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Micellar-mediated rates of both the ester hydrolysis and enol nitrosation reactions of ethyl cyclohexanone-
2-carboxylate, ECHC, were measured in aqueous acid media. In equal acid concentration, the enol nitrosation
reaction rate is more than 10 times faster than the ester hydrolysis reaction rate; this fact makes possible the
separate (independent) study of both reactions undergone by ECHC. Anionic micelles of sodium dodecyl
sulfate, SDS, inhibit the ester hydrolysis; by contrast, the nitrosation reaction goes through maxima as the
[SDS] increases above the critical micelle concentration. A similar pattern of behavior is observed in the
study of the effect of anionic micelles of hydrogen dodecyl sulfate, HDS, on the rates of the two reactions:
the first-order rate constarij of the ester hydrolysis goes through minima as [HDS] increases, even though
the rates are actually affected very little by HDS addition; in sharp contrast, the overall rate constant of the
nitrosation reaction is enhanced by HDS addition and levels off at high surfactant concentration. The values
of the rate constant at high surfactant concentration is more than 6 times that determined in the absence of
HDS. Despite the different micellar effects observed in the two reactions occurring in the same substrate,
experimental data fit the pseudophase ion exchange (PPIE) model and predict similar values for the second-
order rate constant of each reaction in the different types of micelles of a given counterion. The implications
of these findings for the reactivity in micelles are discussed. Cationic micelles inhibit the nitrosation reaction
throughout the surfactant concentration range; although the reaction at the micellar phase is not negligible,
the physicochemical properties of this reaction region account for the lower reactivity in this medium.
Experimental data are quantitatively explained by means of the pseudophase model, and kinetic rate constants
or equilibrium constants appearing in the proposed reaction scheme are reported.

Introduction Nitrosyl compounds act as nitrosating species, and despite their
lower reactivity with regard to that of NQ catalysis by X is
generally observed, due to the greater concentration of the
nitrosyl compounds resulting from the high valueloino in
comparison tKno. When one uses high nitrite concentration
(e.g., higher than 0.1 M), nitrosation by,®s might also be
observed, in which case a second-order dependence of the rate
equation on [nitrite] appears:

Oxime formation from the nitrosation of enols derived from
ketones, keto esters, and related compounds is a well-known
synthetic proceduréRecently, Williams demonstrated that the
nitrosation of ketones proceeds via the enol tautorh&ither
the enolization or the nitrosation of the enol can be made rate-
limiting, depending on the experimental conditions and on the
nature of the ketone. For ketones with high enol content, the
rate-controlling step is, in general, the reaction between the enol 2HNO, = N0, + H,0
and the nitrosating ageft.

The most convenient and useful reagent for affecting nitro- with K = 3 x 10°3 mol~1 dm3.6
sation is nitrous acid, generated in situ in an aqueous solution  The nitrosation reaction of the enol of ethyl cyclohexanone-
of sodium nitrite and mineral acid. In aqueous perchloric acid 2-carboxylate (ECHC) has been previously studied in water.
solutions of sodium nitrite, the only nitrosating agent isNO  This B-keto ester is nearly 100% enolized in water. Conse-
(or HoNO,*, i.e., ON--:OH,, where a discrete water molecule  quently, enolization cannot be rate-limiting. In fact, we have
is covalently bound to the nitrosonium ion) which is formed shown that the reaction is first-order in both [ECHC] and TH

from protonation of nitrous acid: and is also first-order in the total nitrite concentration. (We
. N worked with low nitrite concentration, 1. 1072 M). When
HNO, + H"=NO" + H,0O X~ is also present in the reaction medium, the nitrosation

pathway via XNO is also detected. Thereupon, eq 1 can be
with Kno = 3 x 1077 mol~* dm? being the corresponding  written to account for the experimental facts.
equilibrium constant.In the presence of nonbasic nucleophiles
(X7), such as Cl, Br—, or SCN, equilibrium formation of rate= (k; + k[X )[ECHC][nitrite][H N (1)
nitrosyl compounds, namely XNO, also occurs:

In this equationk; corresponds to the rate constant when the

X~ + HNO, + H™ = XNO + H,O nitrosation is promoted by NQ i.e., k; = knyoKno, While k; is

the rate constant when the nitrosation is promoted by XNO,

with Kxno being the corresponding equilibrium constant. At 25 i.€., ko = kxnoKxno, With kno andkxno being the bimolecular

°C Kxno takes on values of 1.14 103 when X = Cl; 5.1 rate constants for NOor XNO attack, respectively, on the enol.
x 1072when X~ = Br~; or 30 mol2 dmf when X~ = SCN.5 The present work analyzes the influence of the anionic
surfactants sodium dodecyl sulfate (SDS) and hydrogen docecyl
T E-mail: gfemilia@udc.es. sulfate (HDS) on two reactions that may occur with ECHC in

10.1021/jp0100755 CCC: $20.00 © 2001 American Chemical Society
Published on Web 09/27/2001



10296 J. Phys. Chem. B, Vol. 105, No. 42, 2001 Iglesias

nitrosation of the enol when sodium nitrite is added to the 0.4
reaction mixture. Addition of either SDS or HDS to the reaction
mixture affects the rate of the two reactions occurring with the
same molecule in quite different ways. Thus, while the ester
hydrolysis reaction is inhibited throughout the SDS concentra- -
tion range, the nitrosation reaction goes through maxima; i.e.,
low [SDS] raisesk, values k, = rate/[ECHC]) to reach a
maximum level, after which a further increase in [SDS]
decreasek,. Similarly, the pseudo-first-order rate constdgt,

of the ester hydrolysis reaction goes through minima with
increasing [HDS] (thoughk, is modified only slightly by HDS
addition), whereas the observed rate constant for the nitrosation
reaction increases gradually with [HDS] and levels off at high
[HDS]. This study closes with the analysis of the influence of r r B — —— —
the cationic surfactants dodecyltrimethylammonium bromide 00 0.04 008 0.2 016 020 024 0.28
(DTABY), tetradecyltrimethylammonium bromide (TTABr), and [SDS)/ mol-dm™
tetradecyltrimethylammonium chloride (TTACI) on the nitro- Figure 1. Influence of [SDS] on the observed rate constant of the

sation reaction. In each case, addition of cationic surfactants hyd{_olysi_s d?f ECt3|'t|C Sttud|_i|efi1 Toa%u?%uls buff_ftered 339|L+t;10n's of?.OhG7 M
HU H acelc acia-acetate at p .40, S0lia line Tits eq o. € Inset snows
diminishes the reaction rate. the linearization of the data according to eq 4.

aqueous acid solutions: the ester hydrolysis and also the 84[

k,/107% s~

150 300 450 600 750
(ISDS]-eme)™"/ mol™'dm?

oo

Experimental Section SCHEME 1: Mechanim of Hydrolysis and Nitrosation

Ethyl cyclohexanone-2-carboxylate, a Merck product of Reactions of ECHC

maximum purity, was used as supplied. Surfactants SDS, N u

: ) ) H;0 “
DTABr, and TTABr of the highest purity available were o o "o
purchased from Sigma and were used without further purifica- 1 ! /C-"/“
tion. Both TTACI and HDS were prepared through ion ™~ 0" cHy
exchange. An Amberlite IRA-400 (Cl) anionic-exchange resin f\}\ e H0. CT Br
was used to prepare TTACI from TTABr solutions, and a XNy KTHO.CLEL )

Dowex 50W cationic-exchange resin was used to prepare HDS

from SDS solutions. The complete exchange of g H™ can o 0 H,H

be obtained from Na flame photometer analysis. Due to e Ig:,H c L *Xx+H
hydrolysis of HDS surfactant, its solutions were used on the et e o CH

same day of preparation. All other reagents were supplied by [ on HO o o l

Merck and were used as received. Solutions were prepared with Products
doubly distilled water (first distilled over potassium perman- .. o sop (8) Enol Nitrosation
ganate solution and then redistilled).

Pure ECHC was dissolved in dry dioxane (spectrophotometric SCHEME 2: Mechanism of the Base-Catalyzed
grade). Either the hydrolysis or the nitrosation reaction of ECHC Hydrolysis of ECHC in SDS Micelles
was initiated with the addition of 10 or 14 of a solution of

ECHC in dioxane to the reaction mixture to reach a final reaction ECHC,, + Dn ECHC
volume of 3.0 mL. +

Kinetic measurements were recorded with a Kontron-Uvikon AcO™ [k, k"
(Model 942) double-beam spectrophotometer, provided with ks Products

multiple cell carriers thermostated by circulating water. All

experiments were performed at 25. Kinetic experiments were

carried out under pseudo-first-order conditions, with the acid reaction in water is more than 10 times faster than the ester
and nitrite concentrations greatly exceeding the ethyl cyclo- hydrolysis reaction. The difference becomes even greater if HBr
hexanone-2-carboxylate concentratier6(x 107> M). In each is used instead of hydrochloric acid, or if there are SGdhs
kinetic experiment the integrated method was applied. The in the reaction medium. In sharp contrast, in aqueous acetic
decreasing absorbance at 256'iwas noted during the course  acid—acetate buffers, the ester hydrolysis reaction is much faster

of the reaction, fitting the experimental data (absorbattiree, than the nitrosation reaction; in fact, no nitrosation reaction can
A—t) to the first-order integrated equation. be found to have occurred.
Results and Discussion In this study we have analyzed the effect of anionic and

cationic micelles on the enol nitrosation reaction. However, to

cyclohexanone-2-carboxylate has both ester and enol function-condl_‘ct a complete interpretatipn of t_he experimental faCt_S' i_t
alities within the molecule. The ester hydrolysis reaction occurs &S first deemed necessary to investigate the effect of anionic

spontaneously in water at moderate rates, but is also subject toS”rfaCtE"f‘tS on the gster hydrolysis reaction in acid media.
acid and base catalysis. When electrophiles are present, such Reaction in Acetic AcidAcetate BuffersFor the sake of

The Ester Hydrolysis Reaction in Anionic Micelles.Ethyl

as NO" or the nitrosyl halides XNO (%= CI-, Br—, SCN-, simplicity, the influence of SDS micelles on the ester hydrolysis
...), the nitrosation reaction of the enol also takes place (Schemeof ECHC was first studied in an aqueous buffered solution of
1). 0.067 M acetic acidacetate at pH 4.57. Figure 1 shows the

At the same acid concentration, for example, 0.03 M HCI, variation of the observed rate constaky, as a function of
and at low [nitrite], such as Z 1073 M, the enol nitrosation [SDS]. The pseudo-first-order rate constant decreases as the SDS
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concentration increases above the critical micelle concentration,SCHEME 3: Mechanism of the Acid-Catalyzed

cmc= 3.5 x 1073 M.

Hydrolysis of ECHC in Anionic Micelles

Under these experimental conditions, the observed rate Products
constant measured in water is given by eq 2 with= 0.987 " ' i
x 10357 ky = 8.98 x 10-3 mol-1 dr® 5%, andks = 0.260 k, ko

mol~1 dm? s~1, and where AcO represents the acetate anidns.

ko= k" + ky[H'] + kg[AcO ] )

Therefore, at pH 4.57 the second term in the right-hand of eq
2 can be omitted. In the presence of SDS micelles, acetate ions H'. + Na©

. . . . W a m
are excluded from the anionic micellar interface due to

electrostatic repulsions. Furthermore, the'Tis much lower
(2.7 x 1075 M) than the [Nd] (equal to the cmc at the onset
of micellization). Therefore, the [H is too low to observe ion-

exchange effects since the ionic-exchange equilibrium constant

between both ions at the micellar surface, i.et,yH Nat, =
H*y + Na',, with an average value df, ~0.88 favors the

ECHC ,, ]
+ +

[ECHC o + Dn ==

+ +

H ,, + Na

w
1

kyy

+ HOCH,CH;

binding of Na, i.e., the much more concentrated ion. Conse-
quently, if the reaction at the micellar interface occurs, it is due o )
only to spontaneous hydrolysis. Hence, the application of the SDS, for example, the substrate concentration in the micellar
pseudophase model enables the proposal of Scheme 2 t@hase is more than 35 times the concentration in the bulk water

quantitatively explain the results.
The overall rate constant is given by eq 3, whkygky =
ko¥ + kg[AcO~]w) andk,™ are the first-order rate constants in

phase (concentrations refer to the total solution volume).
Furthermore, as [H = 0.050 M, the ion-exchange process
between H and the surfactant counterion, Naconcentrates

the aqueous and micellar pseudophases, respectively, referreéhe H' ions at the micellar interface when the surfactant
to the total solution volume, ans is the binding constant of ~ concentration is not high. Consequently, the usually observed

ECHC enol written in terms of the concentration of micellized Shape ofk,—[SDS] profiles in acid-catalyzed reactions are
surfactant, [Dn] ([Dn]= [SDS} — cmc). curves with well-defined maxima at low [SD8]!? At low

[surfactant], the effect of concentrating both reactants in the
k, + komKS[Dn] _small volume of the micelle enhancks but_ a furthe_r increase
kk=——""—"" in the [surfactant] dilutes the reactants in the micellar phase
1+ K{Dn] (even though the reactivity at the micellar interface is lower
than that of the bulk water phase), and decreases thgdH
the interface owing to the increase in [Nathat is being

3

The solid line in Figure 1 was drawn by applying eq 3 for

the case ok, = (7.64+ 0.05) x 10°°s%, k™ = (1.0+ 0.2) introduced with the surfactant. Both effects redkgevalues.

x 107*s7%, andKs = 340 4 10 mof™* dm? (r = 0.999). The By arguing in a similar manner, increasing [HDS] enhances
last two terms were treated as adjustable values. Alternatively, ihe [H*] in the micellar interface and in water. Thigversus

eq 3 can be rewritten in the form of eq 4, a Lineweavurk [HDS] profiles were expected to increase gradually with the
type of representation. surfactant concentration and to level off at high surfactant
) concentration, i.e., when all the substrate was micellar b&thd.

1 = 1 11 + 1 1 (4) However, the behavior observed here is definitively different.
kv = Ko k, — kom\ Ks[SDS], For our starting hypothesis, we assumed that the pseudophase
ion exchange (PPIE) model, which had been successfully applied
The Figure 1 inset shows the graph thus obtained. As expectedto many other examples of acid-catalyzed reactidnsould
it results in a straight line whose intercept at the origin and the also work in the present case. We attributed the “apparently”

slope values turned out to be (133t51.0) s and (0.3985%
0.0050) moldm=3's (r = 0.9999), respectively. The appropriate
combination of these data leads Kg and k,™ values, which

different behavior to the similarity in reactivities between the
spontaneous and the acid-catalyzed hydrolysis of the ester of
ECHC. Then, on the basis of the PPIE model, Scheme 3 was

are in fine agreement with those obtained by nonlinear regressionproposed, which in turn leads to eq 5, taking into account that
analysis and thus corroborate the previous assumptions madehe overall rate is the sum of the reaction rates in both aqueous

in proposing Scheme 2.
Reaction in Hydrochloric AcidAt fixed acid concentration,

and micellar pseudophases, i.e., raté," + ky[H]w)[ECHC)y
+ (ko™ 4+ ky™[H*]m)[ECHC]pn.

[HCI] = 0.050 M, we studied the effect of the concentration of
both SDS and HDS surfactants on the ester hydrolysis reaction
of ECHC. The variations of the observed rate constant as a
function of [SDS] (or [HDS]) are shown in Figures 2A and 3A,
respectively. Whileé, decreases on increasing [SDS] above the In this equationk, (ky = k¥ + kq[H™]y) is the pseudo-first-
cmc (the value obtained in water is nearly 7 times that obtained order rate constant measured in the absence of &P'Ss the
at 0.3 M [SDS]), by contrast, the increase in [HDS] has very first-order rate constant for the spontaneous hydrolysis in the
little effect on the overall rate constant, which goes through a micellar phaseky™ is the second-order rate constant for the
minimum. acid-catalyzed hydrolysis in the micellar phase referred to the
The ester hydrolysis of ECHC is an acid-catalyzed reaction. volume of the micelleV; andmy = [H*]/[SDS}.
On the other hand, from the previous section we demonstrated The molar ratiomy, can be determined by solving eq 6 at
that ECHC binds strongly to SDS micelles; in fact, at 0.10 M each surfactant concentration if the values of bigthand 3,

kTt k,"KJDN] + [(ky"V)K — kJmy[Dn]
B 1+ KJDn]

(%)
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0.4 b ° . \'..
. . . 0.9
0.2+

000 005 0.0 015 020 025 030

T 1 1
000 005 010 015 020 025 030 (HDS)/ mol-dm-?

[sDSl/ moldm™
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0.24 7, 0.081
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000 015 030 045 080 075 (HDS,/ mokdm
my Figure 3. (A) Values ofk, obtained in the acid-catalyzed hydrolysis

. . . . of the ester of ECHC at [HCH 0.050 M as a function of [HDS]. (B)
Figure 2. (A) Variation of k, as a function of [SDS] measured in the . o : _ 1
kinetic study of the acid-catalyzed hydrolysis of the ester of ECHC at Linearization of the data according to eq 8 with= 340 mof™ dn.
[HCI] = 0.050 M; the insert shows the plot kf(1 + K{SDS}.) versus . dsl | fh di iaht i
[SDS] by takingKs = 340 mof™ dné. (B) Plot of k,™ eq 7, against intercept and slope Vf ues of the correspon |1ng str_allg tline are
my, whose values were calculated by using eq 6. (5.25 i. 0.4) x _10— . and (0.35+ 0.01) s* mol™* dn,

) o respectively, which yield&™ = 1.5 x 1074 s71 andkq™V =
the degree of micelle neutralization, are assumed. Thysnd 1.06x 103sL orky™ = 1.6 x 104 mol-t dmd s L if V =
ko can be estimated by simultaneously fitting egs 5 and 6 10 15 g% mol-2, meaning that the acid-catalyzed reaction in
experimental data (vide infra, the case of sodium dodecyl sulfate y,o micellar phase is about 60 times lower than that in water

in nitrosation). and takes on a value quite similar to that of spontaneous

+ + + decomposition.
m,? + W - (H715 =0 (6) Increasing the amount of HDS in the reaction mixture does
(1 — K)[Dn] (1 —K)[Dn]) not incorporate any counterion different fromt Hhe reactive

L . . ion. Hence no ion exchange takes place. By defining the overall

Nevertheless, it is difficult to attain a convergence in the a6 of the reaction as the sum of the reaction rates occurring in
program. Hence, we treated the results as follows. We took up pnih aqueous and micellar phases and taking into account the
the Ks value determined in the previous section, that is, in the fj1owing mass balance equations, {ld= [H*]ad + [HDS]; =
study of the influence of SDS in aqueous buffered solutions of [H*]w + [H*]m (“ad” signifies added as HCl and “t” denotes
acetic acid-acetate, where no appreciable ionic-exchange effects stoichiometric), which in turn gives [Hw = [H*]; — AIHDS]m
were detected. ECHC binds to micelles by hydrophobicity, i.e., ang [H"],, = A[HDS]m (or my = B), we obtain eq 8.
the ECHC enol solubility is higher in nonpolar solvents. Yet,
the nature of SDS micelles formed in aqueous buffered solutions

m m
of 0.067 M acetic acigtacetate should not be different from = ky + kjeme+ [kya + ko K + (ky V)BKJIHDS]
those in 0.050 M HCI. The only noticeable difference should 1+ KJ{HDS],
be the cmc. Equation 5 can be rewritten in the form of eq 7. (8)

Then, sincek, is known, the constari,™°d can be calculated CLw o
at each [SDS]. If eq 5 works here, then the grapk,B9 against In €a 8 kW = ko + ku[H™]aa s the observed rate constant
should be a straight line. To determine from eq 6. we obtained in water in the absence of HD&? represents the
EedK — 075 andﬁgz 0 64;9 e a5 rate constant of the spontaneous decomposition in the micellar
! ’ T phaseky™ is the bimolecular rate constant of the acid-catalyzed
k(1 + KJ{Dn]) — kK, k™ reaction in the micellar phase; andand are the ionized and
° =k"K. .+ |—K.— neutralized micellar degrees, respectively, measured by con-
D S V S m'| L.
[Dn] 7 ductivity measuments as = 0.36 andg = 0.64°
A qualitative explanation of the shapgversus [HDS] data
Figure 2B shows the plot obtained. One can see the reasonablelisplayed in Figure 3 is possible if one considers the strong
agreement between experiments and theoretical treatment. Thdinding of ECHC to micelles and supposes a very low reactivity

komod —
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TABLE 1: Experimental Conditions and Parameters Obtained in the Kinetic Study of the Influence of Anionic Micelles in the
Acid-Catalyzed Hydrolysis of ECHC at [HCI] = 0.050 M

surfactant cmc/M koSt B° kn/mol~t dm? st Kdmol=t dm? koM/s™t kq™mol~t dm? st
SDS 2.5x 10°3 1.42x 10°3 0.64 9.0x 103 34C¢ 1.5x10* 1.6x10*
HDS 3x 1073 14x 1073 0.67 9.0x 1073 340 1.5x 1074¢ 21x 10

a Experimental value? From ref 9.¢ Assumed value.

TABLE 2: Experimental Conditions and Parameters Obtained in the Kinetic Study of the Influence of Anionic Surfactants on
the Nitrosation of ECHC at [H*] = 0.025 M (HCI) and [Nitrite] = 1.67 x 1073 M

surfactant cmc/M B K k¥/mol~2 dmf st Kgmol~t dm? ki™mol=2 dmf st GF
HDS 2.5x 1073 0.64 268 328+ 13 6.82+ 0.03 0.99%
HDS b b b 1.12x 10°2¢ 328 7.06 0.99¢
SDS 3.0x 1073 0.67 0.75 270 31%x 17 6.68+ 0.06 2.79
SDS b b b 1.12« 1072¢ 313 6.75 0.99¢

a Correlation coefficient as the goodness of fit (GFlrrom linear correlationS Value of k*[H™][nitrite] in s~* measured experimentallyrmsd
(%).

=6 x 1075 M, [nitrite] = 1.67 x 1073 M, and [H"] = 0.025
e ® M (HCI). In sharp contrast to thie,—[HDS] profile depicted in
Figure 3k, in the nitrosation reaction increases gradually with
increasing [HDS] to reach a limiting value at high [HD&]"&

is more than 6-foldk, in water in the absence of HDS. The
HDS effect is negligible at concentrations below310-2 M,
which is taken as the cmc value. For exampde= 1.12 x
102s1at [HDS] = 1.07 x 1072 M increases tk, = 1.3 x
102 stat [HDS] = 2.7 x 103 M, but at [HDS] = 4.3 x
1073 M, just above the cmds, = 2.93 x 1072 s7L The slight
11 catalysis observed below the cmc is probably due to the increase
24 in [H*] added with the surfactant.

} o Since ECHC is distributed between both water and micellar
1

k,/1072 7!
ko(1+K,(HDSL)/ s~
N

0.00 %8 [H,,s],m:,’,;,',:.. 018 pseudophases, the quantitative treatment of the experimental data

¢ T T T T r r must, a priori, contain terms for reaction in the two phases:

000 003 006 008 012 015 0.18 rate= K[ECHCJ,[H*]w[HNOZ2w + k"[ECHC][H ] m[HNO] .
[HDS]/mol-dm™® One may notice that we neglect the hydrolysis reaction, since

Figure 4. Variation of the pseudo-first-order rate constéptobtained ~ the rate of nitrosation is more than 10 tismes the rate of
in the nitrosation of the enol of ECHC at [HGH 0.025 M and [nitrite] hydrolysis. For example, at [HDS} 4.3 x 1073 M, ktrosation

= 1.67 x 103 M as a function of [HDS]. Solid line fits eq 9; for = 2.93 x 1072571, whereak,Vdohsis=0.11 x 1072s71; the
parameters, see Table 2. The inset shows the linearization of the datadifference becomes greater on increasing [HDS]. However, as
according to eq 9 by usinl§s = 328 mol* dn. values ofk, versus [HDS] are also known for the hydrolysis

] ) ] ] ) ] reaction, they can be subtracted from the corresponding values
in the micellar phase in comparison with that in the bulk water optained for the nitrosation reaction. Taking into account the
phase. These characteristics cause the denominator of eq 8 tenass balance equations of = [H*]aq+ [HDS];, [ECHC}
increase faster than the numerator, with the net effect being an= [ECHC]},, + [ECHC]s, and [nitrite] = [HNOZ]w, + [HNO2]m
inhibition. Experimental data df, versus [HDS] was quanti-  (since the &, of nitrous acid is 3.5 we understand that [nitrite]
tatively treated by plottings(1 + K¢{Dn]) against [HDS}, means [HNG] under the acidity conditions of this study), one
the validity of eq 8, a good straight line is obtained (see Figure [HDS],, = A and that [H]w = [H*]ags + cmc + a[HDS]m. (In

3B), whose intercept and slope values resulted to be (40  these expressions# total, ad= added, w= water, m=

0.03) x 107% s™* and (0.364+ 0.004) mof* dm* s, micellar phase, and andj refer to ionization and neutralization
respectively. The intercept value is in good agreement with the gegrees of the micelle, respectively.)

value of the observed rate constant in the absence of HDS, just
as predicted in eq 8; from the slope value, one deterniip@s

W, + W n
= 2.1 x 1074 mol~* dm?® s™1 by assuming thé,™ determined — K(eme+ [H g + (Ko + KKK ﬂ)[HDS]mr

in the previous section. As one can see from the data in Table (1 + KJHDS],)(1 + K,THDS],) [nitrte]

1, there is reasonable agreement between the values determined 9)
here or even with thé&™ values determined in SDS micelles

in aqueous buffered solutions of acetic acatetate. In eq 9, K" represents the equilibrium constant for the

The Enol Nitrosation Reaction in Micellar Media. Further association of HONO to HDS micelles; its value was estimated
arguments in favor of our statements made in the previous as 0.20 mot! dm? from the variation of the free energy of alkyl
section are presented below. The enol nitrosation of ECHC is nitrites (R-ONO) transfer, AGy., through watermicelle
a reaction which requires an acid medium to proceed. To betterinterfacel®@ Nitrous acid is regarded as the model compound
elucidate the results, they will be discussed by sections. for alkyl nitrites; the value oAG determined when the number

Hydrogen Dodecy! Sulfate, HDBigure 4 shows the variation  of C-atoms in the R-substituent is zero then equeG. A
of the pseudo-first-order rate constaqf,as a function of [HDS] value of KM = 0.20 mol! dm® means that B KJ[HDS], ~
obtained in the nitrosation of ECHC studied at fixed [ECHC] 1. The inset of Figure 4 confirms this assumption since the plot
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Figure 6. (A) Influence of [DTABr] on the pseudo-first-order rate
Figure 5. (A) Experimental @) and simulated®) k, values obtained constantk,, obtained in the nitrosation of the enol of ECHC at [HBr]
in the nitrosation of the enol of ECHC at [HGH 0.025 M and [nitrite] = 0.0165 M and [nitrite}= 1.67 x 103 M. (B) Influence of [TTACI]
= 1.67 x 103 M as a function of [SDS]. Solid line fits eq 10; for  on k, measured at [HCIE 0.025 M and [nitrite]= 1.67 x 1073 M.
parameters, see Table 2. (B) Linearization of the data according to eqSolid lines fit eq 11; for parameters, see Table 3.
10 by usingKs = 313 mol* dm?; the my values were determined by

my(Dnl/ 10~2mol-dm™

solving eq 6 for each [SDS]. formation in wate®

of ky(1 + KJHDS]m) against [HDS}, draws a perfectly straight A w now

line. In addition, the solid line in Figure 4 consists of points — KTTH ] + [(ky VKK — K ]mH[SDSl“’nitrite] (10)
calculated by using eq 9 with the assumptior- KJ[HDS]n, 1+ KJHDS],, .

= 1 and the values reported in Table 2 of the corresponding

kinetic and equilibrium constants. In eq 10,my can be determined at each [SDS] by solving

Sodium Dodecyl Sulfat@he influence of [SDS] on the enol  the quadratic equation ingrgiven in eq 6, with [Na]; being
nitrosation reaction of ECHC was studied under the same the sum of [NaN@] + [SDS}. The open points in Figure 5A
experimental conditions of [acid], [nitrite], and [ECHC] that correspond to the calculated points from eq 10 when a
were used in the preceding section. The experimental resultssimulation procedure is applied in the following way. Ting
are displayed in Figure 5. (Note again the differkgit[SDS] values were calculated from eq 6 by means of a BASIC program
profile shown in Figure 2 for the hydrolysis reaction.) The which creates a data file for three entries correspondirig,to
maximum in rate profile is consistent with the PPIE model. At [SDS},, andmy values, respectively. This file data is then read
[SDS] just above the cmc, increasing [SDS] incredgdmecause by a FORTRAN program which fits the three variables to eq
anionic micelles bind and concentrate both organic substrate10 to obtain the parameters kf andKs that yield the lowest
and the ionic reagentHwithin the small volume of the micellar ~ rmsd (root-mean-square deviation) of the calculated points from
pseudophase. However, increasing the [SDS] also increases théhe experimental data. Here, we usgd= 0.75,5 = 0.67, and
totality of the micellar pseudophase, which dilutes both reactantscmc = 3.0 x 102 M as the best values for obtaining the
within that pseudophase. The competition betweeh &tal H" optimized parameters reported in Table 2 that correspond to
at the micellar interface accelerates even more the dilution lower rmsd= 2.79%.
process. Thugg, passes through a maximum with increasing  Values in Table 2 show that the association of ECHC is
[SDS] as the effect of the dilution of the reactants on the overall insensitive to both the counterion of the micelle and the

rate begins to dominate the effect of reactant binding. electrolyte type in the water phase. In fact, simiarvalues
Following the same treatment as that for the effect of SDS are obtained from studying the hydrolysis or the nitrosation

on the hydrolysis reaction, we obtain eq 10, in whit¢h= k; reaction, either in strong mineral acid or in buffer solutions.

+ ko[CI7], with k; = 220 mol2 dmf st is equal toknoKno, This was an expected result because ECHC is a neutral substrate

the product of the bimolecular rate constant between the ECHCthat binds to micelles by hydrophobicity, as has been observed

enol and NO and the equilibrium constant of NCformation with benzoylacetone, also f&diketone'® On the other hand,

in water;k, = 1990 moi 2 dm® s is equal tokxnoKxno, that the rate of nitrosation by NOin the micellar phaség™, attains
is, the product of the bimolecular rate constant between the similar values in either HDS or SDS micelles. Again, this is an
ECHC enol and CINO and the equilibrium constant of CINO expected result because the micellar interface should not be
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TABLE 3: Experimental Conditions and Parameters Obtained in the Kinetic Study of the Nitrosation of the Enol of ECHC in
Aqueous Micellar Solutions of Cationic Surfactants at [Nitrite] = 1.67 x 1073 M, [HBr] = 0.0165 M (DTABr and TTABr), and
[HCI] = 0.025 M (TTACI)

surfactant acid cmc/M o Kgmol~1 dm? A103s? B/mol-tdm?s? ra

DTABr HBr 0.0114 0.24 220+ 10 12.3+ 0.3 0.180+ 0.020 0.999

DTABr [ c c 220 14.4-0.5 0.160+ 0.002 0.9999
14.7# 2.0x 10

TTABr HBr 1.7 x 1073 0.24 338+ 5 10.3+ 0.1 0.224+ 0.010 0.999

TTABr [ [ c 338 10.A40.2 0.220+ 0.003 0.999
11.18 1.9x 10%¢

TTACI HCI 2.0x 1073 0.34 360+ 7 10.8+ 0.3 0.1615+ 0.014 0.999

TTACI [ [ c 360 10.6 0.2 0.162+ 0.002 0.999
11.26 3.2x 109

aCorrelation coefficients of the fi From ref 19.¢ From linear regression analysisExpected® k™gmnoKs*/V; determined fromB values in
mol~t dm? s7L. FFrom ref 9.9 k"cinoKs*/V; determined fronB values in mot* dm? s,

sensitive to the nature of the counterion; however, this value is SCHEME 4: Reaction Mechanism for the Nitrosation of
60 times lower than that found in water, which undoubtably is ECHC in Aqueous Acid Micellar Solutions
due to the lower polarity of the micellar interface. X

Cationic SurfactantsThe influence of the cationic surfactants

DTABr, TTABr, and TTACI were investigated at fixed [ECHC] ‘kN—Ox‘ _.~-NO* H" + HNO,

(6.0 x 1075 M), NaNGQ; (1.67 x 1072 M), and [H"]. To avoid bovo ’ECHC’ “ K, Ko

further complications due to ion exchange, HBr (1,68.0°2 — K

M) was used with surfactants having Becounterions and HCI water 1| ﬁNO ’

(0.025 M) with TTACI. o X I 1]
Figure 6 shows the experimental results of the variation of ™" u ’ l * HNO,

ko as a function of [surfactant] for the representative cases of kovo™

DTABr and TTACI. A comparison with the results reported in [ ECHC XNO ]—*

Figure 2 of part 29 shows thak, for nitrosation is greater than

10 timesk, for hydrolysis. In each case, an inhibition of the case previously discussed for SDS micelf&sTherefore, as

reaction is observed on the addition of increasing amounts of before, the approximation (+ KN[TTABIm) ~ 1 is correct

the cationic surfactants above the cmc, but the nitrosation (the same for TTACI or DTABr). On the other hand, the small

reaction is not suppressed even at high surfactant concentrationvalues of the equilibrium constant§cino Or Kgmvo lead to

This fact indicates that the reaction in the micellar phase is not [nitrite] = [HNO2]y + [HNO2] . Furthermore, it is known that

negligible; hence, the reactivity in this region is significantly [X~]w = [X"]ad + cmc+ a[Dn], with [X ~]aq being the halide

lower than that in the water phase. ion concentration added to the reaction medium as the mineral
When working with DTABTr, a small catalysis of the reaction acid. In the case of DTABr, since the cmc is comparable to

at [DTABT] below the cmc is observed; e.ffo,= 1.12x 1072 [Br~]aq, we considered both quantities; however, with TTABr

s I measured in the absence of DTABTr increasekte 1.26 or TTACI the cmc is much smaller than .4 and the
x 102 st at [DTABr] = 0.0102 M. This effect is due to the  approximation [X]w = [X Jaa + a[Dn] is correct.
increase of [Br] added with the surfactant, and Bcatalyzes The experimental data were fitted to the equalior (A +

the reaction in watef Since the cmc of DTABr was measured  B[Dn])/(1 + KJDn]), which by comparison with eq 11 produces
as 0.012 M working with [HBr] = 0.0165 M, the amount of A = (ky + ky[X Jag[H M][nitrite] and B = {kpo. + (K™xno/V)-
Br~ added with the surfactant is not negligible. In fact, least- K&KxnoK{X ~]agt[H][nitrite]. In these expression&; (=kno-
squares fitting ok, versus [Br]; (=[HBr] + [DTABr]) gives Kno), k2 (=kxnoKxno), andk™xno refer to nitrosation by NO
ki andk; values (eq 1) in good agreement with those determined and XNO in water and by XNO in the micellar phase,
from the influence of [Br] in water (i.e.,k; = 220 mol2 dm® respectively. The three parameté;B, andKs were treated as
standk, = 1.12 x 10* mol=3 dm® s71).9 adjustable values. The results arrived at in the fitting processes
With cationic micelles, the only nitrosating agent capable of are reported in Table 3 along with the expected value,of
promoting the reaction in the micellar phase is XNO. BothNO  which can be calculated by taking into account the previously
and H" are excluded from the micellar interface, so XNO must determined values df; andk; from the study of the reaction
be generated in water, followed by its partitioning between the in water & = knoKno = 220 mol2 dmP s71; k, = keinoKeino
two pseudophases. These considerations lead to Scheme 4 to & 1990 mof2 dm® s71, andk, = kgnoKemo = 1.12 x 10*
quantitative treatment of the experimental data by means of themol=2 dm°® s71)° and the experimental conditions used in the
pseudophase model. present experiments. As shown in Table 3, there is good
Departing from this scheme, eq 11 agreement between the optimiz&dalues and those expected.
The curves in Figure 6 are the points calculated by using eq 11
[H*][nitrite] N and the values oA, B, andK; listed in Table 3. The agreement
ko= m (ky + I[X a9 + between experiments and theoretical treatment is satisfactory.
s Values ofB yield those ofk™oK<X if the known values of
Keno X _ the included parameters are used. The volume fraction of the
V; K KynoKdX Tagf[DN]| (11) micellar pseudophase where the reaction takes place should not
be different in considering DTABr, TTABr, or TTACI, which
was derived based on the following assumptions. The associationcould be taken a¥ = 0.15 dn? mol~1, i.e., half of the molar
constant of nitrous acid to TTABr micelles is estimatedat micellar volume, assuming that the density value of the aqueous
= 0.48 mol! dm? by following the same procedure as in the surfactant solutions equals 1 g/&M This implies kMynoKs

(kza +
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