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The kinetics of alkaline hydrolysis of ethyl p-nitrophenyl ethytphosphonate in the reverse 
micellar systern sodium dodecyl sutfate-hexanol--water  was studied. At high pH and low 
water content,  the process occurs at the surface layer and can satisfactorily be described by the 
pseudo-phase model equation. 
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Reverse  micel les  are b i o m i m e t i c  s t ructures  with  a 
m e c h a n i s m  of  catalyt ic  ac t ion  similar in many  respects  
to t h a t  g o v e r n i n g  the o p e r a t i o n  of  b i om em br anes . i  N ew 
e x p e r i m e n t a l  data  in th is  a rea  are impor tan t  to ver i t )  
the  re l iab i l i ty  of  the  p s e u d o - p h a s e  model z and c o m p a r e  
the  f ac to r s  d e t e r m i n i n g  the  efficiency of  catalysis  in 
reverse m i c e l l a r  media  and  no rma l  micelles. Unl ike  the 
reverse mice l l a r  sod ium bis (2-e thylhexyl )  su l fosucc ina te  
( A O T ) * - - a l k a n e - - w a t e r  sys tem,  z -4  little ix known con -  
c e m i n g  t h e  t e m a ~ ,  sod ium dodecyl sulfate ( S D S ) - -  
h e x a n o l - - w a t e r  system, s 

Th i s  work is a imed  at studying the features and 
m e c h a n i s m  of  the catalytic ac t ion of the reverse micel lar  
sys tem S D S - - H e O H - - H z O  in the alkaline hydrolysis of  
ethyl  p - n i t r o p h e n y l  e t hy l phos phona t e  ( l )  (Scheme  I). 

Scheme ! 

~ 

E t o / P - - ~ N O 2  + 2 OH- = 

1 

O 
Et~'LI 

= EtO/P--O- + -  NO 2 + H20 

T h e  c o m p o s i t i o n  o f  the  solut ion was varied wi th in  
wide l imi t s  dur ing  e x p e r i m e n t s  to change,  acco rd ing  to 

* AOT is Aerosol OT or sodium bis(2-ethylhexy[) su|fost,ccinate. 

the data in Ref. 5, the  sizes, s t ructure ,  and  p roper t i e s  o f  
micellar  part icles involved in the  chemica l  r eac t ion .  

Experimental 

SDS (Sigma) was used in tile work. Reverse micellar sys- 
tems were prepared by mixing of three components 6 followed 
by shaking until a transparent solution was formed. The ratios 
of components of the micellar system W= [HzO]/[SDS j and Z = 
[hexanol]/[SDS] were varied within the intervals W =  9.8--  
37.0 and Z = 5--22, which corresponded, according to the 
phase diagram, 6 to the region of reverse micetles and 
mieroemulsions. The reaction kinetics was studied by spectro- 
photomet~" with a Specord UV-Vis instrument by measuring 
the optical density of the band at 400 nm corresponding to the 
concentration of the p-nitrophenolate anion. The initial con-  
centration of the substrate was 5- 10 -5 tool L -~. Observed rate 
cons t an t s  (kobs) were' derived from the equation Inl, D~- - D/ = 
-kobst + const, where D and D~- are the optical densities of the 
solution at the moment t and at the end of the reaction, 
respectively. The kob s values were calculated by the weighted 
least-squares method. 

Results and Discussion 

Accord ing  to the  p s e u d o - p h a s e  m o d e l ,  7-g t h r e e  
microareas  can be d i sce rned  in the reverse mice l les :  an  
aqueous phase  fo rmed  by solubi l ized water ,  a su r face  
layer consis t ing of  sur fac tan t  {,Sud') molecu les  wi th  head  
groups di rected toward aqueous  phase, and  a bu lk  oil 
pseudo-phase .  It can be a s sumed  tha t  the  a lka l ine  hy-  
drolysis o f  1 occurs  at the  surface layer w h e r e  t h e  
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hydrophi l ic  and lipophilic properties are so balanced 
that a hydrophob ic  substrate can contact  a highly hy- 
drophi l ic  nucleophi le .  The observed rate constants for 
the dis t r ibut ion of  the substrate between the oil phase 
and surface layer and lbr the distribution of the nucteo-  
phile be tween  the aqueous phase and surt:ace layer are 
given by 2 

kc~ s - k:KsKoH[OHIt  
(K s + Z)(Kou + W)[Surf] ' (i) 

where /q/s - l  is the rate cons tan t  for the reaction at the 
surface layer* expressed as the  [OH]/ [Sur l ]  molar  ratio. 
It is related to the pseudo-f i rs t -order  rate constant /Ci'/ 
s --I and second-o rde r  rate cons tan t  k2.i/L moJ - I  s -I bv 
the fol lowing equations:  

�9 [OHI 
ki = ki ]Surf] ' kLi = ki I/~ (21 

where  V is the  mola r  v o l u m e  of  the sur fac tan t ,  
[ O H h / m o l  L - l  is the total concent ra t ion  of O H - ,  K s is 
the cons tan t  o f  distribution o f  the substrate between the 
oil phase and sttrfactant: 

K s - [Sli[hexanoll 
[SlolSurfl ' 

KOH is the constant  of distr ibution of  the hydroxide ion 
be tween the  aqueous  phase and surfactm~t: 

KoH - [OHIiIH2OI 
[OlqJw[Surf] - 

Molar  concen t ra t ions  of  the substrate (S), hexanol,  and 
surfactant  are indicated in brackets:  and the radices i, o, 
and w conce rn  the surt:ace layer and oil and aqueous 
pseudo-phases ,  respectively. 

The  kinet ic  data lbr the hydrolysis under study ob- 
ta ined at different  molar  ratios Wand  Z a r e  presented iq 
Figs. 1 and 2. It can be seen that the addition of  SDS 
results in a catalyt ic effect for  almost all systems, re- 
gardless o f  the composi t ion.  The  kots/L a. ratio varies 
within the  0 .5--35.7  interval, depending  on the experi-  
mental  condi t ions .  This result  sharply differs from the 
inhibi t ion of  i on -molecu la r  reactions in normal ionic 
micel les ,  which have the same charge as the ionic 
reactant.  '~ In these systems, catalysis is induced by the 
effect o f  concen t r a t ing  the reagents  by-the influence o f  
the mice l l a r  mic roenv i ronment .  In the case of  reverse 
systems, a combina t ion  of  mice l la r  and interphase ca- 
talysis is the most  probable reason for the catalytic 
effect. 2 T h e  amphiphi l ic  charac te r  of  the surfactant 
makes it possible to s imul taneously  solubilize com-  
pounds  with different natures  in the surface layer, i .e. ,  
to per form a transfer be tween the  phases. 

It fol lows from Fig. 1 that  /Cob s increases with an 
increase in [NaOH] .  A l inear dependence  of/Cots on the 
nuc leoph i l e  concent ra t ion  is often observed in the re- 

Corresponding to the nucleophile concentration. 
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Fig. !. Observed rate constant (2obs'~ of alkaline hydrolysis of 
the substrate as a function of [NaOH] (1, H20) at different 
[SDSJ/mol L -I = 0.749 (~ .  0.505 (3), 0.381 (4), 0.255 (5}, ap.d 
0.154 (0); 25 :C, |V= 15.1. 

verse systems. As shown in Fig. 1, several l inear regions 
whose slope decreases with an increase in [ N a O H ]  can 
be distinguished for each concen t r a t ion  of SDS.  The  
values of  the slope o f  the l inear  region, in the first 
approximation,  are comparab le  with the s econd-o rde r  
observed rate constant  o f  a lkal ine  hydrolysis of  1 in this 
range of [NaOH].  Cor respond ing ly ,  the decrease in the 
slope can be explained by a decrease  in the reactivity o f  
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Fig. 2. Observed rate constant (/':obs) of alkaline hydrolysis of  
the substrate as a [kmction of [SDS]. W= 9.8 (I), 15. t (~ ,  and 
22.8 (3): 25 ~ 0.0l M NaOH. The dependences of the 
observed rate constant and acceleration of this reaction on the 
water content in the system are shown in the inset. 
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the system as [NaOHI increases. This decrease can be 
due to the migration of the reaction zone because of a 
decrease in the potential of the head groups of the 
surfactant and effects of salting-salting out that appear 
on va~'ing [NaOH]. Analysis of the kinetic data per- 
forlned by us in terms of the pseudo-phase model of 
micellar catalysis confirmed these assumptions. 

Acceleration of the reaction defined as kobv/kw de- 
pends oil the concentratio,ls of the alkali, surfaclant, 
and water in the system. The highest increase in the 
reaction rate was observed at 0.003 M and 0.005 M 
NaOH followed by weakening of the catalytic effects in 
tile region of high pH..,M1 increase in the water content  
also restllts in a decrease in kob s (see Fig. 2, inset). 

The plot of kob s against [SDS] presented in Fig. 2 
can indicate that the Coulomb interaction of hydroxide 
ions with the negativel.v charged micellar surface makes 
a specific contribution to the micellar effect, inhibiting 
the process at higher surfactant coucentrations. How- 
ever. we cannot rule otlI that, in this case, the weaken- 
ing of the catalytic effect is not related to the surface 
charge. When IV is decreased from 22 to 9.8. s the 
surface potential of the particles increases from - 6 0  to 
-90  inV, although the catalytic effect is enhanced (see 
Fig. 2}, lit our opinion, the dilution of the reactants 
with an increase m the snrfactant concentration (as in 
the case of standard micelles 9) can be an alternative 
explanation. 

By plotting I/kobs[SDS] against Z values, Eq. (1) 
can be l inearized z Analysis of the kob s values as a 
function of [SDSI (Fig. 3) shows that the kinetic data 

a re  well described by the linear regression equation at 
high alkali concentrations {[NaOH] >_ 0.01 mol L - I )  
and low contents of water. At lower pH and a higher 
water content, the dependence deviates from linearity. 
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Fig. 3. Kinetic data tsee Fig. 2) linearized according to Eq. ( I ). 
[NaOHl/mol L -~ = 9.005 (l), 0.01 (,~, 0.03 (3), and 0.05 ('4). 

This behavior of the system confirms the assumption 
that the reaction zone migrates with changing [NaOH]. 

The fact that the pseudo-phase model is valid in the 
region of high pH indicates that the reaction occurs. 
under these conditions, in the surface layer, despite the 
Coulomb repulsion of the hydroxide ions from the 
negatively charged head groups of the surthctant. Higher 
concentrations of the alkali provide more favorable 
conditions for the redistribution of the hydroxide ions 
between the aqueous phase and surface layer due to a 
high gradient of concentrations and a partial compensa- 
tion of the charge of the head groups by the sodium 
cations. The contr ibut ions of react ions in other 
rnicroregions becomes substantial at low [NaOH], mak- 
it'Jg Eq. (1) invalid. 

We pertbrmed a conductometric study of the SDS 
micelles to obtain a more detailed information about 
the behavior of the micellar system and verity the 
assumption about changes in location of the reactants 
under the experimental conditions. We have previously 
studied the conductometric behavior and micellar effect 
of the reverse AOT--decane--water system in alkaline 
hydrolysis of ethers of phosphorus ac ids )  The character 
of the micellar effect of AOT differs from that of SDS 
micelles. In particular, in the AOT-based system, the 
catalytic effect and linearit.v of the kous--[NaOH ] plot 
are observed over the entire [NaOH] interval. It was 
shown that Eq. (I) was fulfilled even under conditions 
where the reaction occurred above the percolation thresh- 
old. It is of interest to compare the condttctometric data 
for the two nlicellar systems. The temperature depen- 
dences of the electroconductivity of the AOT- and 
SDS-based micellar solutions at close concentrations of 
the surfactant and alkali are presented in Fig. 4. Figure 
4 indicates marked differences in the electroconductivities 
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Fig, 4. Temperature dependences of the electroconductiv- 
ity (c~) of reverse mice/lar AOT-based ([NaOHJ/mol L -I = 
0 (1), 0.01 (_71, and 0.03 (a3) and SDS-based systems 
([NaOHl/mo{ L -I = 0 (/'1 and 0.03 (2")). 
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of the systems. The behavior of the AOT-based system is 
characteristic of the phenomeqon of electric percolation 
in reverse micellar solutions and microemulsions, l~ 
In these systems, most of the electric charges created on 
dissociation of some anionic head groups of AOT are 
concentrated in tile core of the reverse micelles. The 
electroconductivity of the organic phase (deeane) is 
negligible, and the total electroconductivity of the 
microemulsion at low temperatures is determined by tile 
thermal motion of particles in the o~anic  medium and 
transfer of the charge carriers that takes place when 
rnicelles collide and exchange their ion atmospheres. 
Tile temperature increase results ill the lbrmation of clus- 
ters of reverse micelles that form extended channels and 
surthces tbr charge transfer, giving rise to a sharp (4--5 
orders of magnitude) increase in the electroconduetivity. 

The behavior of the SDS--hexallol--water system is 
basically different (see Fig. 4). Even at low tempera- 
tures, the electroconductivity of these solutions is much 
higher than that of the AOT-based systems. The con- 
ductometric data do not confirm cluster ibrmation among 
the reverse SDS micelles. The main feature of the 
system under study is the noticeable mutual solubility of 
water and hexanol. The electroconductivity of hexanol 
saturated with a concentrated aqueous solution of NaOH 
can reach 10 -3 Ohm -I  cm -1 at 25 ~ which is several 
orders of magnitude higher than that of pure hexanol. 
Evidently, in these systems, a substantial portion of 
charges (Na + ions, hydroxide and hexauolate ions) is 
concentrated in the organic phase. 

Thus, the conductometric studies that showed the 
presence of charge carriers in tile microemulsion bulk 
suggest tile oil phase as the reaction medium. We have 

�9 I ' ~  
previously" studied reactivity of substrate ! toward 
alcoholate ions, including hexanolate ions, in alcohol 
media. Study of the alkaline hydrolysis of 1 in alcohol 
media (.Fig. 5) showed that the bimolecular rate con- 
stants of tile reaction of substrate 1 with the hydroxide 
ion ill water and alcohol media were by an order of 
magnitude higher than the corresponding rate constants 
of the alcoholate ions. However, at low [NaOHJ, the 
reaction of the substrate with the hexanolate ions in the 
oil phase can be competitive. This can be favored by 
both a low concentration of O H -  and by charge of tile 
head groups that when uncompensated by Na § cations 
prevent the penetration of the hydroxide ions into the 
surface layer. 

Tile values the of the distribution constants (Ks = 
104, KOH = 0.88) and the magnitude of reaction con-  
stants in the surface layer (k i = 8.1 s -I)  confirm the 
assumption about the mechanism of the catalytic effect. 
Although the high hydrophilicity of the hydroxide ions 
and Coulomb repulsion of these ions from the core 
surl:ace result in low KOH values, tile concentrating 
factor makes a certain contribution to the micellar 
effect due to the high K s value and small volume of the 
micellar phase as compared to that of the oil phase. The 
high value of k i indicates that the micellar microenvi- 

kolos- I0-~/<,;- I 

40 m ~ / ~  2 
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0.04 0.08 0.12 0.16 0.20 
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Fig. 5. Observed rate constant (knbs) Of alkaline hydrolysis of 
the substrate as a Function of [NaOHJ in alkaline media: I, 
water: 2, n-butanol: and 3. n-propanol. 

ronment increases the reactivity of the reactants. Ac- 
cepting V =  0.37 L mol - l  in Eq. (2), z.13 we obtain 
k2, i = 2.9 L mol -I  s -I ,  which is 19-fold higher than the 
corresponding rate constant in water. This effect is 
opposite to the inhibition effect of the micellar medium 
on the reactivity in nueleophilic substitution in normal 
micelles 9 and can be due to either a favorable orienta- 
tion of the reactants ill the surl:ace layer or a change in 
the polarity and solvation properties of tile microenvi- 
ronment_ 

Polarity of the su~ace layer is much lower than that 
of water and decreases with removal from the water 
core. v Lower alcohols (propan-1-ol, butan-1-ol) ,  which 
are capable of specific so[ration of a nucleophile, but 
are less polar than water, were chosen as model media 
to study the effect of the medium polarity on the rate of 
alkaline hydrolysis. The data indicating the increase in 
ko~ s as the solvent polarity decreases are presented in 
Fig. 5. As the dielectric constant decreases in the series 
H20, propan-I-ol ,  and butan-I -o l  (g = 78.3, 20.45, and 
17.5, respectively), 14 the second-order rate constant 
increases (k2.o~ --- 0.155, 0.46, and 0.8 L m o l - l s  - l ,  
respectively). These data are consistent with the H ughes-- 
Ingold concept, which postulates that if in the transition 
state the charge is delocalized to a higher extent than in 
the initial state, a decrease in the solvent polarity favors 
the reaction, is As [NaOH] increases (see Fig. 5), the 
curve of the ko~s--[NaOH] function exhibits a break, 
which can be explained by a decrease in the activity of 
hydroxide ions related to an increase in the ion strength 
of the solution and an insufficiently high dissociating 
power of the medium. 
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Thus,  on going from water  to the reverse micetlar 
S D S - - h e x a n o l - - H , , O  system. /Cob s of  the alkaline hy- 
drolysis of  ethyl p -n i t rophcnyl  ethylphosphunate in- 
creases by almost  40 tilnes. The  catalytic effect de- 
creases with increase in the concentra t ions  of  the sur- 
factant,  alkali and water  in the system. The reaction 
occurs  in the surface layer, and a change in [NaOH] 
and water  content  changes the location of  the reactants. 
The  main contr ibut ion to the micellar  effect in the 
system under study comes  from the variation in the 
mic roenv i ronment  of  the reactants when the reaction is 
transferred to the surface layer. The  factor of  concen-  
trating the reactants is not related to the micetlar charge 
and plays a secondary role. 

This  work was financially supported by the Rixs- 
sian Founda t i on  for Basic Research  (Project  No. 
97-03-32372).  
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