.7 (0.25) 13 (1.8) 
CTBAX 5.0 ( i .8j 1 .8  (0.26j 16 ( 2 s j  
CQX 12.5 (2.3) 2.2 (0.32) 

‘Values of 104k$ s-I for 0.05 M surfactant; values for CI- and Br- 
are interpolated from ref 12. bValues in parentheses are 103kM, s-I 
(Table 11 and refs 12 and 23b). 

OH-, except for CTAOH and CTABr, but CI- is always less 
reactive than OH- or Br-. This difference is due in part to the 
higher concentration of Br-, as compared with OH- at the micellar 
surface, as shown by values of KX’4b9*912 or dC (Table VI). The 
trend is even more striking if we consider values of kM. They 
change little with surfactant structure for reactiom of OH- but 
increase with increasing head-group size, modestly for reaction 
of C1-, and more strongly for reaction of Br-, so that kM(Br) > 
kM(OH) for reaction in CTPAX and CTBAX (Table VI). This 
is one of those rare situations in which micelles generate an 
inversion of a reactivity sequence for anionic nucleophiles reacting 
with a common substrate. There are clear differences between 
the behaviors in cationic micelles of a very strongly hydrophilic 
anion, OH-, a moderately hydrophilic ion, C1-, and a weakly 
hydrophilic ion, Br-. 

A major problem in analyzing medium effects upon nonspon- 
taneous bimolecular reactions is that of defining the appropriate 
concentration units, because second-order rate constants have the 
dimensions of reciprocal time and reciprocal concentration. There 
is no such problem with spontaneous reactions, which may be 
bimolecular, water-catalyzed,  hydrolyse^,^^ or intramolecular 
nucleophilic displacements, or h e t e r o l y ~ e s . ~ ~ ~ ~ ~ ~  

It is simplest to consider first the SN2 reaction of water with 
MeONs where the rate constant for reaction in the micellar 
pseudophase increases by a factor of almost 2 in going from CTA+ 
to CTBA’ (Table 11). The methyl group of MeONs is located, 
on the average, in a water-rich region at  the micellar surfacez3 
and away from the ammonium ion, and increasing hydrophobicity 
of the N-alkyl groups increases the reaction rate, probably by 
slightly perturbing the hydrogen bonding of adjacent water 
molecules and increasing their reactivity.I2 

A guide to medium effects upon bimolecular reactions of anions 
at  micellar surfaces is provided by cyclization of 1. 

1 
0-cp 

For this reaction rate enhancements range from factors of 1.8 
for Y = Br in CTABr to 7.2 and 29 for Y = Br and I, respectively, 
in CTBABr.*’ These differences are probably due to decreased 
hydration of the oxide function in the initial state and interactions 
of the leaving halide ions with quaternary ammonium head groups. 
This cyclization is mechanistically equivalent to an SN2 reaction, 
and although there are no concentration effects, micellar rate 
enhancements are larger than for many bimolecular reactions 
(Table IV and refs 2-4). 

Micellar enhancements of unimolecular decarboxylations are 
by factors of 102-103, because charge is delocalized in the tran- 
sition state from a carboxylate residue into a Ir-system that in- 

(26) (a) Bunton, C. A.; Bacaloglu, R. J. Colloid Interface Sei. 1987, 115, 
288. (b) Bunton, C. A.; Cuenca, A. J .  Org. Chem. 1987, 52, 901. 

(27) Cerichelli, G.; Luchetti, L.; Mancini, G.; Muzzioli, M. N.; Germani, 
R.; Ponti, P. P.; Spreti, N.; Savelli, G.; Bunton, C. A. J .  Chem. SOC., Perkin 
Trons. 2 1989, 1081. 
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teracts with cationic head groups28 and reaction rate is very solvent 
dependent.29 These general arguments suggest that second-order 
rate constants at micellar surfaces may differ considerably from 
those in water, depending upon the nature of the reaction. 

The different micellar effects upon reactions of MeONs with 
OH- and CI- or Br-, which lead to inversions of reactivities (Table 
VI), are probably due to differences in hydration of the nucleo- 
philic anions. Hydroxide ion interacts so strongly with water that 
its hydration should be little perturbed by cationic micelles, re- 
gardless of the head group, but hydration of Br- and CI- is de- 
creased when they interact with the micellar surface, with con- 
sequent increase in their nucleophilicities. These conclusions are 
based on data fitting in terms of the Langmuir isotherm (2), but 
similar conclusions are drawn if we compare k, at high [surfac- 
tant] and [OH-] where the rate constants tend toward limiting 
values (Figures 1-5 and Table VI ) .  Although eq 2 fits the data 
reasonably well, it is an empirical approach because micelle-ion 
interactions depend upon Coulombic and ion-specific interactions 
and the properties of the micelle-water interface. However, 
alternative treatments have their limitations; for example, kinetic 
data can be fitted by solving the PBE,'9*20 but to date only with 
spherical micelles and dilute electrolyte. The experimental ap- 
proach of estimating p conductimetrically also has limitations. 
The report of Neves et al. that rates of elimination in CTAOH 
and dephosphorylation in CTAF can be related directly to their 
values of p = 1 - LY depends upon extrapolation of a from con- 
ductimetric data in dilute surfactant,15J8 and it is difficult to test 
the validity of the extrapolation. The failure of the assumption 
of a constant /3 was recognized some years ago,3c.4.9c.10 and the 
best treatment remains in doubt. It is premature to believe that 
estimation of a solves the problem, if only because values assigned 
to LY appear to depend upon the method of e~timation,"~'~ and rate 
increase on addition of a hydrophilic reactive anion, e.g., OH- or 
F, to CTAOH or CTAF are sometimes too large to be related 
to changes in a within the normal  limit^.^.'^ The pseudophase 
treatment that relates rates in micellar pseudophases to values 
of is reasonably satisfactory in limiting cases of low concen- 
trations of moderately hydrophilic reactive anions, but it is at best 
a first approximation that breaks down outside these limits. 

The pseudophase models in their simplest form write aqueous 
and micellar pseudophases as distinct regions. This description 
is unrealistic because counterion concentrations decrease smoothly 
with distance from the micellar surface, toward the concentration 
in bulk solvent at the cell wall. The description of counterion 
concentrations as following a step function, as used in the ion- 
exchange and similar descriptions (eqs 1-5 and refs 2-5 and 8-15), 
is least satisfactory at  high concentrations of hydrophilic coun- 
terions; cf. ref 14. However, if anions, eg., Br-, have strong specific 
affinities for cationic micellar head groups, pseudophase models 
such as the ion-exchange treatment, or eqs 2-4, seem to be rea- 
sonably satisfactory. 

Second-order rate constants can be defined unambiguously by 
writing reactant concentration as a mole ratio, but these constants 
kM, s-I (eq 4), cannot be compared directly with those in water, 
kw, M-I s-' (eq 3), unless a molar volume, VM, is assigned to the 
reactive region at the micellar surface. If we take VM = 0.14 M-', 
the second-order rate constant k2m, M-' s-I, is given by3c,4 

k2m = 0.14kM ( 7 )  

(28) (a) Bunton, C. A.; Minch, M. J.; Hidalgo, J.; Sepulveda, L. J .  Am. 
SOC. 1973, 95, 3262. (b) Germani. R.; Ponti, P. P.; Savelli, G.; Cipiciani, A,; 
Cerichelli, G.; Bunton, C. A. J .  Chem. Soc., Perkin Trans. 2, in press. 

(29) Kemp, D. S.; Paul, K .  D. J .  Am. Chem. Soc. 1975, 97, 7305. 
(30) Gunnarsson, G . ;  Jonsson, B.; Wennerstrom, H. J .  Phys. Chem. 1980. 

84, 31 14. 

and these values can be compared with kw. The values of VM 
should be similar for reactions of OH-, CI-, and Br- with MeONs 
in the various surfactants, so that we can compare values of 
k2"'/kY on this basis. These results are consistent with the hy- 
pothesis that the reaction center is in a water-rich region, because 
values of k2"'/kw for reaction of OH- are in the range 0.3-0.55, 
whereas k2m/kw = 0.1, or less, for reactions of OH- with hy- 
drophobic esters whose reaction center will be more deeply in the 
micellar ~ ~ r f a ~ e . ~ ~ ~ ~ , ~ ~ , ~ ~ ~ ~ ~ ~ ~  The corresponding values of k2m/kw 
for reactions of CI- and Br- with MeONs are ca. 1.4 and 1.8, 
respectively, in  CTAX and ca. 2.8 and 5.4 in CTBAX. These 
values of k2" are calculated with a constant VM, and if it increases 
with head-group bulk, kzm will correspondingly increase. 

Tentatively we suggest that effects of head-group bulk on anion 
reactivity at a micellar surface can be rationalized on the as- 
sumption that, with ions that are very hydrophilic, and interact 
largely Coulombically, second-order rate constants, kM, will not 
be very sensitive to head-group bulk. However, bulky head groups 
will speed reactions of anions that bind specifically to micellar 
surfaces. 

Experimental Section 
Materials. The preparations of MeONs and the surfctants in 

their bromide form have been described.12 The surfactants in the 
hydroxide form were prepared from the sulfatesgc or by use of 
Amberlite IRA-400 resin. The resin was purified by slurrying 
it with distilled H 2 0  followed by filtration (four times), then 
slurrying it with MeOH, and finally washing it with distilled H20.  
Solutions of the hydroxide forms of the surfactants were cen- 
trifuged to remove resin particles and were tested for adventitious 
anions. These operations were carried out under N,. 

Critical Micelle Concentrations. Values of the cmc were de- 
termined from plots of surface tension against log [surfactant] . 3 1  

There were no minima in these plots and measurements were made 
under N,. 

We also examined variations of conductivity with concentration 
for two of the surfactants, but there were no clean breaks, cor- 
responding to the cmc, between linear plots. Instead we saw a 
smooth variation of slope with [surfactant] with indications of 
breaks approximately at the concentrations given in Table V. This 
behavior is similar to that observed earlier with CTAOH.9CJ5 In 
the absence of added OH- there may be a polydisperse population 
of submicellar species that contribute to conductivity, and influence 
the surface tension, so that the two methods appear to give dif- 
ferent values of the cmc. 

Kinetics. Reactions were followed at 25.0 OC in an H P  diode 
array spectrometer with 6 X 10-5-10-4 M MeONs at 327 nm.12 
In experiments with added OH- [surfactant] was varied and total 
concentration of OH-, [OH,], was constant. Solutions were made 
up under N,, and the first-order rate constants, k,, are in reciprocal 
seconds. The computer simulations based on eqs 1-4 give rea- 
sonable fits to the rate-surfactant profiles. We used constant 
values of KOH' for a given surfactant and allowed values of kM 
to increase with added OH-. The data could be fitted reasonably 
well with combinations of changes in the values of these parameters 
within limits of ca. 15%. This situation is typical of fits of 
rate-surfactant profiles based on a variety of  model^.^^^^^^ 
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