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The effects o f  cetylpyridinium bromide (CPB) on the acid-base equilibria of  primary 
aliphatic amines and on the kinetics of reactions of the amines with p-nitrophenyl acetate 
(PNPA) and p-nitrophenyl caprylate (PNPC) were studied by potentiometric t i t rat ion and 
UV spectroscopy. The values of apparent pK a of the amines in the micellar phase, binding 
constants of their neutral forms, and the surface potentials of micelles were determined.  
Cetylpyridinium bromide accelerates the aminolysis of PNPA by factors of 3 to 8 by forming 
mixed micellar aggregates with the amines. The shift of PKa values of the amines in micellar 
solutions is not the only factor that enhances their reactivity. The substrate specificity was 
found: in contrast to the reaction with PNPA, CPB accelerates (by factors of 15 to 65) or 
retards (by factors of 4 to 6) the aminolysis of PNPA depending on  the hydrophobicity of  the 
nucleophilic reagent. The binding constants of substrates, the rate constants in the micellar 
phase, and the critical concentrations of micellization were determined from the data 
obtained. 

Key words: amines, basicity, kinetics, aminolysis, esters of carboxylic acids, micelles, 
cetylpyridinium bromide, surface potential. 

O n e  way o f  c o n t r o l l i n g  the  reac t iv i ty  o f  organic  
c o m p o u n d s  is based  o n  mice l l a r  catalysis.  T h e  mice l la r  
effect  observed  in aqueous  so lu t ions  of  su r fac tan t s  (Surf)  
is due  to  the  c o n c e n t r a t i o n  o f  reagents  in the  mice l la r  
p seudophase ,  wh ich  in t u rn  is a c c o m p a n i e d  by  changes  
in the  m i c r o e n v i r o n m e n t ,  so lvat ion ,  a n d  o r i en ta t ion  o f  
reac t ing  species.  I - 3  The  subs tances  t ha t  can  par t ic ipate  
in the  ac id -base  equi l ibr ia ,  for ins tance ,  amines ,  are of  
pa r t i cu la r  in teres t  in s tudies  o f  mice l la r  catalysis.  The i r  
react ivi t ies  c h a n g e  due  to  p K  shif t  caused  by  different  
so lub i l iza t ion  o f  neu t ra l  a n d  ionized forms wi th  mice l la r  
aggregates.  4,s The  d i s t r ibu t ion  of  r eac tan t s  be tween  a 
so lvent  and  mice l les  is gove rned  by t h e i r  polar i ty  and  
hydrophob ic i ty .  

In th is  work,  the  reac t ions  be tween  p -n i t ropheny l  
es ters  o f  carboxyl ic  acids and  p r imary  a m i n e s  in mice l la r  
so lu t ions  o f  ca t ion ic  su r fac tan t ,  ce ty lpyr id in ium bro-  
m i d e  ( C P B ) ,  were  s t u d i e d ,  p - N i t r o p h e n y l  a ce t a t e  
( P N P A )  and  p - n i t r o p h e n y l  capry ta te  ( P N P C )  were used 
as subst ra tes .  N o r m a l  n - a l k y l a m i n e s  differing in the  
length  o f  the  h y d r o c a r b o n  radical  were c h o s e n  as nu-  
c leophi les .  

Experimental 

The amines and p-nitrophenyl carboxylates used were pttri- 
fled by conventional ~echniqttes. Specimens of  CPB were 

precipitated twice with ether from ethanol  solution. 
The pK a values of the amines were determined by poten- 

tiometric titration with 0.1 or 0.2 Nso lu t ion  of HCI. The CPB 
concentration was varied from 0 to 0.02 tool L - I .  

The kinetics of reactions were studied spectrophotometri- 
tally on a Specord UV-VIS instrument  at 25 *C. The course of 
the processes was followed by changes in the optical density of 
solutions at 400 nm (accumulation of  p-ni trophenolate  anion). 
The initial concentration of the substrate was 5 �9 10 -5 tool L -I ,  
and the degree of conversion was higher than 90%. The 
required pH values were attained by adding HCI solutions and 
recorded by a pH-340 instrument. 

The observed pseudo-first-order rate constants (kot~) were 
determined from the dependence: 

log(D,: - D e) = --0.434kobsr + const ,  

where D t and D,~ are the optical densities of  solutions at the 
moment x and after completion of  the reaction, respectively. 
The kob s valt=es were calculated by the  least squares method, 
and the second-order rate constants (k:0 were calculated from 
linear dependences of ke~ on the amine  concentration (C=m) 
using the following equation: 

k2 = kob~ + k.a/C~., "e, 

where k 0 is tile rate constant of  alkaline hydrolysis of  the 
substrate determined at a specified pFi. and ct is the portion of 
neutral amine form under condit ions of tile kinetic experi- 
ment. The tx values were determined from pK a values of the 
amines using the formula: ct = Kj(K a + [HI~). 

Translated from Izvestiya Akademii Nauk. Seriya Khirnicheskaya, No. 7, pp. 1333--1338, July, 1998. 

1066- 5285/98/4707-1296 $20.00 �9 199,~ Plenuna Publishing Corporation 



Reaction of amines and esters in micellar solutions Russ.Chem.Bull., VoL 47, No. 7, July, 1998 1297 

Resul ts  and Di scuss ion  

Aminolysis is the main process in the splitting of 
carboxylic acid esters in aqueous solutions in the pres- 
ence of primary amines; however, alkaline and neutral 
hydrolyses can also occur in paralleifl 

RC(O)OC6H4NO 2 

R'NHz~ RC(O)NHR" + HOC~H4NO 2 

1.,o 
H~O 

--'- RCIOIOH + HOC,~H4NO 2 

I OI1- ___ RC(O)OH + -OC6H4NO 2 

The contribution of side reactions to the/cob s value is 
rather small, but it should be taken into account, in 
particular, at pH > 10. In the absence ofsurfactant, the 
dependences of kob s on the amine concentration in the 
reactions between n-butylamine and n-heptylamine and 
PNPA at pH 10.6 are linear in a wide range of concen- 
trations (up to 0.02 mol L-t) ,  whereas the dependence 
of kob s for the reaction between PNPA and decylamine 
is nonlinear because of its tendency to self-association. 1 

The k 2 values for the reactions between for n-buty- 
lamine and for n-heptylamine and PNPA at 25 *C calcu- 
lated taking into accou,~t the contribution of alkaline 
hydrolysis and the portion of the reactive (neutral) form 
are equal to 10.0 tool - t  L s -1 and 12.0 tool -I L s - I ,  
respectively. They are close to the k 2 values for ethylamine 
and n-decylamine in the pre-micellar region and are 
approximately equal to 9.0 tool -I  L s - I  (see Ref. 7). In 
the absence of surfactant, the pK~ values for n-butylamine 
and n-heptylamine in the concentration interval from 
0.002 to 0.020 mol L -I are equal to 10.7--10.9 and 10.9-- 
! 1.1, respectively. The effect of the amine concentration 
on pK a (a,1 increase in pK a as the amine content in- 
creases) is likely due to a change in the ionic strength of 
the solution. The pK a value for decylamine is consider- 
ably lower than 10.1 

The behavior of alkylamines with different lengths of 
alkyl radicals in micellar solutions of cationic surfactants 
is significa,ltly different. Acid-base equilibria are known 

to be shifted in aqueous micellar solutions of surfac- 
tants, s,9 The acidity of compounds increases in cationic 
micelles, whereas the proton affinity decreases in an-  
ionic surfactants. These effects are due to the selective 
solubilizing ability of micelles toward acidic and basic 
forms of compounds; for ionogenic surfactants they are 
governed mainly by the surface potential of a micelle. 
The dependence of the observed constant of acid-base 
dissociation (Ka,obs) on the concentration is described by 
Eq. (!): 9 

Ka,obs = I(l + XBCsurf)/(I + KACsurf)l'X,. w, (I) 

where Ka,w is the constant of acid-base dissociation in 
water; KB and K A are binding constants of basic and 
acidic forms of compounds, respectively, and Csurf is the 
concentration of surfactant. 

The effect of ionic micelles on the acid-base equilib- 
rium can be divided into nonelectrostatic and electro- 
static components: '~ 

PKa.m = PKa.i- u/F/(2-3RTL (2) 

where pKa, m is the apparent pK~ value in the micellar 
phase, PKaj is the nonelectrostatic component  of pK a 
shift in the micelles that characterizes the effect of 
medium, ~ is the surface potential (mV), F is the 
Faraday constant, and R is the universal gas constant. 

The obtained data on the effect of CPB micelles on 
the amine PKa values are presented in Table 1. The 
surfactant affects most strongly the P/(a value of 
decylamine (ApK~. !) which is associated with its higher 
hydrophobicity as compared to other amines. The 
surfactant has no effect on the pK a value of n-butyl-  
amine, which is the most hydrophilic of the amines 
studied. 

According to the data published previously, tl we 
used the pK a values of the corresponding amines in 
solutions of the nouionogenic surfactant (Triton X- 100), 
where micelles have an uncharged surface, as the model 
for quantitative determination of pKa, i. The  PKa, i values 
of the amines in the presence of nonionogenic surfactant 
are presented in Table 2. 

Table I. The anaine pK a values in aqueous sohuions of CPB at different amine concentrations 

Ccp B pK a at Ca,,v/mol L -I 
/tool L -t 0.0025 0.0025 0.005 0.010 0.0025 0.005 0.010 00025 

n- Butylamine n- Heptylami ne n-Oetylamine n- Decylamine 

0 10.70 10.85 10.95 10.95 10.55 10.73 10.78 10.27 
0.00025 10.70 10.80 10.65 10.50 10.60 
0.00125 10.65 10.65 10.59 10.70 10.40 10.47 10.65 10.05 
0.0025 10.70 1052 10.50 10.6 10.20 10.40 10.52 9.80 
0.004 10.45 10.40 10.50 10.22 9.70 
0.005 |0.65 10.36 10.45 10.00 10.10 10_30 9.63 
0.006 10.30 10.35 10.42 9.95 9.55 
0.0075 10.65 10.30 10.30 10.38 9.85 10.05 10.15 9.50 
0010 1065 10.35 9.80 10.0 10.10 9.40 
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Ttble Z. The K B, PKa,m, and W values in aqueous micellar 
solutions of CPB at different amine concentrations 

Amine Ca,,, 'j p K J '  K8 e pK,.m w/mY 

n- Heptylamine 0.0025 10.60 402 8.2 139 
n-Heptylamine 0.0050 10.60 320 8.4 128 
n-Heptylamine 0.01 10.60 290 8.48 125 
n-Oetylamine 0.0025 ! 0.50 530 7.8 i 56 
n-Octylamine 0.0050 10.50 420 8.1 142 
n-Oetylamine 0.01 10.50 380 8.2 138 
n- Decylamine a 0 .0025  10.00 660 7.4 150 
n- Decylamine a 0.0050 10.05 330 7.7 140 

a Ca m are given in tool L -I. b The amine pK, values determined 
at given amine concentrations in aqueous solutions of Triton 
X-100 (the content of nonionogenic surfactant was 0.05 and 
0.01 molL-I), eK B are given in moi-tL, bAeeording to 
Ref. 7. 

Processing of experimental dependences pKa,o~ s = 
J(Ccps) using Eqs. (!)  and (2) made it possible to 
calculate the binding constants of neutral forms of the 
amines (KB), the pKa, m values, and the potentials of 
micellar surfaces (see Table 2). The binding constants of 
protonated forms of the amines, KA, are not larger than 
1 tool - t  L due to electrostatic repulsion from similarly 
charged micellar surfaces. 

As can be seen from the data obtained, the binding 
of the neutral form of the amine increases as its hydro- 
phobicity increases. The K B value of the amine de- 
creases as its concentration increases due to saturation 
of micelles. Along with this, a decrease in the surface 
potential of CPB micelles occurs, which may be due to 
solubilization of the neutral form of the amine by mi- 
celles leading to their loosening and a decrease in the 
charge density. 

The ~ value in the system "CPB- -wa te r - -  
n-heptylamine" is somewhat smaller than those in the 
systems with n-octylamine and n-decylamine (see Table 

0.04 

0.02 

~ S  - I  | . . - - 8 - - - . - -  

t 
t ~  

I . . . .  I , 
0 0.005 Ccpl~/mol L -I 

Fig. 1. Dependences of the observed rate constants (kobs) for 
reactions between PNPA and amines on the CPB concentra- 
tion (Cam -- 0.0025 mol L -t, 25 *C): 1, n-cetu pH 9.0; 
2, n-decylamine, pH 9.0; 3, n-octylamine, pH 9.5. 

2). It is known that amines and alcohols with chains of 
medium length (C(5)--C(7)) are used as co-surfactants, 
for instance, in preparation of microemulsions,  12 and 
that their behavior differs from that  of short- and long- 
chain homologs. At low concentrat ions,  the molecules 
of these compounds are localized behind the head groups 
of micelles in the so-called palisade layer 13 and decrease 
the surface potential .  14 The  more hydrophobic  
n-octylamine and n-decylamine form mixed micelles 
with CPB; they have qualitatively different character 
and somewhat higher po ten t i a l s  than that  of 
n-heptylamine. The u/values we calculated for CPB are 
in rather good agreement with the literature data. It This 
confirms the validity of using the amines as probes for 
characterization of the surface potential  of micelles. 

Table 3. The observed rate constants (ko~,/s - l)  for PNPA aminolysis at different CPB concentra- 
tions and pH (Ca, . = 0.0025 mol L -t,  25 ~ 

Ccpo /~/s -L. 
/tool L -I 10.6" 

kobs/s -~ at pH 
10.6 9.4 9.7 10.1 10.4 10.6 

n-Butylamine n-Heptylamine 

0 0.0032 0.0095 0.0025 0 . 0 0 2 9  0.0058 
0.001 0.0035 0.013 0.0042 0.0060 0.0095 
0.0016 0.012 0.0055 0 . 0 0 7 5  0.0125 
0.0020 0.0036 0.014 0.0060 0.0088 
0.0033 0.0070 0 . 0 1 1 7  0.018 
0.0040 0.0076 0 . 0 1 2 5  0.019 
0.0050 0.0038 0.15 0.00814 0.014 0.023 
0.0060 0.017 
0.0075 0.014 0.0092 0.016 0.027 
0.010 0.0042 0.015 0.096 0.029 

0.010 0.013 
0.0205 0.027 

0.029 
0.030 
0.038 0.0475 
0.043 0.0532 
0.048 0.060 
0.050 0.0625 
0.054 0.065 

* The pH v..,lue. 
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Fig. 2. Dependences of the observed rate constants (ko~) of 
PNPA aminolysis on the amine concentrations at a constant 
CPB concentration (0.01 tool L - l ,  25 *C): 1, n-deeylamine, 
pH 9.4; 2, n-heptylamine, pH 10.4; 3, n-octylamine, pH 9_5; 
4, n-butylamine, pH 10.4. 

The apparent pKa shift can make a considerable 
contribution to the miceilar kinetic effect by changing 
the concentration of reactive form of the reagents. The 
CPB micelles iqcrease substantially the ~t values of the 
amines (in particular, at high pH) and it is the pK~ shift 
of alkylamines that is the reason for the effect of cat- 
ionic surfactant on the reactivity of nucleophiles in the 
processes studied. However, the micellar effect of CPB 

governs not only the influence on the acid-base proper- 
ties of reagents. For ins tance,  the ct values for 
n-heptylamine at pH 9.7, for octylamiue at pH 9.5, and 
for decylamine at pH 9.0 are nearly equal; at the same 
time, the reactivity of n-decylamine is considerably higher 
than those of n-octylamine and n-heptytamine at these 
pH in micellar CPB solutions (Fig. I and Table 3). 

The linear dependences of kot~ on the amine con-  
centrations (up to 0.01 mol L - t )  in micellar solutions 
with a CPB content of 0.01 moi L - l ,  i.e., in the region 
where no changes in ct are observed, are shown in Fig. 2. 
The calculated k 2 value for n-butylamine is approxi- 
mately equal to 12 mol -I L s - l ,  which is close to k 2 
value in water, and is independent of the surfactant 
concentration (see Table 3). The CPB micelles do not 
soluhilize n-butylamine because of its good solubility in 
water; for this reason, the process virtually occurs in the 
aqueous phase even in the presence of a detergent. It 
was found from the linear dependences (see Fig. 2) that 
the k 2 values for n-heptylamine and n-octylamine are 
approximately equal to 19 tool - l  L s -I  and 28 
tool -t  L s -I ,  respectively. These values are considerably 
higher than the corresponding values in water and re- 
flect an effective increase in k2, which characterizes the 
process in both the aqueous phase and mice l la r  
pseudophase. The calculation for n-decylamine becomes 
more complicated since the ct value changes substan- 
tially in the studied interval of amine concentrations. 

The dependences of kot, s values for the reactions 
between PNPA and aikylamines on the CPB concentra- 
tion are shown in Fig. 1 and listed in Table 3. The 
flattened profiles of the concentration curves of  the 
reactions between the amines studied (except for n-  
butylamine) and PNPA are typical of micelle-catalyzed 
processes, which confirms the binding of the reagents by 
CPB micelles and makes it possible to use the equation 
of pseudophase model (3) that relates kob ~ to the param- 
eters of the processes in the micellar phase: z 

ko~ = (ko + k,,,Kuo,,eG~,f)/(t + K~,,dG~r), (3) 

Table 4. The k,,, Kbond, and CMC values for reactions between alkylamines and PNPA at different pH 
(Can ' = 0.0025 tool L -t, 25 ~ 

Amine pH a" * k m k,,t/u" K ~ .  a KKM k o km/k 0 
Is -I /tool L -I /tool -I L ts -I 

n- Heptylamine 9.0 0.034 0.00576 O. 17 320 0.0006 0.002 -3 
n-Heptylamine 9.4 0.082 0.0121 0.15 306 0.0002 0.0025 5 
n- Heptylamine 9.7 0.151 0.240 0.16 230 0.0003 0.0029 S 
n-Heptylamine 10.1 0.308 0.0420 0.14 200 0.0006 0.005 8 
n- Heptylamine 10.4 0 . 4 7 1  0.072 015 210 0.0002 0.01 7 
n-Heptylamine 10.6 0 . 5 8 5  0.0975 0.17 250 0.0004 0.013 7 
n-Octylamine 9.5 0 . 1 8 5  0.0345 0.19 250 0.0001 0.0025 14 
n-Decylamine 9.0 0.2 0.0617 O31 140 0.0001 0.002 24 
n-Cetylamine 9.0 0 .25  0.0856 034 140 0.0006 0.002 43 

" The portion of  nonprotonatcd amine form at a CPfl concentration of not less thai] 0.01 mol L -I ,  i .e.. in 
the region where its maximum effect on pKa amines is attained and remains nearly onchanged with flwther 
increase in tile surfactant conte~]t. 
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Fig. 3. Changes in the observed rate constants (kot~) for 
reactions between PNPC and amines (Cam = 0.0025 tool L -I,  
25 *C) and OH- ion depending on the CPB concentration: !, 
n-cetylamine, pH 9.0; 2, n-decylamine, pH 9.0; 3, n-butyl- 
amine, pH 10.4; 4, n-heptylamine, pH 10.4; 5, alkaline hy- 
drolysis at pH 10.4. 

where Csurf is the surfactant concentration corrected for 
the critical micelle concentration (CMC), k 0 and k m are 
the rate constants in the absence of surfactant and in the 
micellar phase, respectively, and Kbond is the binding 
constant of substrate. 

As can be seen in Table 3, CPB virtually has no 
effect on the reaction between n-butylamine and PNPA 

and on the alkaline hydrolysis of  PNPA. Using Eq. (3) 
and the data in Fig. 1 and Table 3, we found the Kbond 
values for the substrates and the k m and CMC values for 
the reactions between alkylamines and PNPA at differ- 
ent pH (Table 4). 

The data in Table 4 indicate that the Kboad values of 
the substrate are small (150--300 tool - I  L) and decrease 
somewhat as pH of the medium increases. The depen- 
dence k m = f(tx') for n-heptylamine is linear and can be 
described by Eq. (4): 

k. m = 0.1617Q" - 0.0017 n = 7, r = 0.9946, (4) 

where et" is the protion of nonprotonated amine. 
In contrast to PNPA solutions, the alkaline hydroly- 

sis of PNPC in micellar CPB solutions is accelerated by 
about an order of magnitude (Fig. 3, Table 5). The data 
in Table 5 indicate a rather good binding of PNPC by 
CPB micelles (K~n d ~ 1000--2000 mol -I  L). This pro- 
rides the concentration of the substrate molecules and 
nucleophiles in the micellar pseudophase. Reactions of 
PNPC aminolysis in aqueous micellar solutions of cat- 
ionic surfactants are specific: either catalysis or inhibi- 
tion of the process can occur depending on the nucleo- 
phile hydrophobieity. The changes in the observed rate 
constants  for the react ions  be tween  PNPC and 
alkylamines depending on CPB concentrat ion are shown 
in Fig. 3. The Kbona, kra , and C M C  values found using 
Eq. (3) are listed in Table 5. 

The reactions between n-buty lamine  and n-heptyl- 
amine and PNPC in micellar solutions of surfaetants are 
accelerated by factors of 15 to 30. It should be noted 
that the observed rate constants at pH 10.4 are effective 
quantities involving the processes of alkaline hydrolysis 
and aminolysis of PNPC enhanced by CPB micelles. 
We attempted to separate a po~Xion of the aminolysis 
process out from k 2, which made it possible to deter- 
mine the parameters Kbond , kin, and CMC for the reac- 
tion between n-butylamine and P N P C  and to show that 
if the process of alkaline hydrolysis is accelerated by an 
order of magnitude, then aminolysis is accelerated ap- 
proximately by a factor of 65 (see Table 5). 

Reactions of PNPC aminolysis with n-decylamine 
and n-cetylamine (pH 9.0) are inhibited by CPB mi- 

Table 5. The kin, Kbond, and CMC values of reactions between alkylamines and 
PNPC at different pH (Cam -- 0.0025 mol L -I, 25 *C) 

Reagent p H ko/c-  t k n j c -  t K, oo,~la K K M b k m f k  0 

OH- I0.4 0.0005 0.0059 1070 0.0002 10.0 
n- Butylamine 10.4 0.0007 0.0202 910 0.00007 30.0 
n- Butyiamine c 10.4 0.0002 0.0130 1100 0.00005 65.0 
n-Heptylamine 10.4 0.0007 0.0105 690 0.00005 15.0 
n-Decylamine 9.0 0.039 0.0060 1090 0.00005 0.15 
n- Decylamine 9.4 0.07 0.0161 1990 0.00045 0.23 
n-Cetylamine 9.0 0.06 0.0097 750 0.0001 0.16 

a Kt~,,d are given in tool L -i. ~'CMC are given in tool L -I. r Data for the anlinolysis 
pFOCCSS. 
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celles by factors of 4 to 6 (see Table 5). The fact that 
CPB micelles inhibit reactio,ls between PNPC and 
decylamine and cetylamine is in contrast to the increas- 
ing binding of neutral forms of these amines, Le., with 
the increasing portion of reactive forms. It can be as- 
sumed that n-decylamine and n-cetylamine, which are 
prone to mieellization, form mixed micellar aggregates 
with CPB and PNPC, in which the amine and PNPC 
are localized in different regions, which hampers their 
interaction to inhibit the process. In addition, inhibition 
of the reactions may indicate that they occur inside a 
low-polarity micelle, where the polar transition state of 
SN2-process is destabilized. 

Thus, marked substrate specificity as well as the 
effect of the amine radical hydrophobicity on the ami- 
nolysis process, which can be either accelerated or slowed, 
are observed in miceilar solutions of cationic suffactants 
in reactions between primary aliphatic amines and 
n-nitrophenyl carboxylates. It was shown that this pro- 
cess occurs by a complex mechanism of micellar cataly- 
sis involving a shift of the acid-base equilibrium of a 
nucleophile, in addition, functionalization of micelles 
occurs in the case of higher amines capable of 
micellization (such as n-octylamine, n-decylamine, and 
n-cetylamine), which makes at~ additional contribution 
to the catalytic properties of these systems. The quanti- 
tative parameters characterizing the structure and prop- 
erties of micellar aggregates were determined on the 
basis of kinetic experiments performed and studies of 
the acid-base equilibria in CPB solutions. 
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