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Hydrolysis of bis(4-nitrophenyl) ethyl phosphate in mieellar solutions 
of dicationic surfactants 
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The effect of dicationic surfactants on the hydrolysis of bis(4-nitrophenyl) ethyl phos- 
phate in a borate buffer is studied. The presence of long-chain surfactants results in a 
significant (up to 50-fold) increase in the observed rate constant (/Cobs) of the process. The 
catalytic effect of micelles increases with increasing alkyl chain length due to the strengthen- 
ing of binding of the reagents by micelles. The presence of two cationic centers in the 
surfactant molecule enhances the catalytic properties of mieelles. The dependence of kob s of 
hydrolysis of the substrate on the borate buffer concentration is studied. Alkaline hydrolysis 
is more sensitive to the added surfactant than the reaction involving borate ions. 

Key words: micellar catalysis; hydrolysis; dicationic surfactants; buffer. 

One of  the methods for enhancement  o f  the catalytic 
effect of  the cationic surfactants is the introduction of  a 
second cationic center into the surfactant molecule. 1,z 
Dicationic surfactants: RN+Me2(CH2)nN+M%R" 2Br-  
(R = C16H33, n = 4, 6) easily form micelles and are 
2--5 times stronger catalysts in the reactions of  hydroxyl 
ions with chloro-  and f luoro-2,4-dini trobenzene and 
hydroxyl and fluoride ions with 4-ni trophenyl  diphenyl 
phospha te  t han  c e t y l t r i m e t h y l a m m o n i u m  bromide  
(CTAB). 1 

To clarify the features of  the catalytic effect of  the 
dicationic surfactant on hydrolysis of  an organophospho- 
rus substrate and to find the dependence of  the sur- 
factant catalytic effect on its structure and on the pres- 
ence of  a buffer we studied the hydrolysis of  bis(4-nitro- 
phenyl) ethyl phosphate (BNEP)  (3" 10 -5 tool L -1) in 
aqueous micellar solutions of  surfactants 1--5 in borate 
buffer (borax concentrat ion,  C b = 0.05 tool L - z ,  pH 
9.07, 40 ~ 

+ + 

RNMe2(CH2)aNH(CH2)3NMe2R �9 2 Bf 
R = CnH2n+l, n = 6 (1), 10 (2), 12 (3), 15 (4), 16 (5) 

For comparison we used the dicationic surfactant: 
Ct2H25N+Me2(CH2)3N+H2C~2H25 �9 2Br-  (6) and CTAB. 

Hydrolysis of  B N E P  in the absence of  surfactants 
follows the Scheme 1. 

In the first stage of  the process, alkaline hydrolysis of  
B N E P  occurs with elimination of  4-nitrophenolate ion 
and with the formation of  4-nitrophenyl ethyl phosphate 
anion (reaction (1)). In the second stage, in parallel to 
reaction (2), dealkylation (reaction (3)) can occur with 
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the formation of  4-nitrophenyl phosphate dianion. How- 
ever, the observed rate constant (/Cobs) of  the second 
stage is two-- three orders lower than that of  the first 
stage. 3 Therefore, the discussion to follow will concern 
the first stage of  the process. 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 9, pp. 1576--1580, September, 1994. 

1066-5285/94/4309-1488 $12.50 �9 1995 Plenum Publishing Corporation 



Hydrolysis  o f  b is (4-ni t rophenyl)  ethyl  phosphate  Russ. Chem.Bull., VoL 43, No. 9, September, 1994 1489 

Experimental 

Dicationic surfactants 1--5 were synthesized by interaction 
of tetramethyldipropylenetriamine with the corresponding alkyl 
halide in a molar ratio 1 : 2. After preliminary purification, 
the reagents were combined and stirred for 2--3 days at ca. 
20 ~ The degree of reaction was determined by potentiometric 
titration, which allowed us to calculate the amount of un- 
changed amine. After completion of the reaction, the products 
were recrystallized twice from absolute ethanol and were cha- 
racterized by elemental analysis data. Melting points of the 
surfactants 2--5 were: 45 ~ 57 ~ 75 ~ and 90 ~ re- 
spectively. Surfactant 1 is a viscous product. Surfactant 6 (m.p. 
185 ~ was synthesized by interaction of N,N,N',N'-tetra- 
methyltrimethylenediamine with dodecyl bromide in a molar 
ratio 1 : 2 by the method described above. CTAB (Chemapol) 
was reprecipitated from ethanol with ether. BNEP (m.p. 
140 ~ 4-nitrophenyl ethyl chloromethylphosphonate (NECP) 
(b.p. 165--170 ~ Torr, nD 24 1.5430), and 4-nitrophenyl 
bis(chloromethyl)phosphinate (NCP) (m.p. 87 ~ were synthe- 
sized as described earlier. 4-6 The reaction kinetics was moni- 
tored spectrophotometrically (Specord UV-VIS) by following 
the appearance of the absorbance band at 400 nm due to the 
4-nitrophenolate ion. 31p NMR spectra were recorded on a 
Bruker MSL-400 (161.6 MHz) at 35 ~ Concentrations of 
NECP and NCP were 0.0185 and 0.00625 mol L -1,  respec- 
tively. 

Results and Discussion 

The observed rate constant  hydrolysis of  BNEP (]Cobs) 
is not  changed in the  presence of  surfactant l ,  which 
does not  form micel les  in the solution,  while with 
dicat ionic  surfactants 2 - - 5  with longer  chains kob s in- 
creases signif icantly (up to 50 t imes)  (Fig. 1). 

The substantial  increase in kob s of  the  react ion can be 
a result of  mice l l iza t ion  of  surfactants 2 - -5 .  The shape 
of  the  dependence  o f  kob s vs. surfactant  concentra t ion  
(Cs) with a drastic increase at the initial part  of  the 
curve, fol lowed by passing through a maximum,  con-  
firms this assumption.  

To de te rmine  the parameters  of  the mice l la r -ca ta -  
lyzed react ion,  namely,  the constants  of  substrate (KA) 
and nuc leophi le  (KB) binding with the  micel le  and the 
rate constants  for the  reac t ion  in a mice l la r  phase (kin) 
we used the equat ion 7 

kob s 
(km/V)KAKBC + kO 

(l + KaC)(I + K.C) ' 

where C is the  overall  surfactant  concent ra t ion  after 
subtract ion of  the cri t ical  micel lar  concentra t ion,  V is 
the  surfactant  mo la r  volume,  k 0 is the  react ion rate 
constant  in a solution. The thus ca lcula ted  constants  of  
reagent binding and the react ion rate constants in micel lar  
phase are given in Table 1. The lengthening of  the  
hydrocarbon  radical  is accompan ied  by a decrease in the 
ratio km/V  and by an increase in K A and KB (see 
Table 1). The  increase  in mice l l a r  cata lyt ic  effect, 
(kobs/ko)max, of  the surfactants  under  study can be ex- 
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Fig. 1. The dependence of the observed rate constants for 
hydrolysis of BNEP (kobs) vs. concentration of surfactants 1 
(1), 2 (2), 3 (3), 4 (4), and 5 (5) (C b = 0.05 mol L -1, pH 
9.07, 4O ~ 

pla ined by strengthening the reagent  binding by micelles.  
The presence o f  the  N H  group in the  molecules  of  

surfactants 2 - - 5  can lead to the manifes ta t ion  of  func- 
t ional  mice l la r  catalysis. However ,  the independence  of  
/Cob s on the concent ra t ion  of  surfactant  1, which does 
not  form micel les  (see Fig. 1), and the weaker  catalyt ic  
effect o f  surfactant  3 in compar i son  with surfactant  6, 
which does not  comprise  the  N H  group (30- and 40-fold 
increase in kobs, respectively,  see Table 1 and Fig. 2), 

Table 1. Parameters of micelle-catalyzed reaction of hydrolysis 
of BNEP in aqueous surfactant solutions (C b = 0.05 mol L -1, 
pH 9.07, 40 ~ 

Sur- (km/lO" 10 4 K A K B (kobs/k0)max* 
factant /s -1 /mo1-1 L /tool -1 L 

2 4.1 630 52 20 (0.0045) 
3 3.8 810 89 30 (0.0025) 
4 3.3 2260 130 46 (0.0015) 
5 3.1 1720 180 50 (0.0015) 
CTAB 4.4 1370 70 33 (0.003) 

* kob s = 6.4" 10 -4 s - l ;  in parenthesis the values of 
Cs(max)/mol L -1 are given. 
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Fig. 2. The dependence of the observed rate constants for 
hydrolysis of BNEP (/Cob s) vs. concentration of surfactant 6 (1) 
and CTAB (2) (conditions as in Fig. 1). 

attest to the  absence on contr ibut ion of  aminolysis  to 
the overall  react ion.  The products  o f  aminolysis  were 
also not  found in the  processes with o ther  phosphorus-  
conta ining substrates. In  the  course of  decompos i t ion  of  

N E C P  in 0.01 M solut ion of  N a O H  and decompos i t ion  
of  N C P  in aqueous mice l la r  0.01 M solut ion of  surfac- 
tant  4, the  signals were only observed for the  produc t  of  
alkaline hydrolysis o f  the  substrate in 31p N M R  spectra  
(3 14.2 and 27.5, respectively),  s 

The presence of  two cat ionic centers  in the  surfactant  
molecule  slightly enhances  the mice l la r  catalyt ic  effect. 
The catalytic activity of  surfactant  5 is somewhat  higher  
than that  of  CTAB. This is a result of  s tronger binding of  
the reagents by micel les  of  dicat ionic  surfactant  (see 
Table 1). 

It is worth noting that  the  react ion carried out in 
buffer solutions has some specific features,  because  the 
de termined rate constants  account  for the  course of  the 
overall process,  which comprises,  in addi t ion  to alkaline 
hydrolysis,  the  react ion with the  buffer componen t  of  
the solution. To clarify the role of  buffer in the  react ion 
under  study we de te rmined  the dependences  of  kob s of  
hydrolysis of  BNEP on the borax concent ra t ion  in solu- 
tion. 

The results given in Tables 2 and 3 indicate  that  /Cob s 
tends to a definite l imit  value at high borax concent ra-  
tions in solut ions of  surfactants 2 - - 6  and CTAB. This is, 
probably,  a result of  part ia l  neutra l iza t ion of  the  positive 
micel le  charge when they  bind the buffer anions. Ex- 
t rapola t ion of  kob s to the  zero buffer concen t ra t ion  gives 
the rate constant  of  hydrolysis of  B N E P  in a mice l la r  
phase (km(l)). The insignificant contr ibut ion  of  spon-  
taneous hydrolysis in the value of/coo s at the  p H  of  the 
borax buffer solutions 9 allows us to refer km(1) to al-  
kaline hydrolysis of  the substrate. For  the  aqueous phase,  
the value of  kaq(1 ) is calcula ted from l i terature data 1~ 
and is equal to 1.8" 10 .5 s -1 at 40 ~ 

F rom the tangent  of  the slope of  the  initial parts of  
the dependences  of  /Cob s on the buffer concentra t ion  
(Fig. 3, see Tables 2 and 3) the b imolecular  rate con-  
stants for the  react ion with borate  ions in aqueous 

Table 2. The observed rate constants for hydrolysis of BNEP in buffer micellar solutions of surfactants 2, 4--6, and CTAB at 
40 ~ 

Cb kobs" I02 /s -1 

/mol L -1 2 4 5 6, CTAB 

0.0004 M 0.0045 M 0.0004 M 0.0015 M 0.0004 M 0.0015 M 0.00042 M 0.0004 M 0.003 M 

0* 0.13 0.31 1.0 1.1 1.2 1.2 0.7 - -  0.96 
0.005 0.18 0.45 1.2 1.4 1.4 1.5 --  - -  1.2 
0.01 0.24 0.63 1.5 1.8 1.6 2.0 0.89 0.14 1.4 
0.015 0.27 0.74 1.6 2.0 1.9 2.1 --  - -  1.6 
0.02 0.32 0.89 1.7 2.2 2.1 2.3 1.1 0.34 1.8 
0.03 0.33 1.0 . . . .  1.2 0.54 1.9 
0.04 0.36 1.1 1.8 2.6 2.1 2.6 1.4 0.70 2.1 
0.05 . . . . . .  1.5 0.79 2.1 
0.06 0.39 1.3 1.9 2.7 2.1 2.8 1.5 0.83 2_1 
0.08 0.41 1.4 1.8 2.8 2.2 2.9 1.6 0.94 2.1 
0.10 0.43 1.4 1.9 2.7 2.2 2.9 1.7 1.0 2.1 

* The values of kob s are obtained by extrapolation to C b = 0. 
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TaMe 3. The observed rate constants for hydrolysis of BNEP in buffer micellar solutions of surfactant 3 

Cb kobs" 102 / s-1 

/tool L -1 C s = 0.0004 mol L -I  C s = 0.0025 mol L - l  C s = 0.01 mol L 21 

40 ~ 55 ~ 65 ~ 25 ~ 40 ~ 55 ~ 25 ~ 40 ~ 55 ~ 

O* 0.43 1,3 2.2 0.17 0.52 2.3 0.14 0.35 0.92 
0.005 0.51 1.5 2,4 0.23 0.79 2.9 0.18 0.52 1.7 
0.01 0.59 1.6 2.6 0.31 1.0 3.4 0.22 0,71 2.5 
0.015 0.65 1.7 2.8 0.33 1.3 4.0 0.26 0,88 3,0 
0.02 0.74 1.8 3.0 0.44 1.4 4.2 0.30 1.1 3.4 
0.03 0.76 1.9 3.1 0.49 1.7 4.8 0.35 1.3 4.1 
0.04 0.81 2.0 3.2 0.54 1.9 5.2 0.39 1,4 4.5 
0.05 -- 2.1 3.3 0.56 1.9 5.4 0.41 1.5 5.1 
0.06 0.87 2.1 3.3 0.59 2.0 5.7 0.45 1.6 5.2 
0.08 0.92 2.3 3.4 0-59 2.1 5.8 0.47 1.8 5.5 
0.10 0.96 2.4 -- 0.59 2.1 6.0 0.51 1.8 6.0 

* The values of/Cob s are obtained by extrapolation to C b = 0. 

(kb~q(2)) and micel lar  (kbm(2)) phases were calculated 
(Table 4). The bimolecular  rate constant  for alkaline 
hydrolysis in the micellar  phase (kOHm(2)) was deter- 
mined  by dividing the krnO) by concentrat ion of the 
hydroxyl ions. 

A c o m p a r i s o n  of  rat ios kOHm(2)/kOHaq(2 ) and  
kbm(2)/kbaq(2) (see Table 4) indicates that alkaline hy- 
drolysis of BNEP is more sensitive to the effect of the 
surfactant than the reaction involving borate ions. The 
catalytic effect of  micelles of the dicationic surfactants 
in the former case achieves two or more orders of 

kob s �9 103/s-1 

3 at 

at at 

0 0.02 0.04 0.06 Cb/mOl L_�94 

Fig. 3. The dependence of the observed rate constants for 
hydrolysis of BNEP (/Cob s) vs. borax concentration at 40 ~ 
(1), 55 ~ (2), and 65 ~ (3). 

T a b l e  4. Bimolecular rate constants for hydrolysis of BNEP 
with the participation of hydroxyl and borate ions in water and 
in micellar solution in borate buffer (pH 9.07, 40 ~ 

b . OH ** 
S u r -  C s kbm(2) kin(2) kin(2) 
fac- /tool L - l  /mol - t  L s -1 - g -  OH 
tant Gq<2) kaq(2) 

2 0.0004 0.095 6.4 74 
0.0045 0.29 19.5 170 

3 0.0004 0.16 10.0 240 
0.0025 0.51 34.0 295 
0.01 0.35 23.5 200 

4 0.0004 0.50 34.0 565 
0.0015 0.64 43.0 625 

5 0.0004 0.53 36.0 650 
0.0015 0.67 45.0 680 

6 0.0004 0.17 11.0 400 

CTAB 0.003 0.45 30.0 540 

* kbaq(2) = 0.015 tool -1 L s - l .  
** k~ = 1.5 mol - l  L s -1 (el Ref. 10). 

magnitude.  However, high concentra t ions  of the buffer 
c o m p o n e n t s  and  a ra ther  s t rong e n h a n c e m e n t  by 
suffactant micelles of the bimolecular  rate constants for 
the reaction with participation of borate ions by micelles 
(see Table 4) allow us to draw conclusions that in 
micellar solutions, in addit ion to the attack of hydroxyl 
ions at the substrate, the hydrolysis catalyzed by the 
buffer contributes significantly. The fraction of alkaline 
hydrolysis in the overall process can vary with a change 
in alkalinity of the medium.  This results in the shape of 
the dependence of kob s of hydrolysis of BNEP in micellar 
solutions on pH (Fig. 4). The weak dependence of kob s 
on pH at the region close to neutral is followed by a 
drastic increase in the rate constants at pH > 8.5. This 
fact can be the result of the increasing contr ibut ion of 
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[ I I 

8 9 10 pH 

Fig. 4. The dependence of the observed rate constant f o r  
hydrolysis of BNEP (/Cob s) in rnicellar solutions of surfactant 3 
vs. pH (C b = 0.05 tool L -1, C s = 0.0025 mol L -~, 40 ~ 

alkaline hydrolysis  of  the substrate, sensitive to the 
micel lar  effect. 
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