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The dependence of the reaction of micellized NJV-dimethyl-N-(2-hydroxyethyl)-N-hexadecyla"onium bromide 
(CDHABr) with p-nitrophenyl benzoate upon pH is analyzed, giving the apparent acid dissociation constant 
of the hydroxyl group, pK, - 12.3. Salt effects upon this reaction are smaller than upon reactions of OH- in 
nonfunctional micelles and are compared by using an empirical ion-exchange equation. This equation can also 
be applied to micellar reactions in the absence of added salt and in solutions of nonfunctional surfactants. I t  
also allows comparison of rate constants in micelles of CDHABr + NaOH with those observed in the absence 
of inert counterion. Inhibition by Sod2- is compared with that due to univalent anions. 

Micellar rate effects in aqueous solution are generally 
discussed in terms of the pseudophase model.'-' Reaction 
is assumed to occur in either a micellar or aqueous pseu- 
dophase, so that the overall rate of reaction is the sum of 
the rates in each pseudophase, with an equilibrium dis- 
tribution of reactants between the pseudophases.s For 
spontaneous, uni- or bimolecular reactions and micellar- 
inhibited bimolecular reactions variation of the first-order 
rate constant, It,, with [surfactant] follows substrate dis- 
tribution,g'O but for nonsolvolytic bimolecular reactions 
one has to take into account the distribution of both 
 reactant^.^-^ 

The distribution problem is simple when both reactants 
are sufficiently hydrophobic to bind preferentially in the 
micelles,4~~~ but it is not so easy to discuss bimolecular 
reactions of hydrophilic ions. In favorable systems, ionic 
distribution between water and micelles can be estimated 
directly, for example, electrochemically,"J2 but these 
methods are not general. The development of the ion- 
exchange model by Romsted was a major step in our un- 
derstanding of this p r ~ b l e m . ~  It involved several as- 
sumptions: counterions competed for ionic micelles, and 
large, low-charge density ions bound more strongly than 
small, high-charge density ions; reaction occurred at  the 
micelle-water interface in the so-called Stern layer13 in 
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which ions bind specifically; and the fractional ionization 
of the micelle, a, was essentially independent of the nature 
or concentration of the ~ounter ion.~ The concentration 
of micellar-bound ions was therefore directly related to p, 
which is the fraction of micellar head groups neutralized 
by counterion, and 0 = 1 - a. Ions not specifically bound 
to the micelle but in the diffuse layer were assumed not 
to react with micellar-bound substrate. 

This general model explained the widely observed rate 
maxima for bimolecular ionic reactions with increasing 
[surfactant]. It also allowed estimation of second-order 
rate constants in the micellar pseudophase, and, where 
comparison could be made, these rate constants agreed 
reasonably well with those calculated from directly mea- 
sured ionic concentrations in the micellar p s e u d o p h a ~ e ~ ~ , ~  
and were often similar to those for the reaction in watera3yk7 

Added salts typically inhibit micellar-assisted bimole- 
cular ionic reactions because of competition between re- 
active and inert ions, and this competition could also be 
treated quan t i t a t i~e ly .~~"~J~J~  Deprotonation of weakly 
acidic indicators in cationic micelles could also be treated 
quantitatively in terms of the amount of micellar-bound 
OH-, calculated with the ion-exchange mode1.17J8 

There are problems with the model; for example, a is 
found experimentally to be dependent upon the counterion 
and increases in the sequence Br- < C1- < OH-, i.e., as the 
counterion becomes more hydrophilic.11Jg-21 In addition, 
there may be a reaction across the micelle-water interface 
with hydrophilic ions, and effects due to changes in mi- 
cellar structure are neglected. These assumptions were 
recognized in early discussions of the 
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Sulfate ion behaves differently from monoanions such 
as C1- or Br- in its ability to inhibit reactions of nucleo- 
philic anions in cationic m i ~ e l l e s . ~ . ~ ? ~ ~ ~ ~ ~  However, the 
solutions usually contained both inert mono- and dianions, 
and we have therefore examined reactions of OH- in 
mixtures of NaaO, and cationic surfactants having sulfate 
as counterion. Chaimovich and Quina and their co-workers 
have developed equations which treat the competition 
between uni- and divalent ions for a micelle,23 but inhib- 
ition by sulfate ion could not be explained in these terms, 
although the treatment was applied to a reaction of thio- 
sulfate 

A clear example of the quantitative shortcomings of the 
model comes from a study of ion exchange using fluores- 
cent probes." Displacement of bromide ion from cationic 
micelles was followed, and for several anions, competition, 
measured with the probe, agreed with that estimated by 
kinetics or by other physical  method^.^^,^^ But very hy- 
drophilic ions, e.g., OH- or F, were much less effective than 
expected in displacing Br- from the micellar surface. 

Another question is that of deprotonation of weakly 
acidic groups in functional  micelle^.^^^^^^ We have ex- 
amined the effects of OH- and inert anions upon reactions 
in functional micelles or comicelles of NJV-dimethyl-N- 
(2-hydroxyethyl)-N-hexadecylammonium ion (CDHA+). 
Deprotonation of CDHA+ occurs at high pH, using OH-,% 
whereas buffers have to be used with more acidic func- 
tional  group^,^ and it is difficult to allow for micellar buffer 
 effect^.^^^^^ 
n-C16H33N+Me2CH2CH20H 

CDHA+ 
n-C16H33N+Me2CH2CH20- + H+ 

The zwitterion of CDHA+ is an effective nucleo- 
phile,26t29,31 and its micellar reactions in added OH- can be 
analyzed in terms of an apparent acid (or base) dissociation 
constant.% Inert salts slow these reactions, but inhibition 
is much less than that typical of reactions in nonfunctional 
cationic micelles.26a We have now examined these kinetic 
salt effects in more detail, but we cannot explain reaction 
rates in micelles of CDHAX in terms of an ion-exchange 
model based on the behavior of nonfunctional micelles.3b 
Most work was on acylation of the functional surfactant 
by p-nitrophenyl benzoate (p-NPB). 

Results 
Functional micelles of the hydroxyethyl surfactant 

(CDHAX) effectively speed reaction with p-NPB at  high 
pH. The alkoxide moiety is acylated by esters and is an 

(22) (a) Bunton, C. A.; Robinson, L. J. Org. Chem. 1969,34,773,780. 
(b) Mhala, M. M.; Moffatt, J. R., unpublished results. 

(23) (a) Cuccovia, I. M.; Aleixo, R. M. V.; Erismann, N. E.; van der Zee, 
N. T. E.; Schreier, S.; Chaimovich, H. J.  Am. Chem. SOC. 1982,104,4554. 
(b) Lissi, E. A.; Abuin, E. B.; Sepulveda, L.; Quina, F. H. J. Phys. Chem. 
1984, 88, 81. 

(24) Abuin, E. B.; Lissi, E.; Araujo, P. S.; Aleixo, R. M. V.; Chaimovich, 
H.; Miola, L.; Quina, F. H. J. Colloid Interface Sci. 1983, 96, 293. 

(25) Larsen, J. W.; Magid, L. J. J. Am. Chem. Soc. 1974, 96, 5774. 
Gamboa, C.; Sepulveda, L.; Soto, R. J. Phys. Chem. 1981, 85, 1429. 

(26) (a) Bunton, C. A.; Ionescu, L. G. J. Am. Chem. Soc. 1973,95,2912. 
(b) Bunton, C. A.; Dim, S. Ibid. 1976,98, 5663. (c) Bunton, C. A.; Diaz, 
S.  J. Org. Chem. 1976,41,33. (d) Bunton, C. A.; Paik, C. H. Ibid. 1976, 
41,40. (e) Bunton, C. A.; McAneny, M. Ibid. 1977,42,475. (0 Bunton, 
C. A.; McAneny, M. Ibid. 1976, 41, 36. 

(27) Pillersdorf, A.; Katzhendler, J. Isr. J .  Chem. 1979, 18, 330. 
(28) Bunton, C. A.; Gan, L.-H.; Savelli, G .  J. Phys. Chem. 1983,87, 

5491. 
(29) (a) Tonellato, U. In Solution Chemistry of Surfactants; Mittal, 

K. L., Ed.; Plenum: New York, 1982; Vol. 2, p 541. (b) Fornasier, R.; 
Tonellato, U. J. Chem. Soc., Faraday Trans. 1 1980, 76, 1301. 

(30) Quina, F. H.; Politi, M. J.; Cuccovia, I. M.; Baumgarten, E.; 
Martins-Franchetti, S. M.; Chaimovich, H. J. Phys. Chem. 1980,84,361. 

(31) Gani, V.; Viout, P. Tetrahedron Lett, 1973,4435. Meyer, G. Ibid. 
1975, 1275. 

Biresaw and Bunton 

Table I. Reaction of p-NPB with OH- in Micelles of 
CDHABr 

kl,O s-l, at various [CDHABr] 
[OH-], M 1.8 mM 5.5 mM 11 mM 

0.005 20.5 15.8 11.0 
0.01 28.7 23.6 17.8 
0.02 42.3 33.9 26.2 
0.05 55.7 49.9 38.6 
0.10 70.3 62.3 53.6 

"At 25.0 "C. 

Table 11. Reaction of p-NPB with OH- in Comicelles of 
CDHABr and CTABr 

k,," s-l, at various [CDHABr] 
[OH-], M 0.15 mM 0.5 nM 1 mM 

0.005 2.51 2.32 1.71 
0.01 4.22 3.59 2.72 
0.02 5.85 5.00 3.97 
0.05 9.30 7.26 5.81 
0.10 11.0 9.35 7.70 

"At 25 "C with [CTABr]:[CDHABr] = 1 0 : ~  

effective nucleophile toward other esters and activated 
h a l o b e n z e n e ~ , 2 ~ ~ ~ ~ ~  and the apparent pKa is in the range 

Most kinetic estimates of the pK, have been based on 
experiments at only one surfactant concentration, whereas 
the ion-exchange model predicts that the extent of de- 
protonation will depend upon the concentration of inert 
counteranion, e.g., Br-, and therefore upon the surfactant 
  on cent ration,^^,^^*^ as is observed with weakly acidic in- 
d i ca t~ r s . ' ~ J~  

In this work we used micelles of CDHABr and comicelles 
of it and cetyltrimethylammonium bromide (CTABr) 
(Tables I and 11). 

The reaction in the micellar pseudophase with fully 
bound substrate, S, follows Scheme I,26 where DOH de- 
notes the functional surfactant. 

Scheme I 

12.1-12.4.26 

OH- k' 
S 

DOH = DO- - products 

The first order rate constant for overall reaction is given 

(1) 

n / k +  = l/k'+ Kb/kqOH-] ( 2 )  

by 

where [D,] is micellized surfactant, so that 
k, = k P O - I  / [Dnl 

In eq 2 n is 1 and 0.1 for micelles and comicelles, re- 
spectively, in our experiments. The rate constant, k', and 
the apparent dissociation constant, K,, (or Kb) can be 
calculated from eq 2 (Figure l), from the variation of k, 
with [OH-]. We neglected depletion of OH- by depro- 
tonation of DOH. This approximation is satisfactory ex- 
cept for the lowest [OH-] in micelles of CDHAX. The 
plots for the comicelles with CTABr are reasonably linear, 
values of Kb range from 0.015 to 0.02 and k'is 129, 110, 
and 100 s-l for reactions in 0.15,0.5, and 1 mM CDHABr, 
respectively. For reactions in micelles of CDHABr values 
of Kb range from 0.02 to 0.024, and k'is 82, 71, and 67 s-l 
in 1.8, 5.5, and 11 mM CDHABr, respectively. Substrate 
should be extensively bound in these solutions. 

The value of pKb - 1.7 (pK, - 12.3) agrees with earlier 
estimates,26 but the unexpected observation is that these 

~ 

(32) Biresaw, G.; Bunton, C. A.; Quan, C.; Yang, 2.-Y. J. Am. Chem. 
SOC. 1984, 106, 7178. 
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Table 111. Quantitative Analysis of Reaction8 of OH- Based on the Ion-Exchange Modela 
substrate K., M-' k,, M-' 8-l ku, s-l klm, M-' s-' 

p-NPBb 1400 3.2 2.2 (3.5) 0.3 (0.5) 
DNFB' 20 0.12 3.4 (4.8) 0.5 (0.7) 
p-NPDHP' 1500 7.5 x 10-3 6 X (7.8 X lo3) 0.9 x 10-3 (1.1 x 10-3) 
p-NPDEP' 100 8.5 x 10-3 12 x 10-3 (16 x 10-3) 1.7 x 10-3 (2.3 x 10-3) 

a Calculated with KBPH = 10 and 0 = 0.75; values in parentheses are calculated with KBrOH = 20 and @ = 0.80 except for p-NPB for which 
,9 = 0.75. *0.005 M NaOH (ref 32). eO.O1 M NaOH (ref 22 and 26c). Abbreviations: DNFB, 2,4-dinitrofluorobenzene; p-NPDHP and 
p-NPDEP, p-nitrophenyl dihexyl and diethyl phosphate. 

dissociation constants are, at most, only slightly deppen- 
dent upon [surfactant] and are similar in micelles and 
comicelles, despite changes in [Br-1, although Br- is ex- 
pected to decrease deprotonati0n.3~J~J~ The small  decrease 
of k'(Figure 1 and Tables I and 11) is consistent with only 
a modest effect of Br-. 

Deprotonation of a micellar-bound weak indicator acid, 
BH, in a nonfunctional cationic micelle of CTAX can be 
treated quantitatively in terms of the basicity constant, 
KBM, in the micellar pseudophase:3bJ7J8 

(3) 
where M denotes micellar bound material, CTAX is total 
surfactant, and 

(4) 

Equation 3 is analogous to eq 5 written for a rate pro- 

KBM = [BHMl mOH8/ [BM-1 

mOHs = [OHM-]/([CTAX] - cmc) 

CeSs:W,16 

kM' = kMmOHB (5) 
The concentration of micellar bound OH- is assumed to 

(6) 

Micellar binding of substrate, S (or indicator, BH), is 

(7) 

where T denotes total substrate. Equations 3-7, with 
assumption of constant P, allow prediction of micellar or 
salt effects upon rates and equilibria. 

For a deprotonated functional micelle, e.g., Scheme I, 
should decrease with increasing deprotonation, because 

the zwitterion will not bind counter i~ns,~ but one can write 
an empirical relation, eq 8, where Po is the value in the 
absence of OH-: 

B = P O  (1 - "'1 (8) 
where mN* is the mole ratio of deprotonated to total sur- 
factant calculated from the kinetically determined pK. 

Equations 3-7 predict that the extent of deprotonation 
of a weak indicator acid in micelles or comicelles of 
CDHABr will go through a maximum with increasing 
[surfactant] at constant [OH-]. Qualitatively this behavior 
is observed for deprotonation of 5-nitroindole, in micelles 
or comicelles of CDHABr,34 and, deprotonation in comi- 
celles with CTABr follows the predictions of the ion-ex- 
change model in 0.1 M NaOH and moderately well in 0.01 
M NaOH, based on parameters similar to those which fit 
indicator deprotonation in nonfunctional micelles of 
CTABr.l7JS 

It seemed reasonable therefore to attempt to explain 
deprotonation of the hydroxyl group of CDHA+ in these 

follow the ion-exchange r e l a t i ~ n : ~  

KXoH = [OHw-l [XM-] /{[OHM-] [XW-] 1 

given bye 
[SM] K,([CTAX] - cmc) 

[S,] 
- -  - 

1 + K,([CTAX] - cmc) 

(33) In any event the ion-exchange model fails if @ = 0. 
(34) Biresaw, G.; Bunton, C. A. Savelli, G. J. Org. Chem. 1985,50, 

5374. 

1 / [ O H ] ,  M-' 

Figure 1. Estimation of Kb (apparent) for micelles and comicelles 
of CDHABr. Solid points represent micelles of CDHABr, n = 
1, and open pointa represent comicelles of CDHABr-CTABr 
( l : lO) ,  n = 0.1: (+, ., 0)  1.8, 5.5, and 11 mM CDHABr, re- 
spectively; (0, o, o) 0.15,0.5, and 1 mM CDHABr, respectively. 

terms, but we could not obtain a reasonable fit to the rate 
data (Tables I and 11) taking values of the ion-exchange 
constant, KXoH, similar to those which fit reactions in 
nonfunctional micelles. Changes in the value of 6 to allow 
for deprotonation (eq 8) did not improve the situation. 

However, the pseudophase, ion exchange, model fits the 
rate data for reaction of p-NPB with OH- in CTACl and 
CTABr, (Figure 2 and ref 32), based on the parameters in 
Table 111. The fits for dephosphorylation with OH- in 
CTABr are shown in Figure S1 (supplementary material), 
and parameters for these reactions and an aromatic nu- 
cleophilic substitution are in Table 111. Small changes in 
the parameters do not materially impair the fits. Other 
recent examples of the use of this model are in ref 3b and 
35. 

The variation of k with [OH-] for reaction of p-NPB 
with constant [CTAhr] can also be fitted to the ion-ex- 
change model for [OH-] < 0.05 M, but at higher [OH-] the 
predicted values of k, are too low (Table IV). Similar 
deviations have been found for reactions of OH- with DDT 

(35) van de Langkruis, G. B.; Engberta, J. B. F. N. J. Org. Chem. 1984, 
49, 4152. 
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0.6 0 Table IV. Reaction of OH- and p-NPB in CTABr" 

0.01 0.255 0.26 (0.27) 
0.02 0.399 0.40 (0.42) 
0.05 0.779 0.68 (0.76) 
0.10 1.24 0.92 (1.03) 

"In 0.011 M CTABr at 25.0 "C. bTaking K, = 1400 M-I, cmc = 
6 X lo4 M, /3 = 0.75, and k, = 3.2 M-ls-l, KBrOH = 10 and kM = 2.2 
5-I; values in parentheses are calculated by taking KBroH = 20 and 
kM 2.5 8-l. 

0.04 "0.  t 0.02 
[ N a X ] ,  M 

Figure 3. Salt effects upon reactions of pNPB in CTAX micelles. 
The following plots are calculated, eq 6-8 (0) CTACl + NaC1; 
(m) CTABr + NaBr; (e) CTABr + NaN03 A, and A represent 
CTABr + 1/2Na#04 and CTA(S04)1,2 + 1/2Na#04, respectively. 
0.01 M CTA+ and 0.01 M NaOH. 

and related compounds, and Nome and co-workers have 
ascribed them to reaction across the micelle-water inter- 
face.36 

The second-order rate constants, kM, (Table I11 and IV) 
are given with concentration written as a mole ratio (eq 
4 and 5). The constants can be converted into kZm, M-l 

k,, 5-I 

[NaOH], M obsd calcd 

i 0 3 [ C T A X ] ,  M 

Figure 2. Quantitative treatment of the variation of k, with 
[CTAX] for reaction of p-NPB: (0) X = C1; (0) X = Br. The 
lines are theoretical: (- - -) eq 6-8; (-) eq. 10. 

(36) Nome, F.; Rubira, A. F.; Franco, C.; Ionescu, L. G. J. Phys. Chem. 
1982,86, 1881. Stadler, E.; Zanette, D.; Rezende, M. C.; Nome, F. Ibid. 
1984,88, 1892. 

(37) Almgren, M.; Rydholm, R. J. Phys. Chem. 1979,83,360. Funa- 
saki, N. Ibid. 1979, 83, 1998. 

L I I 1 I I A I  I 
0.02 0.04 "0.1 0.2 

[ N a X ] ,  M 

Figure 4. Salt effects upon reactions of p-NPB in functional 
micelles of CDHAX. The following plots are calculated, eq 10: 
(0) CDHACl + NaCl; (m) CDHABr + NaBr; (e) CDHABr + 
NaN03 A and A represent CDHABr + Na(SOJ1 and CDHA- 
(SO4I1 + Na(S04)1,2, respectively. 0.01 M CDHA+ and 0.01 M 
NaOd 

s-l, by taking into account the molar volume of the reaction 
environment which is assumed to be 0.14 L,3b96J6 so that 

k2m = 0.14k~ (9) 

Other estimates of this volume range up to 0.37 L,6,7,37 
which increases kzm correspondingly. 

Evidence to date suggests that salt effects are smaller 
for reactions of functional, as compared with nonfunc- 
tional, and S042- behaves differently from 
univalent anions. Substrate hydrophobicity appears to be 
unimportant, and in dilute salt, Sodz- is a better inhibitor 
than C1; but a t  higher concentrations the salt order is 
reversed (Figures 3 and 4 and ref 2,22,23b). 

The effects of univalent anions upon reactions of p-NPB 
in nonfunctional cationic micelles can be fitted reasonably 
well to the ion-exchange model for CTACl-NaC1, with 
KcpH = 3, and CTABr + NaBr or NaN03, with values of 
KxoH for Br- and NO3- of 10-12 and 15, respectively~b~u~B 

(38) In treating CTABr + NaN03 we a m m e  that Br- and NO, have 
similar affinities for cationic micelles which leads to discrepancies in 
dilute NaBr. 
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Table V. Fitting Parameters for Salt  Effects upon 
Reactions of p -NPB 

~ 

surfactant KXoH a Y 

CTACl + C1- 3 3b 
CTABr + Br- 12 l o b  
CTABr + NO3 15 1 8b 

CDHABr + NO3- 2 . v  

CDHACl + C1- 0.8‘ 
CDHABr + Br- 1 . 7 ‘ ~ ~  

“Calculated with kM = 2.2 s-l, K, = 1400 M-I, and 6 = 0.75. 
Calculated with ko = 42 s-l. d y  = *Calculated with ko = 1.75 s-l. 

1.5 for reaction in absence of added salt. 

Table VI. Empirical Treatment of Reaction of p -NPB in  
Comicelles” 

104[CDHABr], M k,, s-l 
0.0029 

0.3 0.0034 
1.0 0.642 (0.76) 
1.5 0.825 (0.87) 
2.0 0.812 (0.83) 
5.0 0.610 (0.50) 

“At 25.0 O C  with 0.001 M HaOH and [CTABr]:[CDHABr] = 
101. Values in parentheses are calculated from eq 10 with K, = 
1400 M-l, ko = 5.2 s-l, y = 1.5, and cmc = 6 X lo4 M. 

in agreement with earlier  observation^^^ (Figure 3). 
However, we could not fit salt effects upon reaction in 
functional micelles (Figure 4) in these terms taking pa- 
rameters similar to those applied to reaction in nonfunc- 
tional micelles. The situation is similar to that noted 
earlier for reaction in functional micelles of CDHAX in 
absence of added salt. 

The empirical equation (eq 10) fitted salt effects of 
univalent ions upon reactions of p-NPB in both functional 
and nonfunctional micelles: 

where r is the ratio of inert anion to OH- and D, is mi- 
cellized surfactant. 

The rate constant ko can be regarded as that in a hy- 
pothetical micelle which contains no inert counterion, and 
y indicates the sensitivity of the reaction to added salt. 
Values of k, and y are in Table V, together with ion-ex- 
change parameters for nonfunctional micelles. The fit to 
the data is shown in Figure 4 for mixtures of CDHACl + 
NaCl and CDHABr + NaBr or NaN03. We could not 
apply eq 10 to the effects of SO,2-. 

Equation 10 also describes the effects of univalent ions 
upon reaction of p-NPB in nonfunctional micelles with 
fully bound substrate. We set the value of KO as /3kM be- 
cause /3 gives the maximum value of mOHS (eq 5), YU u i a v  

for saponification of p-NPB ko - 1.7 s-l and the fit of k, 
against [salt] based on the values of y in Table V and eq 
10 is essentially indistinguishable from that obtained using 
the ion-exchange treatment (Figure 3). Values of y are 
much smaller in functional than in nonfunctional micelles, 
as are the negative salt effects (Table V and Figures 3 and 
4). 

Equation 10 also describes rate-surfactant profiles for 
reaction of p-NPB in absence of added salt, provided that 
we take ko = 1.9 s-l. Figure 2 illustrates the fits in CTACl 
and CTABr, which are similar to those based on the ion- 
exchange model. Reaction of p-NPB in functional micelles 
and comicelles also fits eq 10 (Figure 5 and Table VI). 
Values of ko and y for reaction of p-NPB are similar in the 
presence and absence of salt, provided that allowance is 
made for “dilution” by CTABr in comicelles (Table VI). 

I O U  I 

IO3’[ CDHABr],  M 

Figure  5. Fitting of rate constants for reactions in functional 
micelles of CDHABr to eq 10: ( 0 , O )  p-NPB in 0.001 and 0.01 
M NaOH, respectively; (0) 2,4-dinitrofluorobenzene in 0.01 M 
NaOH; (u) 2,4-dinitrochloronaphthalene in 0.01 M NaOH (ref 
21 and 26b). 

Table VII. Empirical Treatment of Reactions in 
Functional Micelles 

substrate K,, M-l ko,O s - ~  

p-NPB” 1400 42 
CNCN 1600 3.5 (4.0) 
DNCB 75 0.13 (0.15) 
DNFB 20 150 
p-NPDPP 104 2.1 (2.3) 
p-NPDHP 3 x 103 0.028 
p-NBP 10s 0.032 

“Calculated from eq 10 with y = 1.5; for reaction in 0.001 M 
OH- ko = 48 s-l. Values in parentheses are for reactions in 
CDHAOH (ref 28). Abbreviations: DNCN and DNCB, 2,4-di- 
nitrochloronaphthalene and benzene; p-NPDPP, p-nitrophenyl di- 
phenyl phosphate; p-NBP, p-nitrobenzoyl phosphate. 

Equation 10 can also be applied to aromatic nucleophilic 
substitution, dephosphorylation, and hydrolysis of 4- 
nitrobenzoyl phosphate in CDHABr + OH- (Figure 5 and 
Table VII). Some of these reactions have also been fol- 
lowed in micelles of CDHAOH where there is no interionic 
competition.2s Values of ko are very similar to plateau rate 
constants in CDHAOH for fully micellar bound substrate. 

Although eq 10 fits the rate data for a number of reac- 
tions in functional and nonfunctional micelles, it is merely 
an empirical expression which allows us to calculate values 
of ko by extrapolation and to compare salt effects in 
functional and nonfunctional micelles. It is completely 
different from eq 6, which is based on a well-defined 
m 0 d e 1 , ~ , ~ , ~ , ~ ~ , ~ ~ i ~ ~ , ~ ~  or the treatment based on individual 
binding constants for each ion, which has been applied as 
an approximate treatment-39-and on a more rigorous baska 

For reactions in functional micelles the rate constants 
k’(eq 2) and ko (eq 10) are calculated by extrapolation of 
observed rate constants k,. For k’ the extrapolation is to 
infinite [OH-] and the concentration of Br- is not taken 
into account. For ko the extrapolation is to [X-]/[OH-] 
= 0, i.e., to [X-] = 0, where X- is Br- or C1-. As a result 
values of k’and ko differ somewhat, with k ’>  k,; for ex- 
ample, for reaction of p-NPB in CDHABr with varying 
[OH-], k’ranges from 67 to 82 s-l, whereas from experi- 
ments with added salts ko = 40-50 s-l. 

Discussion 
The ion-exchange model accommodates a great deal of 

kinetic and equilibrium data, for chemical reactions of 

(39) Bunton, C. A.; Can, L.-H.; Hamed, F. H.; Moffatt, J. R. J. Phys. 

(40) Rodenas, E.; Vera, S. J. Phys. Chem. 1985, 89, 513. 
Chem. 1983,87, 336. 
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univalent ions, and a mass-action-like model can be applied 
to reactions of hydrophilic anions in reactive-ion mi- 
c e l l e ~ . ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~  Reaction in the micelles is assumed to 
take place in a uniform region at the surface, the so-called 
Stern layer. 

Micellar effects upon some inorganic reactions have been 
treated in terms of ionic distributions based on micellar 
surface potential.42 But these potentials were calculated 
from indicator e q ~ i l i b r i a , ~ ~  so that micellar effects upon 
indicator equilibria were being related to effects upon rates 
of ionic reactions, which involves circular reasoning. 
Stigter has noted the problems which arise when attempts 
are made to estimate the potential of hydrophobic colloids 
from such data.44 Thus this approach has no more pre- 
dictive power than the pseudophase ion-exchange model 
(eq 6). However discussing ionic distribution in terms of 
surface potential avoids the artificiality of restricting re- 
action sites to the micellar Stern layer or the water, with 
no reaction across the micelle-water interface. Surface 
potentials and ion binding can be estimated by solving the 
Poisson-Boltzmann equation in spherical symmetry but 
neglecting specific effects.45v4e Specific effects have been 
described in a treatment of ion binding at  a plane swface,4' 
and reactivity in spherical micelles can be fitted to a model 
that includes both coulombic and specific effects and ac- 
counts qualitatively for inhibition by dianions and re- 
activity of a nucleophilic d i a n i ~ n . ~ ~  

The problem with the existing ion-exchange model 
seems to be that it unduly focuses attention on ion binding 
in the Stern layer and neglects any role for ions in the 
diffuse layer, cf. ref 36. But ions in the diffuse layer de- 
crease the potential a t  the micellar surface, and S042- 
should be especially effective in this respect, because its 
double negative charge will skew its distribution strongly 
toward the micellar surface, in comparison with a hydro- 
philic univalent ion.& Thus the kinetic salt effect of S042- 
is probably not a manifestation of its ability to compete 
with reactive anions in the Stern layer but is a coulombic 
effect which can be understood in terms of a nonspecific 
interaction governed by a Poisson-Boltzman distribution. 
We do not suggest that specific interactions are unim- 
portant in interionic competition at  a micellar surface, 
because of very clear specificity in the micellar binding of 
halide and nitrate ions, for e x a m ~ l e , ~ , ~ , ~ . ~ ? ~ ~  but we believe 
that counterions can influence reaction rates in micelles 
by virtue of their nonspecific binding in the diffuse layer, 
as well as specific binding in the Stern layer. 

This hypothesis is supported by evidence from light 
scattering by cationic micelles. Micelles with bromide 
counterion grow under conditions in which there is little 
growth when the counterion is Cl- and probably none when 
it  is OH-.19b,c20,49 For a given micelle cmc and a decrease 

Biresaw and Bunton 

in the sequence OH- > C1- > Br-, and the aggregation 
number increases in that sequence. But (CTA)2S04 has 
a very low cmc (0.2 mMW), although from the evidence of 
dynamic light scattering it has a very low fractional charge, 
a, of 0.07:l as compared with ca. 0.5,0.27, and 0.22 for the 
related hydroxide, chloride, and bromide micelles, re- 
spe~tive1y.l~ Despite this low value of a (CTA)2S04 shows 
little tendency to grow even in 1 M Na2S04, whereas with 
corresponding salt concentrations CTACl and especially 
CTABr show considerable growth.49 Qualitatively these 
observations are consistent with little specific binding of 
S042- as compared with Br-, for example, so that salt ef- 
fects of SO:- in micellar systems seem to be due not to 
competition in the Stern layer but to a decrease in surface 
potential caused by SO:- in the diffuse layer. This hy- 
pothesis is consistent with the inability of the ion-exchange 
model to account for inhibition by S042-. 

The differences in the parameters y (Table V and eq 10) 
for functional and nonfunctional micelles are under- 
standable on a qualitative basis because the hydroxyl group 
in a functional micelle will be located away from the 
cationic micellar head groups where there appears to be 
strong specificity in ion binding, whereas there should be 
little ion specificity in the diffuse layer, which would 
correspond to y = 1. Values of y for CDHAX + OH- range 
from 0.8 for X = C1- to 2.0 for NO3- and are much larger 
for CTAX (Table V), consistent with low specificity in the 
interionic competition. The differences arise in part be- 
cause the hydroxyl group can be deprotonated by OH- in 
the diffuse layer and also because deprotonation of the 
hydroxyl group of CDHAX decreases the ability of the 
micelle to attract anions. Analogy with anion-exchange 
resins is helpful. Competition between C1- and other an- 
ions for Dowex 1 and 2 depends specifically upon the anion 
but, except for OH-, is very similar for the two resins. 
However, Dowex 2 contains a P-hydroxyethylammonium 
group, and its deprotonation by OH- sharply decreases the 
ability of the resin to bind Cl-.52 

Concentrations of OH- in the diffuse layer, i.e., adjacent 
to the hydroxyl groups in a CDHA' micelle, should ap- 
proximately follow total concentration of OH-. Therefore 
deprotonation of the hydroxyl group, as given by pK,, 
should not be very sensitive to inert anions, e.g., Br-. But 
these anions should markedly affect deprotonation of an 
indicator bound in the Stern layer.17J8 

Experimental Section 
Materials. The preparation and purification of the surfactants 

and the other reagents have been described.26 
Kinetics. Reactions of p-nitrophenyl benzoate @-NPB) were 

followed spectrophotometrically a t  25.0 OC?' Solutions were made 
up in C02-free redistilled deionized water. The first-order rate 
constants, k,, are in reciprocal seconds. 

Binding of Br-. The binding of Br- to micelles of CDHABr 
was followed with a specific bromide ion electrode which was 
calibrated with NaJ3r and had a Nernst slope of 59.2 mV. Values 
of the fractional micellar ionization, a, were similar for CTABr 
and CDHABr and were 0.31-0.33 and 0.27-0.29, respectively. The 
values of CTABr are similar to  other values estimated electro- 

(41) (a) Bunton, C. A.; Romsted, L. S.; Thamavit, C. J. Am. Chem. 
SOC. 1980, 102, 3900. (b) Bunton, C. A.; Romsted, L. S. In Solution 
Behavior of Surfactants; Mittal, K. L., Fender, E. J., Eds.; Plenum: New 
York, 1982; Vol. 2, p 975. 

(42) Diekmann, S.; Frahm, J. J. Chem. Soc., Faraday Trans. I 1979, 
75, 2199. Frahm, J.; Diekmann, S. Surfactants in Solution; Mittal, K. 
L., Lindman, B., Eds.; Plenum: New York, 1984; Vol. 2, p 897. 

(43) Frahm, J.; Diekmann, S.; Haase, A. Ber. Bunsenges. Phys. Chem. 
1980, 84, 556. 
(44) Stigter, D. Prog. Colloid Polymer Sci. 1978, 65, 45. 
(45) Bell, G. M.; Dunning, A. J. Trans. Faraday SOC. 1970, 66, 500. 

(46) Gunnarsson, G.; Jonsson, B.; Wennerstrom, H. J. Phys. Chem. 

(47) Rathman, J. F.; Scamehorn, J. F. J. Phys. Chem. 1984,88,5807. 
(48) Bunton, C. A.; Moffatt, J. R. J.  Phys. Chem. 1985,89,4166; 1986, 

Mille, M.; Vanderkooi, G. J.  Colloid Interface Sci. 1977, 59, 211. 

1380,84, 3114. 

90, 538. 

(49) (a) Porte, G.; Appell, J. In Surfactants in Solution; Mittal, K. L., 
Lindman, B., Eds.; Plenum: New York, 1984; Vol. 2, p 805. (b) Ikeda, 
S. Surfactants in Solution; Mittal, K .  L., Lindman B., Eds.; Plenum: 
New York, 1984; Vol. 2, p 826. (c) Dorshow, R.; Briggs, J.; Bunton, C. 
A.; Nicoli, D. F. J. Phys. Chem. 1982, 86, 2388. 

(50) Mukerjee, P.; Mysels, K. J. Critical Micelle Concentrations of 
Aqueous Surfactant Systems; National Bureau of Standards. U.S. 
Government Printing Office: Washington, DC, 1970. 

(51) Biresaw, G.; McKenzie, D. C.; Bunton, C. A.; Nicoli, D. F. J.  Phys. 
Chem. 1985,89, 5144. 

(52) Kunin, R. Ion Exchange Resins, 2nd ed.: Wiley: New York, 1958 
p 62. 
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chemically11s2h and slightly higher than those estimated from 
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A variety of m-nitrobenzyl derivatives including alcohols, alkyl ethers, esters, and an amine undergo photo- 
oxidation reactions to produce m-nitrobenzaldehyde (or m-nitroacetophenone in two cases) as the major isolated 
product. The reaction is both solvent and pH dependent and only takes place in essentially aqueous media. 
The quantum efficiency of product formation reaches a maximum (4 = 0.3-0.4) in the 20-50% sulfuric acid range, 
depending on the substrate, although the reaction is reasonably efficient even in neutral aqueous solution. The 
presence of benzylic hydrogen and a heteroatom (0, N) in the a-position appears to be essential for photooxidation 
to occur. The multiplicity of the reactive state is T1. A solvent isotope effect (4H20/?D20 = 1.4) was observed. 
The proposed mechanism involves rate-determining protonation of T1 followed by rapid a-hydrogen abstraction 
by water. 

Photochemical reactions of o-nitrobenzyl compounds are 
well-known and have been shown to involve intramolecular 
oxidation-reduction in several cases. For example, o- 
nitrobenzyl alcohol reacts photochemically' in organic 
solvents to give o-nitrosobenzaldehyde, while o-nitro- 
benzaldehyde undergoes photooxidation-reduction in 
various solvents and even in the solid state to give o- 
nitrobenzoic acid.2 These reactions do not appear to 
involve catalysis by either external acids or bases and are 
clearly intramolecular in origin due to the proximity of the 
two groups involved. 

In contrast, the photoredox reactions of analogous m- 
and p-nitrobenzyl derivatives take place only in aqueous 
media and are subject to ~a ta lys i s .~?~  Surprisingly, irra- 
diation of p-nitrobenzyl alcohol itself gives p-nitroso- 
benzaldehyde as the major product in a process which is 
strongly catalyzed by hydroxide ion: whereas the m-nitro 
isomer gives m-nitrobenzaldehyde via hydrogen ion cata- 
lysis? The detailed mechanism of these reactions has been 
the subject of several previous  report^.^" 

We were interested in exploring the generality and 
possible synthetic utility of such photoredox reactions and 
because of the greater efficiency of the m-nitrobenzyl al- 
cohol rea~t ion ,~  which has absolute quantum yields in the 
0.05-0.4 range, depending on the pH, it was decided to 

(1) Bamberger, E. Chem. Ber. 1918,51, 606. For photooxidation of 
similar systems, see: Dominic Jacob, E.; Joshua, C. P. Indian J. Chem. 
1984, 23B (S), 811. 
(2) Goerge, M. V.; Scaiano, J. C. J. Phys. Chem. 1980,84,492. Cowell, 

G. W.; Pitta, J. N., Jr. J. Am. Chem. SOC. 1968,90,1106. Ciamician, G.; 
Silber, P. Chem. Ber. 1901.34, 2040. Leiahton, P.: LUCY. F. A. J. Chem. 
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Phys. 1934, 2, 756. concentrate initially on m-nitro systems. Their higher 
reactivity appears to be another example of the well-known 
meta effect6 in photochemical reactions. 

(3) Wan, P.; Yates, K. J. Chem. SOC., Chem. Commun. 1981, 1023. 
(4) Wan, P.; Yates, K. J.  Org. Chem. 1983,48, 136. 
(5) Wan, P.; Yates, K. J. Org. Chem. 1985,50, 2881. 
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