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The kinetics of the hydrol.~sis of O-alkyl O-p-nitrophenyl chloromethylphosphonates in 
the cationic surfactant--polyethyiene imine--water system was studied. Fhe catalytic effects of 
the +mture of the surfactant and substrate and the surt:actant--pol>ethylene hnine ratio 
were found. 
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Previously, l - 3  we have studied the influence of  di- 
rect and reverse micelles, microemuls ions ,  and lyotropic 
liquid crystals on the rates o f  the nucleophil ic  substitu- 
tion o f  esters o f  phosphorus  acids. Micellar solutions of  
surfactants  a t t ract  a t tenl ion because they are related to 
b iomimet ic  s tructures that funct ion according to the 
"gues t - -hos t"  principle.  4 At the same time, the macro-  
molecular  nature  of  proteins ~timulates an interest in 
catalytic sys tems based on synthet ic  polymers.  5,6 It can 
bc assumed that  the use of  mixed surfactant-  and poly- 
mer -based  catalytic systems results in the appearance  of  
addit ional  new effects. 

In this v, ork,  we studied the hydrolysis o f  O-alkyt 
O - p - n i t r o p h e n y l  c h l o r o m e t h y l p h o s p h o n a t e s  (1, 2) 
(Scheme I) in an aqueous solution of  polyethylene 
imine (PEI ) ,  micellar  solut ions of  ce ty l t r imethy lammo-  
nium bromide  (CTAB) and ce ty ld imethyte thylammonium 
bromide ( C D A B L  and mixed solutions of  the suffactant 
(Surf) and polyethylene imine.  These s>stems were stud- 
ied in parallel by conduc tome t ry  and tens iometo ' .  

Experimental 

Compounds 1 and 2 were synthesized by the pre~iousty 
described procedure. 7 CTA8 and COAB {Sigma) and branched 
PEI (molecular weight 300(}0. Aldrich) were used. The hydroly- 
sis kinetics was studied spectrophotometrically on a Specord 
M-400 instrument in the regime of the pseudo-first order by tim 
change in the absorption of the p-nitrophenoxide anion. The 
rate constants were calculated by the weighted least-squares 
method. Electroconductivity was measured on a CDM-2-d 
conductometer (Denmark). Surface tension was determined by 
the method of ring elimination using a Du Nofiy tensiometer 
at 20 ~ 
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C H C.9, 
.. -o--kL_J2-NO + 

RO x ~ /  

1,2 

IP 

": . ~P - -OH + HO NO 2 
RO 

R = Et (1) ,  n-C~sH L3 (2) 

The kinetic data for PEI solutions were examined by the 
equation Ior the enzyme and micetlar catalysis 8 

kob s = (k,,, + kmK'sC)/(l + K'sC), il)  

where kw/s -I. and km/S'l are the rate constants of pseudo-first 
order in the aqueous and micellar phases, respectively; 
K's/L tool -I is the reduced binding constant of the substrate: 
and C is the sudactant concentration minus the critical concen- 
tration of association (CCA). 

The kinetic data for the surfactant-containing systems were 
examined in the framework of the pseudo-phase model using 
/he following equationg: 

k2..+ + (kz.m/V)KsKNuC 
k'~ = (1 + KsC)(I .r KNt, C ) (2) 

where k'obs/L tool -1 s -~ is the rate constant of  the second-order 
reaction obtained by lhe dividing of kob ~ into the total nucleo- 
phile concentration; k~..~/L tool - l  s -x and k2.m/L tool -j s -L are 
the rate constants of the second-order reaction in the aqueous 
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and micellar phases, respectively: Ks/L tool -I and K~,jL mol -I 
are the binding constants of the substrate and nucleophile, 
respectively: V is the molar volume of the surfactant; and C is 
the ~url"actant concentration minus the critical concentration of 
micelle formation (CCM). 

We used the modified form of Eq. (2) 

k2.,n Ks Ko H 

(k~Jkw)max - k~,~ V(v'Ks § ~KoH)2 ' 

in which the first cofactor in the right part (F m) characterizes 
the influence of a citange in the microenvironment of the 
reactants when the reaction is transferred from the aqueous to 
micellar phase, and the second cofactor (F c) characterizes the 
effect of the concentrating of the reacta~ts in micelles. This 
allows the contributions of different );actors to the micellar 
effect to be quantitatively estimated. In this equation, KOI. ~ is 
the binding constant of the substrate with the OH-  ion. 

R e s u l t s  and D i s c u s s i o n  

The a lka l ine  hydrolysis o f  phosphona te s  I and  Z in 
an aqueous  so lu t ion  occurs  in the absence of  the  sur fac-  
rant  and  PE!  at pH 9- -10 ,  W h e n  the hyd rophob ic i t y  o f  
the alkoxy g roup  increases,  the reactivity o f  the sub-  
strates dec reases  due to an increase in the steric h in -  
drances for the  a t t ack  at the phosphor2,'l group (k2.~, = 4.0 
and 3.0 L tool - I  s -~ for c o m p o u n d s  I and 2. respec-  
tively), to 

In mice l l a r  so lu t ions  of  CTAB and C D A B  at pH 9.2 
(borate buffer) ,  ca t ion ic  micelles accelerate  a lka l ine  hy- 
drolysis t l  by at least two orders  o f  magni tude  (Fig.  1). 
The analysis  o f  the  kinet ic  data in the f ramework  o f  the  
pseudo-phase  mode l  of  micel lar  catalysis using Eq. (2) 
showed tha t  b o t h  the  concen t r a t i ng  of  the r eac tan t s  and  
the miceHar  m i c r o e n v i r o n m e n t  make positive c o n t r i b u -  
t ions to the  micc l la r  effect (Table I). The  c o n c e n t r a t i n g  
effect (Fc) exceeds  the m e d i u m  effect ( F  m) by 6 - - 8  and  
35--40 t imes  for p h o s p h o n a t e s  I and  2, respectively.  
The na ture  o f  the  head group of  the suf fac tan t  weakly 
affects the  react ivi ty  of  the substrates in these sys tems.  
and hydrolysis  is charac te r ized  by a p r o n o u n c e d  sub-  
strate speci f ic i ty  (see Fig. 1, Table I). The  ca ta ly t ic  
effect for h y d r o p h o b i c  substrate  2 exceeds more  t han  

kob.~ �9 

ko6 s " 103/S - I 

~176 0.4L/j  

0Y , ,  

i i i i 
5 l0 [Surl] - 103/'tool L - I  

Fig. !. Observed rate constants (ko6 s) of the alkaline hydrolysis 
of compound~ 1 (1, 2) and 2 (3, 4) in the surFactant--H~O 
system at pH 9.2 as functions of the surfactant concentration: 
Surf := CTAB (1, 3) and CDAB (2. 4). The observed rate 
constants of the hydrolysis of compounds ! ( / ' )  and 2 (2") in 
the PEI--H-,O system as functions of the PEI concentration are 
presented in insect. 

twofo ld  t h a t  o b s e r v e d  for  s u b s t r a t e  !. T h e  p lo t  
kohs--[SuF/] for p h o s p h o n a t e  2 has a p r o n o u n c e d  maxi -  
mum,  w h i c h  is due  to the m u c h  h igher  b ind ing  cons t an t s  
of  this subs t r a t e  as compared  to those  o f  p h o s p h o n a t e  1. 

The gene ra l  base catalysis o f  p h o s p h o n i c  esters in the  
presence  o f  PEI  has previously been  found,  tz which  is 
c o n f i r m e d  by the  value of  the deu t e r i um isotope effect o f  
-2. In a q u e o u s  solut ions,  PEI is partial ly p ro tona ted ,  
d e p e n d i n g  o n  the  pH. The  ca t ion ic  cen te r s  tha t  fo rmed  
induce a dec rea se  in the basici ty of  the amine  due to the 

Table 1. The results of analysis of the kinetic data (see Fig. 1) by Eq. (2) 

System t'kobs/'k~)mo x K s KNu k2.m Fc Fra 
/Lmol  - t  / L m o t  -) /L  rnol -~ s-1 

i+CTAB 290 233 20 26.9 40 6.7 
I+CDAB 283 277 25 23.4 49 5.8 
2 +CTA B 737 8170 47 9.6 159 3.9 
2+C DAB 662 4343 48 9.5 139 3.7 
I+CTAB+0.01 mol L -I PEI 12.5 422 100 0.0025 149 0.08 
I§ tool L -I PEt 14.2 1670 95 0.0018 207 0.07 
I+CTAB+0.02 tool L -L PEI 21 1922 251 0.0011 451 0.05 
2+CTAB+0.02 tool L-I PEI 11.5 3070 270 0.00037 535 0.01 
I+CDAB+0.02 tool L -I PEI 24.7 1040 460 0.00057 554 0.03 
2+CDAB4-O.02 mol t .  -j PEt 36.5 2290 535 0.00078 811 0.03 
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inductive effects and electrostatic interaction. The  hy-  
drolysis of  phosphonates  is catalyzed by uncharged amino  
groups, which participate in the activation of  the H 2 0  
molecule by the mechanism of  general base catalysis. 
Cationic centers  can increase the contribution o f  alka- 
line hydrolysis of  the substmte to the observed rate 
constant due to electrostatic interaction with the O H -  
ions. The ti tration of  branched PEI (,M = 30000) showed 
that, depending  on the pH (5.5--8.5), i.e.. on the pro to-  
nation degree,  the pK.f n' value ranged from 6.3 to 7.75. 
A similar inf luence of  the pH on pK a of  branched  PEI 
(M = 80000) has been described previously. 12 

Unlike the kinetic data for short-chain polyamines ,  
analogs o f  PEI ,  ~3 the plot of  the observed rate cons tan t  
(]Cob s) on the PEI concentra t ion  in water has a non l inea r  
profile character is t ic  of  enzyme and micellar catalyses 
(see insert in Fig. I). s The obse~'ed rate cons tan t  in 
solutions o f  PE1 is higher for substrate 1 than that for 2, 
which agrees with the behavior o f  these phosphonates  in 
aqueous alkaline solutions, I~ although, as shown by us 
previously, !~ the reactivity increases in micel lar  solu- 
tions of  ca t ion ic  surfactants as the hydrophobicity o f  the 
substrate increases. 

The non l inea r  profile of  the plot kobs--JPEl ] (see 
insert in Fig. I) and the data on the e lec t roconduct iv i ty  
(~,) of  the PEI solut ion (Fig. 2) suggest the possibility o f  
PE1 aggregation due to the formation of  hydrogen bonds 
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Fig. 2, Electroconductivity (~.) of the surfactant--PEI--H-,O 
system as a function of the surfactant concentrat ion:  
I, CTAB+0.02 tool L - l  PEI: 2, CTAB+0.005 tool L -t PEI; 
3. CDAB+0.02 tool L -I PEI. The electroconductivity of the 
PEI--HzO system as a function of the PEI concentration is 
presented in insert. 
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Fig. 3. Observed rate constants (kobs) of the hydrolysis of 
compounds I (I--4") and 2 (5) in the CTAB- -PEI - -H20  system 
as functions of the CTAB concentration: [PEII/mot L -~ = 
0.010 (/), 0.015 (2), 0.020 (3, 53, and 0.025 (4). The observed 
rate constants of the hydrolysis of phosphonates I ( I ' )  and 2 
(2') in the CDAB--PEI - -H,O system as functions of the 
CDAB concentration at [PEI] = 0.02 tool L -I in the micet[ar 
phase ( I ' ,  2") and liquid-c~'stalline E-phase (3") are presented 
in insert. 

and smal l  g lobu le s .  The  C C A  value  found from 
the inflect ion point  on the plot in the coordinates 
z - - l og [PE l l  amoun t s  to 10 -2 tool L - l .  

Analysis o f  the kinetic data for the P E I - - H 2 0  system 
by Eq. (1) gave k m = 1.07. 10 -3 s --l, K~ = 50 Lmo1-3 
for c o m p o u n d  1 and k m = 0 .63 .  10 -3 s - t ,  K~ = 
47.7 L tool -z for c o m p o u n d  2. The  low binding con-  
stants of  the, substrates can most likely be explained by a 
low degree o f  PE! aggregation. 

The kinetic data  for phosphonates  I and 2 in mixed 
P E I - - S u r f - - H 2 0  systems are presented in Fig. 3. In 
these systems, general  base catalysis occurs  (deuterium 
isotope effect - 2 ,  as in the absence o f  the surfactant). 
The titration o f  PEI showed that,  in the presence of  the 
surfactant, the  pK a value was shifted toward high values. 
The Surf :  PEi  ratio substantially affects the reactivity o f  
the substrates. At the PEi concent ra t ion  of  0.02 tool L -~, 
the observed rate constant  o f  the hydrolysis of  phos- 
phonate I increases strongly, a l though it slightly changes 
at lower and  higher  PEI concentra t ions .  Probably, at 
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Fig. 4. Surface tension (cO of solutions of CTAB in the absence 
of additives (1) and tn the presence of PEI (2-6) as a function of 
~he logarithm of the surfactant concentration: [PEIl/mol L -I = 
O01t) (_h, 0.015 (3), 0020 (all 0.025 (5), and 0.030 (63. For 
convenience, the plots are spaced along the ordinatc. 

[PEI] = 0.02 tool L -I ,  mixed CTAB--PEI micelles be- 
gin to i'brm, in which the most favorable conditions for 
the reaction are created. This is indicated by a sharp 
increase in the binding constant of PEI at its concentra-  
tion of 0.02 tool L -1 (see Table 1). The conductometric 
data (see Fig. 2) indicate that PEI additives slightly 
affect the CCM of CTAB and CDAB. It is of interest 
that, at [PEI] = 0.02 tool L -I in the Sur f - -PEI - -H20  
system, one more inflection in the plots ;(--[Surf] is 
observed, along with the inflection point in the conduc-  
tometric curves corresponding to the CCM of the cat-  
ionic suffactants (0.0007--0.001 tool L-t), at concen-  
trations of CTAB and CDAB equal to 0.008 and 
0.005 tool L --I, respectively. This is most likely due to 
the formation of new structures involving the surfactant 
and PEI. Note that the [Surf] values in the inllection 
point coincide with the region of surfactant concentra-  
tions corresponding to the maxima in the ko~,s--[Surf] 
plot for substrate 1. 

The detailed study of the surlh.ce properties of the 
CTAB--PEI- -H20 system by the surface tension method 
(Fig. 4) showed that its aggregating properties notice- 
ably change at [PE1] = 0.02 motL -~. At IPEI] < 

0.02 tool L -I ,  CCM of CTAB changes slightly and 
amounts to - 7 .  10 -4 tool L-l ;  at [PElt = 0,02 tool L '1,  
CCM increases to - I . 2 ' 10  -3 tool L -~ and remains tin- 
changed with further increase in the PEI concentration. 
This agrees with the aforemade assumption that at 
[PEI] = 0.02 tool L -I mixed Surf--PEl aggregates char- 
actenzed by a high CCM value are formed. 

It is seen in Fig. 3 that the nature of" the substrate 
and the structure of the head groups of the surfactant 
noticeably affect the reaction rate in the Surf--PEI--H~O 
system. The reactivity of phosphonate  I in the 
CDAB--PEI - -H20  system is twofold lower than that in 
the CTAB--PEI - -H20  system, whereas tbr compound 2 
kob s is threefold higher in the CDAB-containing system_ 
We may conclude from tile data in Table I that in the 
Surf-PEl--1- t20 system the increase in the reaction rate 
is due to the concentrating of the reactants in the mixed 
Surf--polymer associates that formed (Fc ~ 150--800), 
and the micellar microenvironment of the reactants 
decreases the reactivity by 12--100 times as compared to 
the reaction in water. The combined effect of these 
Factors accelerates the reaction by -,-40 times (see Table I). 
As follows from the data in "Fable 1, compensating 
changes in the binding constant of the reactants and the 
rate constant in the micellar phase are observed. The 
binding constants of the more hydrophobic substrate 2 
are higher than those for phosphonates in the systems 
with both CTAB and CDAB. The k~. m values |br sub- 
strate 2 in the CDAB--PEI system are also higher, due 
to which kob s for phosphonate 2 in this system is higher 
than that for 1. The opposite tendency is observed in the 
CTAB--PEI system because, in this case, k2. m for sub- 
strate I is higher than that lbr 2. 

It has been shown 15 that, at concentrations of CDAB 
lower than 0.1 tool L -I in aqueous solutions, a meta- 
stable liquid-crystalline mesophase is formed first, and 
beginning at 0.4 tool L - I ,  the stable hexagonal phase 
(E-phase) is formed. The kinetic data for the hydrolysis 
of phosphonate 1 in the C D A B - - P E I - - H 2 0  system, 
under the conditions of E-phase formation, are pre- 
sented in the insert in Fig. 3. A decrease in the observed 
rate constant with an increase in the ordenng degree of 
the solution can be seen. 

Thus, the catal~ic effect in the Sur f - -PEI- -H20 
system is mainly determined by the factor of concentrat- 
ing of the reactants, and the micellar microenvironment 
has a negative effect. The reactivity of the substrates 
depends on the nature of the surfactant and substrate 
and the Surf :  PEI ratio. 
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