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The kinetics of hydrolysis of bis(p-nitrophenyl] methylphosphonate in the presence of 
prima/3' aliphatic amines in aqueous micellar solutions of cetylpyridinium bromide was 
studied. Tile reaction proceeds via tv, o routes, alkaline hydrolysis and amine-catalyzed 
hydrolysis according to the general basic catalysis mechanism. The contributions of  these 
routes and the catalytic effect of mieelles depend on the hydrophobicity of the amines. The 
formation of different types of miceltes was found, and their characteristic parameters were 
determined by tensiometr7 and high-resolution t H N M R spectroscopy with a magnetic field 
pulse gradient. 
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Micellar catalysis is a nontraditional method of affect- 
ing the reactivity of org~mic compounds.l'2 Elucidation of 
the factors that determine the efficiency of micellar cataly- 
sis is a topical task. The line of investigation of micelle 
formation and micellar catalysis is tightly connected with 
the problems of enzymology, because most processes in- 
volving enzymes cxzcur in highly organized systems, namely, 
cell membranes and subceflular species. Micellar solutions 
can ser~'e as convenient models for the investigation of it/ 
vitro processes occurring in a living cel l )  

Functionalization of micelles of cationic suffactants 
by incorporation of long-chain amines (i.e., the /brma- 
tion of mixed aggregates bearing a fixed active site 
responding to the variation of  the medium pH and the 
component  ratio) can result in the design of biomimetic 
systems. These systems exhibit catalytic activity in nu- 
cleophilic cleavage processes, in particular, in the trans- 
fer of acyl and phospho~t groups. 

This work is a continuation of our study dealing with 
the catalytic properties of micellar systems consisting of a 
surfactant and a primary' aliphatic amine. 4,5 It is aimed at 
elucidating the relationship between the structures of 
microaggregates and their influence on the rate and 
mechanism of cleavage of ester bonds. For this purpose. 
using bis(ao-nitrophenyt) methylphosphonate (1) as the 

sttbstrate, we studied the kinetics of  hydrolysis of esters of  
tetracoordinated phosphorus in the presence of primar7 
amines with nonbranched chains in aqueous micellar 
solutions of cetylpyridinium bromide (CPB). A number 
of  characteristic parameters of the system confirming the 
fomaation of micellar aggregates o f  various types were 
determined by independent physical methods (tensiom- 
etry" and high-resolution ~H N M R  spectroscopy with a 
magnetic field pulse gradient). 

Experimental 

The solvents and amines were purified by standard proce- 
dures. CPB samples were twice reprecipitated with ether from 
ethanol. Phosphonatc 1 was synthesized and purified by a 
procedure reported previously. 6 

The formation of tile O-(p-nitrophenyl) methylphosphonic 
acid monoanion upon hydrolysis of compound 1 in solutions of 
CPB in the presence of decylamine is proved by the fact that its 
chemical shift in the 3tp NMR spectra (22.3 ppm) coincides 
with the chemical shift of the product of alkaline hydrolysis of 
this substrate (Braker MSL operating at 161.97 MHz). Tile 
formation of this monoanion was also detected by potentiomet- 
tic titration of the reaction mixture in experiments with equimo- 
lar amot, nts of the amine and the substrate using the material 
balance equations. 
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The reaction kinetics was s tudied by spectrophotomet  W on 
a Specord UV-VIS instnm~ent at 25 ~ based on the variation 
of  tire optical density o f  sohlt ions at 400 nm (the formation of  
the p-n i t rophenoxide  anion).  The  initial substrate concentra-  
tion was 5 - 10 -5 tool L -I and the degree of  conversion was 
>90%. The required pH values in the systems were attained by 
adding hydrochloric acid and de termined  using a pH-340  in- 
strument.  

The observed pseudo-f i r s t -order  rate constants (kobs) were 
determined from the plot log(A., - Ax) = -0.434 ko~.s + const. 
where A, and A.~. are the optical  densities of  the solutions at 
t ime r and after complet ion o f  the reaction, respectively. The 
" values were calculated by the least-squares methods.  The ~obs 
second-order  rate constants (k2) for n-octylamine in the ab- 
sence o f  CPB were calculated from the linear section of  the 
plot for ko~ s vs concentra t ion o f  the amine (Cam) using the 
equation k 2 = (ko~:~ - ko ) /Q ,  m " eL. where 1% is the rate constant  
tot alkaline hydrolysis of the substrate,  found as the intercept 
on the ordinate axis in the plot o f  this dependence at a given 
pH, and a is the fraction o f  the neutral (reactive) form of  the 
amine under the condit ions o f  the kinetic experiment.  The ~ 
,,alue was found by potent iometr ic  titration. 

The binding constants o f  the substrate (k],o,,d). the critical 
micelle concentra t ions  (CMC) ,  and the rate constants  for the 
micellar phase (k m) were calculated from the equation for the 
pseudophase model  of  micellar catalysis z 

km Kt, o,,dfdet + k 0 
k"b~ = I + K,~,,,~C~ ' ( i)  

where Cje t is the surfactant concentra t ion corrected for the 
C M C  and k 0 is the reaction rate constant in the absence of  a 
surfactant. 

The surface tension of  solut ions (o) was determined b.,, the 
ring de tachment  method using a du Notiy tensiometer at 20 ~C. 

The 1H N M R  spectra were recorded on a Tesla BS 576A 
high-resolution spect rometer  at a proton resonance frequency 
of  100 M Hz. The spectrometer  was equipped with a homemade  
magnetic field pulse gradient unit ,  which enabled creat ion of  a 
field gradient o f  up to 50 G c m  - I  . Specific features o f  using this 
equipment  and some technical  approaches to the study of  
microemulsions were described previously. 7,8 The proton spec- 
tra were recorded and the diffusion coefficients were meastued 
at 30 ~ Water  consisting o f  95% (v/v) D,O and 5% (v/v) 
doubly distilled H 20 was used as the bulk phase of  the micellar 
solutions. 

Results and Discussion 

T h e  m a j o r  p roces ses  i n v o l v e d  in the  c l e a v a g e  o f  
e s t e r s  o f  p h o s p h o r u s - c o n t a i n i n g  a c i d s  in ana in~: :c0n-  
r a in ing  a q u e o u s  s o l u t i o n s  a r e  alkal ine h y d r o l y s i s  and 
hydro lys i s  c a t a l y z e d  by a m i n e s  acco rd ing  to  a gene ra l  
basic  ca ta lys i s  m e c h a n i s m .  9,1~ 
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Fig. 1. Observed rate constant for the hydrolysis (kobs) o f  ester 
! vs concen t ra t ion  of  n-decylaminc (25 ~C): Ccp B = 0.05 
tool L -1 at variable pH (.1): 0.02 tool L -I  at variable pH (~ ;  
0.015 tool [ -1  at pH 9.4 (o"); 0 at pH 9.4 (4"). n -oc ty lamme:  0 at 
pH 10.4 (&. 

T h e  c o n t r i b u t i o n  o f  a m i n o l y s i s  in t he  ca se  o f  pr i -  
mar3_' a m i n e s  is negl ig ib ly  smal l .  I~ T h e  e f f i c i e n c y  o f  
genera l  basic ca ta lys is  in a q u e o u s  s o l u t i o n s ,  a c c o r d i n g  
to t h e  B rons t ed  eq t t a t ion ,  is p r o p o r t i o n a l  to  t h e  n u c l e o -  

phi te  bas ic i ty .  T h e  obsera 'ed  rate c o n s t a n t  (kobs) o b e y s  a 
l inear  d e p e n d e n c e  on  the  c o n c e n t r a t i o n s  o f  h y d r o p h i l i c  
and  s h o r t - c h a i n  a m i n e s  over  a b r o a d  r a n g e  o f  a m i n e  
c o n c e n t r a t i o n s . l ~  
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Fig. 2. Surface t ens ion  of  solut ions (~) o f  a m i n e s  vs con-  
cen t ra t ion  (Cam) for various degrees o f  p r o t o n a t i o n  (a)  (20 
~ a, n - D e c y l a m i n e  at ct (%) = 25 ( / )  , 50 (2), 100 (3); b. 
n-octylamine at ct (%) = 25 ( / ) ,  50 (_71. 100 (3). 
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Table 1. CMC values for primary aliphatic amines in 
aqueous solutions at different degrees of protonation 
(20 ~C) 

Amine Degree of CMC/mol L -I 
protonation (%) 

n- Decylamine 0 0.00095 
25 0.0010 
50 0.0013 
75 0.0027 

n-Octylamiae 0 0.008 
50 0.010 
75 0.0135 

In the case of  hydrophobic amines disposed to ag- 
gregation (for example, n-decylamine) ,  the process can 
be complicated due to the formation of micetles, which 
influence the rate of hydrolysis. The pattern of variation 
of the observed rate constant for hydrolysis of ester 1 as 
a function of n-decylamine concentration (CDA) reflects 
the changes in the system trader study (Fig. 1)_ The 
initial linear section corresponds to the premicellar 
region. The change in the curvature of  the kob s =J(CDA) 
plot is due to the micelle formation process; tlattening- 
out of the cu~'e suggests that the micelles become 
saturated with the substrate molecules. It should be 
noted that n-octylamine is not prone to association in 
the same concentration range; the kob s = fl, Cam) plot is 
linear up to 0.015 tool L -I at pH 9.4--10.4 (see, e.g., 
Fig. I, curve 5) and the bimolecular  rate constant (k 2) is 
0.7 L tool -I s--l. 

The fact of micetle formation by hydrophobic amines 
was confirmed by measurement of  the su~ace tension in 
their aqueous solutions (Fig. 2). The CMC values for 
n-decylamine are approximately an order of magnitude 
lower than those for n-octylamine. In addition, they 
depend substantially on the degree of neutralization of 

the amine (Table 1): protonated amines are least prone 
to form micellar aggregales, while nonprotonated amines 
exhibit the highest tendency for aggregation. Apparently. 
the micelle formation is hampered by electrostatic repul- 
sion between the positively charged and slightly shielded 
ammonium head groups. The CMC values obtained con- 
finn that the conditions of kinetic experiments in the 
systems with n-octylamme correspond to the premicelle 
region, while in the case of n-decylamine, they are also 
extended to the region of micelle fbrmation, which influ- 
ences the pattern of variation of kob s as a fimction of  the 
amine concentration (see Fig. 1). 

In the cleavage of  phosphonate I in aqueous solutions 
containing CPB and an amine, acceleration of  both 
alkaline hydrolysis and the process catalyzed by the 
general basic mechanism should be expected. This is, first 
of all, due to the Fact that the substrate and an amine are 
solubilized by micelles due to hydrophobic interactions. 
In addition, O H -  ions are accumulated on the positively 
charged mice|tar surface due to electrostatic attraction. 
The influence of CPB on the rate of hydrolysis of  1 
following an increase in the n-decylamine concentration 
is due to both a change in the pH of the solution (from 
~9 to It)  and the increa_se in the concentration o f  the 
nucleophile, which activates the water molecules partici- 
pating in the cleavage of ester bonds (see Fig. 1, curves 1 
and 7). In order to evaluate the influence of the amine 
concentration on the rate of the process, the kinetic 
experiments were carried out at a constant pH value (see 
Fig. I, curve ~ .  In this case. the acidic properties of 
compounds.are enhanced in cationic micelles, due to 
their selective solubilizing capacity with respect to acidic 
or basic species. The apparent change in the pK can 
contribnte significantly to the micellar kinetic effect by 
changing the concentration of the reactive form of the 
reactant. CPB micelles increase the proportions of  neu- 
tral amines. 4"s which results in higher activities of  nu- 
cleophiles in the reactions under study. 

Table 2. Micellar pai~meters of hydrolysis of 1 in the CPB medium in the presence of 
pr imal  n-alkylamines (25 ~ 

N ucleophile Can,/'mol L -I pH Kbona CMC a km/s -l k,n/'ko b 
/L mot -~ /mol L- I 

n- Butylamine 0.005 f 0.4 330 0.00 f 0.185 30 
0.01 10.4 300 0.0011 0.197 32 

n-Octylamine 0.0025 9.4 195 0.0001 0.0306 77 
0.005 94 267 0.0002 0.0329 82 

0.01 9.4 364 0.0001 0.0385 96 
0.02 9.4 350 0.0001 0.0407 98 

0.005 10.4 310 0.0003 0.20 35 

n- Decyla mine c 0.00 l0 9.4 81) 0.0001 0.060 150 
0.0018 9.4 92 0.0001 0_0826 206 
0.0025 9.4 87 0.00007 0.12 [ 300 

NaOH 10.4 330 0.0006 0.20 36 

a For CPB, CMC = 0.0006 tool L-I. H i, k0 is the rate constant for alkaline hydrolysis at 
a given pH without a surfactant, c In the absence of CPB at pH 9.4 for n-decylamine. 
Kbo,,d = 46 mot L -l, CMC = 0.001 tool L -I. k m = 0.2t s -~. 
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Fig. 3. Observed rate constant for the hydrolysis (/Cobs) of ester 
1 in the presence of n-alkylamines vs CPB concentration (pH 
9.4. 25 ~ decylamine, CDA/nlol l. -I = 0.0025 (/), 0.0018 
(2), 0.00l (6): octylamine, COA/mOl L -I = 0.020 (.7), 0.005 (4). 
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To elucidate the influence of amines on the hydro- 
lytic cleavage of ! in aqueous micellar solutions of 
CPB, the kinetics of this process w~ts studied in the 
presence of amines of different hydrophobicities. The 
dependences of k,b s on the surFactant concentratiou 
for hydrolysis of I in the presence of n-butylamine and 
n-octylamine at ptt 10.4 or in dilute solutions of NaOH 
are virtually identical and barely depend on the amine 
concentration, as shown by quantitative processing of 
the /%bs = f (QPB) plots in terms of Eq. (1) (Table 2). 
This implies apparently that micelle-catalyzed alkaline 
hydrolysis predominates under  these conditions and 
amine acts only as a buffering agent, which ensures 
sufficiently high pH values. 

The role of alkaline hydrolysis can be diminished 
and the contribution of the amine-catalyzed reaction 
following a general basic catalysis pattern can be eluci- 
dated if the concentration of the OH- ions decreases. 
However, at lower pH, the content of neutral n-butyl- 
amine sharply decreases (at pH 9.4 and Ccp B = 0.01 
tool L -I,  c~ = 0.04), which precludes investigation of 
this reaction under the given conditions. 

In the case of more hydrophobic n-octylamine, p/~ 
decreases s in micellar solt, t ions of CPB and the fraction 
of the neutral amine proves to be rather high (at pH 9.4 
and Ccp B = 0.01 tool L - t ,  ot .~ 0.15 to 0.2). The koo s = 

Ccp B) plots for the hydrolysis of 1 in the presence of 
n-octylamine at pH 9.4 change slightly upon variation 
of the content of amine in the reaction medium (Fig. 
3). This suggests that in this case, too, alkaline hydroly- 
sis is the predominant route. Meanwhile. the rate of 
cleavage of 1 in micellar solutions of CPB in the 
presence of n-decylamine depends appreciably on the 
amine concentration (see Fig. 3). Thus, n-decylamine 
seems to act as a basic catalyst. 

Tile results of processing of the kinetic data (see Fig. 
3) in terms of Eq. (1) show that the addition of hydro- 
phobic amines lhcilitates the micelle tbrmation of CPB 
and thus decreases the CMC (see Table 2), which is a 
typical indication of the formation of mixed micelles, l 
n-Butylamine, which is not soh, bilized by CPB mi- 
celles, somewhat increases the CMC by exerting a slight 
negative influence on micelle formation. 

As the length of the alkyl chain in the amine in- 
creases, binding of ester 1 by CPB micelles somewhat 
diminishes due to the change in the properties of the 
mixed micellar a~oremates. Despite the low /<bond values 
for the substrate in the presence of n-decylamine, the 
efficiency of micellar catalysis (km/kO) is higher 1~4 
times) than in the case of n-oetylamine (see Table 2). In 
micellar solutions of CPB, alkaline hydrolysis can occur 
in parallel with the amine-catalyzed process correspond- 
ing to general basic catalysis; therefore, the k m values 
are effective constants.  The close k m values found 
for n-butyl- and n-octylamine at pH 10.4 indicate that 
the processes follow virtually the same pathway, i.e., 
mce ar-catalyzed alkaline hydrolysis of 1. 

The specific kinetic behavior of n-decylamine in the 
presence of CPB can be explained by assuming that the 
properties of aggregates change upon the formation of 
mixed micelles. To confirm the lbrmation of these 
species by an independent method, high-resolution I H 
NMR spectroscopy with a magnetic field pulse gradient 
was used; this allows one not only to record the NMR 
spectra of the chemical components of mult icomponent 
systems such as microemulsions but also to study the 
diflitsion decay of individual lines and to determine the 
diITusion coefficients of the components of the mix- 
ture.7,13 

The NMR spectrum of an aqueous solution of CPB 
(Ccp B = 0.05 tool L -l)  both in the absence and m the 
presence of n-decylamine up to a concentration of 
0.032 tool L - I  contains separate lines due to protons of 
the Me (8 0.78) and ( - C H 2 - - )  n groups (6 1.2), signals 
for aromatic protons (6 8.24, 8.73, and 9.19), and a 
signal due to water protons (6 4.78). The spectrum 
also exhibits weak lines due to methylene protons in 
the c~-position relative to the Me group (fi 2.08) and 
methylene protons at the N atom (8 4.73). 

The diffusion coefficients of the individual compo- 
nents of the system (D~) were determined using the 
signals of the methylene protons a!ld tl!e wate r protons. 
These signals are sufficiently intense and well resolved, 
unlike the relatively weak signals of the methyl and aro- 
matic protons or the methylene protons of the CH2--N 
group, which overlap with the water proton signal. 

Although the signals overlap somewhat, measure- 
ment of the diffusion coefficient of water (D,~) presents 
no difficulty because the signal for the water protons is 
much more intense than that of the C H , - - N  group of 
CPB; in addition, D w is two orders of magnitude greater 
than the diffusion coefficient of CPB, which is found 
from the line with iS 1.2. This line contains contribu- 
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Fig. 4. Observed sclf-difl\~sion coefficient (D) in mixed 
CPB--n-decylamine micelles x:~ concentration of the amine 
(Ccpl3 = 0.05 tool L -I. 30 ~ 

lions of  the methylene protons of CPB and n-decylamine, 
which cannot be separated because the line shows one- 
exponential diffusion decay. The fact that this decay 
caltnot be resolved into two exponents indicates that the 
diffusion coefficients of  CPB and n-decylamine are 
close or identical. This implies diffusion of both compo-  
nents within a single structttral aggregate, which may be 
due to incorporation of  n-decylamine molecules into 
CPB miccltes. 

The diffusion coefficient of water depends slightly 
on the content of n-decylamine in the system. In the 
absence of  the amine, D w = 2.1 �9 10 -9 m2s -I, while at 
the maximum content of  the amine it decreases to 
1.9-  10-9  m 2 s - v  
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Fig. 5. Effective radius (R) of mixed micelles vs molar fraction 
{.~ of the amine (.,l(13~x+ .u = f, 30 ~C). 

The  diffusioq coefficient of CPB is 5.23 " 10 - ~  m:  s -I.  
Since we are dealing with a dilute system, the Stokes-- 
Einstein equation can be used to determine the effective 
radius (R) of the kinetic species in which CPB diffuses. 
With allowance for direct collisions of species with one 
another, we obtain the following equation t4 

R = (1 - 2~b)kT/'6arlD, ~2) 

where k is the Boltzmann constant, T is the absolute 
temperature, q is the solvent viscosity, $ is the volume 
fraction of the solute, and D is the diffusion coefficient. 
The viscosity of  D20 at 30 "C, equal to 1.033 cP, was 
used in the calctfiations. Ca~.cu~atiou using Eq. (2) 
shov, ed that in the absence of n-decylamine. CPB dif- 
fuses within aggregates with an effective hydrodynamic 
radius of 42 A. 

When n-decylamine is introduced in a micellar solu- 
tion of CPB, the diffusion coefficient of  micelies de- 
creases. Figure 4 shows the variation of the micelle 
diffusion coefficient as a function of the concentration 
of n-decyiamine (the variation o f  the catalytic proper- 
ties of this system is shown in Fig. 1, curve D. It can be 
seen that, as the content of n-decylamine increases, D 
decreases first smoothly and then sharply. Figure 5 
presents the dependence of the micetle radius on  the 
CPB : n-decylamine ratio at a constant CPB concentra- 
tion, equal to 0.05 tool L -1. The micelle radius sharply 
increases when the system contains one n-decylamine 
molecule per three or fewer CPB molecules. In a micel- 
lar solution of CPB saturated with n-decylamine, in 
which we were able to carry out diffusion m e ~ u r e -  
ments, the micelte radius is twice as large as that in the 
initial system 

~f 

__ j v x _  

~ - -  J " '%-  3 

9 8 2 1 8 

Fig. 6, Width of the (--CH2--) n signal (6 1.2) vs composition 
of mixed micelles (CceR = 005 tool L-t): in the absence of 
n-decytamine (1) and with CD~moi L -~ = 0.025 (23 and 0.05 (53 
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Yet another evidence for the formation of mixed 
micelles from CPB and n-decylamme ix provided by 
NMR spectra. As the content of n-decylamine in- 
creases, all signals except tk~r the signal of water are 
broadened (Fig. 6). The increase in the line width, i.e., 
a decrease in the spin--spin relaxation time, points to a 
limitation of the mobility of molecule fragments of both 
components of  the system, which is due to incorpora- 
tion of n-decylamine molecules between the CPB mol- 
ecules in the micelles. 

An absolutely different behavior is observed for 
n-butylamine, added to a solution of CPB (0.05 tool L -I) 
in concentrations of  up to 0.27 mol L - j .  The NMR data 
indicate that in this case, amine is not incorporated in 
the CPB micelles. A well-resolved line due to the 
methy lene  protons at the N atom in n-butylamine  
(6 2.64) appears in the NMR spectrum; the diffusion 
decay can be conveniently monitored on this line. No 
line broadening, typical of the systems with n-decyl- 
amine, is observed in this case. 

The radius calculated from Eq. (2) using the diffusion 
coefficient of n-butylamine in this system (7.39. 10 -~~ 
m 2 s - I )  is equal to -3 ,&. This value is quite suitable ['or 
characterizing individual molect, les of butylamiue. The 
diffusion coefficient of CPB, determined, as in the case 
with n-decylamine, using the signal due to the CH 2 
group protons (6 1.2), is 5.59"10 -i l  m ; s  -I. Calcula- 
tions from Eq. (2) show that CPB moves within a 
particle with a radius of 38 .,~, which is ver~' close to the 
radius of  a CPB micelle without amines added. 

Thus, the fact of formation of mixed micellar a ~ r e -  
gates containing n-decylamine and CPB was confirmed 
by the kinetic method and by IH N M R  spectroscopy. 
Some characteristic parameters were determined, namely, 
the critical micelle concentration, the diffusion coeffi- 
cient, and the effective hydrodynamic radius. The cata- 
lytic properties of primary a m m e - C P B  systems with 
various component  ratios and their influence on the 
mechanism of hydrolytic cleavage of phosphorus-con- 
taming esters are evaluated: in tile presence of short- 
chain amiqes,  alkaline hydrolysis o f  I is the pre- 
dominant  react ion pathway, whereas in the case of 

n-decylamine, the contribution of hydrolysis catalyzed 
by the general basic mechanism increases due to the 
formation of  mixed micelles with CPB. 
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