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NUCLEOPHILICITY OF HALIDE IONS IN THE MICELLAR PSEUDOPHASE
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Abstract -The reaction of Br or Cl with koth n~butyl-4-nitrobenzene-
sulfonate and n-butyl-4-bromobenzenesulfonate la and 1b respectively is
catalyzed by cationic micelles of cetyltrimethylammonium chloride or hromide
{CTAXC1 or CTABr respectively). The increase of rate constant with [surfa-
ctant] can be analyzed in terms of the concentration of substrate (la-b)
and halide ion in the micellar pseudochase, and the second-order rate con~
stants in micellar and aqueous pseudovhase are similar.

It is known that the rates of bimolecular reactions are strongly affected by mice-
1lar systems. This effect arises primarily from concentrating both reactants in
the small volume of Stern Layer of micelles -5 and the variations of rate constants
with [surfactant] can often be treated quantitatively in these termsl'e. A very
useful and widely used approach to examin the distribution of hydrophilic ions bet-
ween aqueous and micellar pseudophases is to assume that counterions compete for
ionic sites on the micellar surface and that the fractions, 8 , of these sites
which are neutralized by counterions is approximately constantz’s. This general
approach has been applied successfully to rate and equilibrium constants of many
reactions in aqueous mice11e59'11. However, the treatment involves several para-
meters e.9. 8, whose values are not known with certainty. In addition, interionic
competion between, for example an inert ion Y , and a nucleophile X~, may not be
described accurately in terms of an ion-exchange model where subscripts W and M
Xy + Yy == Xy + Vg  ....... (1)

denote aqueous and micellar pseudophases respectively. The ion-exchange constant
e gtven by K& DI/ IXRIDYg] (2)

Y wllVy wil¥yl el {
The problem of interionic competion can be eliminated by using a reactive ion sur-
factant, in which ionic reagent is the micellar counterion12'14, so its concen-
tration in the micellar pseudophase should be constant, provided that,e, is con-
stant, and the first-order rate constant kq) for the overall reaction should
increase with increasing [surfactant] and become constant once substrate is fully
micellar bound. This predicted behaviour is observed for reactions of H* in mice-
11ized alkanesulfonic acidls, of N-alkylpyridinium ion in micellized CTACN16 and
for substitution by Br~ and C1° 7,18

However, for reaction of very hydrophilic anions e.g. OH™, F~, or RCOE » value
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of k‘V increases with increasing [surfactant] even when the substrate is fully
micellar bound12 13. The aim of the present work is to examine the micellar effects
upon nucleophilic substitution by C1~ or Br™ upon n-butyl-4-nitrobenzenesulfonate
and n-butyl-4-bromobenzenesulfonate (la-b)} in solution of cetyltrimethylammonium
chloride or bromide (CTAC1 or CTABr respectively {scheme 1)

Scheme 1
/ @_ * CH3_CH2 CHZ-CHZBr
K ) 503-CHy=Chy-Cy-Chg \

la X=NOp

x-@-so‘ + CHo=CH,=CH,~CH,C1
1b X= Br 3 §TTe

The reaction of {la-b) with water is inhibited by cationic micelles which have
unreactive counterions such as Mysylate so it makes minor contribution20

RESULTS AND DISCUSSION

Reaction in the Presence of Salt: The nucleophilicity of bromide is better than
chloride fon in hydroxylic solvent, because hydrogen bonding reduces nuclsophili-
city of anions and the effects is greatest with small hydrophilic anions of high
charge density22’23. We see this behaviour in our reactions {Table I and II) and
the second-order rate constants for the reactions of C1~ and Br~ with n-butyl-4-
nitrobenzenesulfonate are 9.84 x 10 °m s and 2.25 x 1074 157! respectively,

While the second-order rate constants for reactions of C1° and Br~ with n-butyl-4-
-1

bromobenzenesulfonate are 4.5 x 1075 st and 7.2 x 1078071
corrections is made for the salt effects upon these reactions).

respectively( no

Reaction in Micellar Solutions: In the reactions of C1™ or Br~ with substrate 1la
and 1b the first-order rate constant k ( ,increase smoothly with increasing[CTACY]
or [CTABr] (Figure 1 and 2). Also, k , increase with addition of common halide
ion to the surfactant solutions {(Figure 1 and 2). At high concentration of surfa-
ctant values of kq, tend to reach limits and as for reaction in water, Br ,appears
to be a better nucleophile than C1~. This differences are understandable because
counterions are extensively hydrated in the water rich Stern tayer of a normal
micelles

Quantitative Treatment of Rate Effects: The varjation of rate constant with [sur-
factant] 1s generally treated on the assumption that, §, is distributed between

the aqueous and micellar pseudophases designated by subscripts W and M respe-
ctively (Scheme 2) and can react in each pseudophase, with first-order rate con-
stants being K& and ké. The micellized surfactant (detergent) is designated D,

Schieme ' 2
Ks
SH+Dn(“£SM

W *n
products

and its concentration is that of the total surfactant concentration, less that of
monomeric surfactant {(cmc), and KS is the equilibrium constant for substrate bin-
ding (eq 3 and 4).

KS = [SM]/[SN][DHJ ceeee (3
[D,] = [D7] - cmc ceeee {8)
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There is also a reaction with water, which makes a major contribution kH 0 to the
2
observed rate constant so we neglect it.

Provided that equilibrium is maintained between reactants in the pseudophases,
the first-order rate constant is given by25

ky + ky K [0, 1]

k. = —— e (5)
v
1+ K [Dn]
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Figure | Reactions of n-butyl 4- Nitrobenzenesulfonate with Br, & in CTABr,
A 1n 0.04 M CTABr + NaBr. ¢ For reactions of n-butyl 4-bromobenzene-
sulfonate with Br in CTABr; 0 in 004 M CTABr + NaBr
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Figure 2 Reactions of n-butyl 4-Nitrobenzenesulfonate with CT, & in CTACI,

& in CTACI ¢+ O.IM NaCi o for reactions of n-butyl 4-bromobenzenesulfonate
with CI n CTAG, o in CTACI +O.1M NaCl

These rate constants can be written in terms of the second-order rate constants
ky and ky and the concentration of €17 and Br~ in each pseudophase eq. & and 7.

ky = ku[Xﬁ] ciieeeeas (6)

no- k”m; = ky[Xy1/00,1 = ky p e (7)
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Table I. Reaction of n-butyl-4-nitrobenzenesulfonate in the absence of
surfactant®.

[Salt]M NaCl NaBr
0.02 4.9 5.2
0.08 5.5 6.6
g.15 6.2 7.9
0.2 6.7 9.5

3yalues of IOSkLVs' at 25°C. In water 105kH =4.6s ",

Table 1II. Reaction of n-butyl-4-bromobenzenesulfonate in the absence of

surfactanta.
[Salt]n NaC1 NaBr
0.02 1.95 2.10
0.08 2.20 2.5
0.15 2.52 2.95
0.2 2.72 3.5
3 alues of 10% kty s”1 at 25°C. In water 10° ky, = 1.85 s7L.

The rate constant, k” , 1s defined by using concentration written as a mole ratio,
m;, which for a reactive ion surfactant is A.

The quantitative treatment of the rate data therefore involves estimation of
the distribution of substrate between water and micelles, which depends on Ks and
estimation of the concentration of C1- or Br  in the micellar pseudophase.

The binding constants, KS , cannot be measured directly because of reaction
between substrates and halide ion, but comparison with the binding of similar,
but unreactive solutes suggest that K = 102 -1 , for both CTACT and cTABre-S:18
However, addition of salts to surfactant soclution may increase Ks’ by " salting
out " nonionic solutes from the aqueous pseudophase and we considered this possi-
bility in fitting the rate datad:9:14,18,

The variation of kH’ , with [surfactant] for reactions in some reactive ion

16 : 15
and some sulfonic acids can be analyzed on the

15,16

surfactant, e.g. in CTACHN
assumotion that B is constant However, when the reactive ion is OH™ or F°,
k increases with increasing concentration of nucleophile or surfactant even
when the substrate is fully micellar bound12’14’15’26, but the distribution of
counterion X~ between aqueous and micellar pseudophase can be fitted to eq. &,

i.e. to a mass action mode1 1214518,

Ky = [Xq1/0%g1(0D, 1-[X41) N € 3 |
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Table III. Rate and equilibrium constant for reaction in CTABr®.

Medium substrate kTt 10tk s 100 ge stk
CTASY la 115 10.2 14.4 0.66
0.04 CTABr + NaBr  1la 130 10.3 14.5 0.66
CTABY 1b 120 7.5 10.5 1.1
0.04 CTABr + NaBr  1b 135 7.3 10.4 1.1

3Model 1 assumes a constant ﬂ of 0.8. The fit assumes a salt effect on substrate
binding, see text.

Table 1IV. Rate and equilibrium constant for reaction in cTACT?

Medium Substrate K, 4

-1 -1 -1 5 m,~1_-1 m
Xlﬁ KSM 10 k”s 10 k2r1 s k2 /ku

CTACT la 230 115 2.9 4.1 0.91
CTAC1 + 0.1 M HaCl la 230 130 30 4.2 0.93
CTACT 1b 215 125 2.1 2.9 0.4
CTACT + 0.1 M NaCl 1b 215 135 2.0 2.8 0.4

e used model 11 which is a mass action treatment with variab]e,ﬂ

Equation 8 nredicts that the fraction,/9 of micellar head groups neutralized by
counterions will increase with increasing [surfactant] although 8 w111 not vary
much with [surfactant] if K; is large, e.qg. 10 17!, Thus the approximation of a
constant B 1s probably satisfactory for an ion such as Br~, which binds strongly
to cationic micelles, but it may fail for C17, which binds less strongly than Br~
to mice11esg’11’27'

Therefore in treating our data we consider two possibilities £i) that & is
constant over a wide range of surfactant or halide ion concentration as is oftén
assumedz,we apply this possibility on the reactions in CTABr.(1i)that,ﬂ increases
with increasing halide ion concentration, based on a model applied to micellar
binding of relatively hydrophilic anion512‘14, we use this approximation for rea-
ctions in CTAC1. The simplest assumption is that of a constant 2 , so that eq.5-7
gives

ky [xy 1 + Ky KA 0D, ]

hy = —W M T TMTST el . 9)
b4 1+ Ks[Dn] (

ky CLX71- DXy 1)+ kyk  ALD, ]
1+ KS[Dn]

ky ( [x71-0xu1) + ky K (Xl
1 + Ks[Dn]

where subscripts, T denotes the total concentration of X . With fully micellar

1751
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bound substrate eq. 12 simplifies to

Reaction in CTABr: Equation 12 with a constant @ (model i) fits the variation of
k{/ with [CTABr] (figure 1) in terms of the parameters in Table III. lle note that
the rate data can be fitted to other combination of these parameters provided that
the variations are sma119’10.

However, the increase of kﬂy with added salt is inconsistent with a constant
value of g eq. 8-~11. One possibility is that added halide ion increase KS . by
"Salting out" the substrate from the aqueous pseudophase. There is precedence for
such an effect5’g, but it is small in other systems and too small to explain all
our salt effects. Therefore, we did not explain our data for reactions of C17 in
terms of a constant & 28.

For reaction in 0.04 H CTABr + NaBr the rate constants could be fitted to model
1 (figure 1), assuming constant/g provided that we assumed that laBr increased
the binding constant of the substrates to the micelles, following eq. 13,i.e.with
b = 12M'1, assuming that NaBr "salts-out" the
K = 100 (1 + b[NaBr] ... ........ (13)

substrate from the aqueous pseudophase, cf.ref. 6,9 and 18. Although assumption
of a constant (midel i) is satisfactory for reactions in CTABr and CTABr + NaBr.
we could not fit the rate data for reaction in CTAC] and CTAC1+NaCl in terms of
this model without using high values of b, eq.13, e.g. greater than 40 M'1 which
is not reasonable.

We therefore conclude that‘ﬂ for CTAC1 increases with added C1~, although the
effect is smalier than that apparently observed with CTAOH and CTAF14’15’31, but
it is close to that in CTAFor, CTAoAch.

Reactions in CTAC1 : To explain the variation of k with [CTAC1] we assumed that
/3 increases with increasing halide ion [C17] (model ii) eq.8. Equation 8 places
formal 1imits on 0 and 1 on /9 , although the Tower 1imit cannot be reached because
there is always counterion present in aqueous pseudophase and the upper limit of 1
is reached only at counterion concentration beyond any reasonable limit14. In pra-
ctice g would vary Tittle with [x"1 if k' >103n71,

Equations 5 and 8 can be combined and a simple computer programme used to pre-
dict the variation of kt( with [CTAC1] and added X~ and we were able to fit all
the rate data for reaction in surfactant of CTACT and with added salt {figure 2)
using the parameter given in Table IV,

Some variation of @ with added counterion is not unreasonable because there is
a distribution of micellar sizes in any given surfactant solution29
micelles should be the more effective at attracting counterions and if added salt
the size distribution toward larger micelles, 1t should also increase
Micellar growth depends upon the balance of surfactant-surfactant and surfactant-

counterion interaction, and one would expect variation of micellar size to be lar-

. The larger

gest when the counterions interact the Teast with the micellar head groups as with
such hydrophylic idions as OH™ or F~.
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Comparison of Reaction in CTABr and CTACl: The rate surfactant profiles for rea-
ctions in CTABr can be fitted with assumption of constant B (Table III and figure 1)
that is beacuse this approximation is satisfactory for an ion such as Br~ which
binds strongly to cationic micelles, but it fails for C1”~ which binds less strongly
than Br to mice11e59’1L27. Therefore we use a mass action model to treat the rate
surfactant profiles for reactions in CTACT {Table IV and figure 2).The values of K;
for C1~ {Table IV) are reasonable in comparison with KdH =555 1 and q;= a0 w1
and K;or = BOM'1 for formate and acetate ionlz, because less hydrophilic ion such
as C1- or Br~ should have larger binding constants.

The values of KS are similar in both model. The second-order rate constants
for reaction in the micellar and aqueous pseudophases, kH and kw, have different
dimension55’31. The second-order rate constant kM is expressed in terms of concen-
tration as a molar ratio of reactive anion to micellar head groups (eq. 7) where
as for kN the counterion is written conventionally, as moles of nucleophile per
l11ter of aqueous pseudophase which is approximated as total solution. These rate
constants can be compared by defining the volume element of reaction ip the mice-
1les, which we assume to be that of Stern Layer, with a molar volume of ca.0.14L5,

9’30. Therefore, the second-order rate constant, kg, H'l s'1 is given by

k'g = 0.14ky A, ... (18)

The values of kg for reactions in the micellar Stern Layer are almost identical
with those of kN in water (Table III and IV). The close simitarity is probably
coincidental because it denends upon our estimated molar volume of the Stern Layer.
However, the overall volume of the micelle is probably approximately twice that of
the Stern-Layerz’lg, so our overall conclusion would be little affected by choice
of a different volume element of the reactionls. The similarity of kg and k” is
understandable, because both substrate and halide i1on should be located near the
water reach micellar surface2’24. There are many examole of reactions for which
second-order rate constants in micelles are similar to those in water and the
differences 1n constants are nrobably due to the properties of the micelle as a
kinetic solvent or to a different Tocation of the two reactants in the micel]ele.

EXPERIMENTAL

Materials: The preparation of n-butyl-4-nitrobenzenesulfonate and n-butyl-4-bromo-
benzenesulfonate and nurification of surfactant followed a standard method55’21.

Kinetics ¢ A1l the reactions were followed spectrophotometrically in water at 25°C
by the decrease of absorbance at 252 nm for n-butvl-4-nitrobenzenesulfonate and
265 nm for n-butyl-4-bromobenzenesulfonate. The rate constant did not change by
adding 10731 HBr or HC1 so there is no contribution from reaction with OH™. For
all reactions substrate was added as a solution in MeCN to the reaction mixture

in a lcm cuvette so that the concentration of the substrate was 10_5H and the
solutions contain less than 2.1% MeCN. The first-order rate constant, kq, , are
in a reciorocal seconds.
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