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ABSTRACT

The micellization of cetyldimethylethylammonium bromide (CDEAB) in water was
studied by means of surface tensiometry. The critical micellar concentration (CMC) was
determined at 25°, 32° and 40 °C and thermodynamic properties such as the free energy of
micellization (AG®,), enthalpy (AH° i) and entropy (AS° i) of micellization were measured.
The CMC ar 25 °C was 9.05 x 107 M and the corresponding values of the thermodynamic
parameters were: AG’ e = -4.15 kcal/mol; AH? e = -1.37 keal/mol and AS e = + 9.33 e
Micelles of the surfactant CDEAB were good catalysts for the alkaline hydrolysis
of  p-nitrophenyl diphenyl phosphate (NPDPP) with a maximum catalytic factor of
approximately 80, comparable to that of CTAB. Typical activation parameters measured
for 0.005 M NaOH were: E, = 9.0 kcal/mol; AH” = 8.4 kcal/mol; AG®” = 19.2 kcal/mol and
45°7 = -36.3 e.u. The kinetic results were also analyzed in terms of the pseudo-phase ion
exchange models (PPIE) and showed that the model is applicable and gave reasonable fits.

KEYWORDS: cetydimethylethylammonium bromide; micellization; micellar catalysis;
phosphate esters

RESUMO:

A micelizagdo do brometo de cetildimetiletilaménio (CDEAB) em dgua foi estudada por
métodos de tensiometria superficial. A concentragdo micelar critica (CMC) foi determinada a
25% 32° e 40 °C e propriedades termodindmicas tais como a energia livie (4G°mc) de
micelizagdo, entalpia (AH i) € entropia (AS ) de micelizagdo foram medidas. A CMC a 25
°C foi 9,05 x 107 M e os valores correspondentes para os pardmetros termodindmicos foram os
seguintes: AG’pie = -4,15 keal/mol; AH® pic = ~1,37 keal/mol e AS® i = +9,33 e.u. Micelas do
surfactante CDEAB foram bons catalisadores para a hidrélise alcalina do p-nitrofenil difenil
Josfato, com um fator catalitico mdximo de aproximadamente 80, compardvel ao do CTAB.
Pardmetros de ativagdo representativos medidos experimentalmente para 0,005 M NaOH
Joram: E,; = 9,0 kcal/mol; AH = 8,4 kcal/mol: AG®" = 19,2 kcal/mol and AS°™ = -36,3 e.n. Os
resultados cinéticos também foram analisados em termos do modelo de pseudo-fase de troca
idnica (PPIE) e mostraram que o modelo é aplicavel e satisfatorio.
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INTRODUCTION

The present paper deals with the study of the micellization process of surfactant
cetyldimethylethylammonium bromide or hexadecyldimethylethylammonium  bromide
[CDEAB, CH;CH;N'(CH3),CH2(CH2)14CH; Brijand its use as a catalyst for the alkaline
hydrolysis of p-nitrophenyl diphenyl phosphate.

In the past, as a part of our systematic investigation of the process of micellization we
have studied many surfactants in water, non-aqueous solvents and water solutions containing
various co-solvents or additives by means of a variety of experimental techniques including
surface tensiometry, nuclear magnetic resonance (NMR) and quasi-elastic light scattering
(QELS)'.  The surfactant CDEAB was chosen because of its similarity to
cetyltrimethylammonium bromide (CTAB).

Phosphate esters are compounds with interesting biological and physiological properties
and are widely used as pesticides, drugs and nerve gases. Their accumulation and their effect in
the environment are of paramount importance'*'®

In studies reported in the literature we have shown that the hydrolysis of di- and tri-
substituted phosphate esters is catalyzed by micelles of cetyltrimethylammonium bromide
[CisH33N(CHsz)s Br], N,N-dimethyl-N-hydroxyethyldodecylammonium bromide [DHEDAB,
n-C12HzsN(CH;3),CH,CH,OH Br] and N,N-dimethyl-N-hydroxyethylcetylammonium bromide
[CHEDAB, n-CisH33N'(CHs),CH,CH,OH Br1". The last two, CHEDAB and DHEAB are
among the first examples of surfactants that form functional micelles.

Micellar aggregates of DHEDAB and CHEDAB are excellent catalysts for the
hydrolysis of both lithium p-nitrophenyl ethyl phosphate (LiIPNEP) and p-nitrophenyl diphenyl
phosphate (NPDPP) in the presence of hydroxide ions, with over a 300-fold rate enhancement
for the hydrolysis of the triaryl phosphate in the presence of CHEDAB. The dependence of the
reaction rate on hydroxide ion concentration and the catalytic effect have been explained in
terms of nucleophilic participation of the alkoxide ion of DHEDAB and CHEDAB, with pK. of
12.4 and 12.9, respectively for the ionization of the hydroxyl groups'’. For reactions with
fluoride ion, the hydroxy-substituted surfactants are no better catalysts than the corresponding
alkyltrimethylammonium bromides, suggesting that electrophilic catalysis is relatively
unimportant. Cetylpyridinium bromide [CPBr, CsHsN'CiHsz Br] is similar to CTAB at low
hydroxide concentration and has a slightly more pronounced effect with fluoride ion.
Zwitterionic surfactants such as lauryl carnitine chioride (LCCI) and palmityl carnitine chloride
(PCCI) have little effect on the rate of hydrolysis of LIPNEP'®*|

The addition of primary amines enhanced the rate of reaction in the presence of CTAB
and CHEDAB for the triaryl phosphate, but much of the increase was due to attack by amine on
the aryl group. In the absence of micelles, amines increased the overall rate of the reaction by
attacking the aryl group without markedly catalyzing hydrolysis™.

The micellar catalyzed oxidative cleavage of a carbon-carbon bond in Dicofol™? and
the micellar catalyzed dehydrochlorination of 1,1,1-trichloro-2,2-bis(p-chloro fhenyl)ethane
(DDT) and some of its derivatives have also been subject of our investigations In recent
studies we have reported results obtained for the hydrolysis of p-nitrophenyl diphenyl phosphate
in aqueous solutions in the presence of micelles of diethyl heptadecyl imidazolinium ethyl
sulfate (DEHIES) and CTAB, sodium hydroxide and dimethylsulfoxide (DMSO) and analyzed
the effect of internal pressure of the medium, dielectric constant, donor number and polarity of
the solvent and the effect of DMSO on micellization®*?®.
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The present paper deals with the study of the hydrolysis of p-nitrophenyl diphenyl
phosphate (NPDPP) in the presence of micelles of cetyldimethylethylammonium bromide
(CDEAB) in aqueous solutions containing NaOH, as illustrated by the following scheme:

A ° o)
/ NaOH C> 0\ Vs
— e e () O
ON O =R CDEAB N * O/P\O_

0 o

EXPERIMENTAL PROCEDURE

Materials. The p-nitrophenyl diphenyl phosphate (NPDPP) was prepared using standard
methods®®. A sample was also obtained from Prof. Fred Menger, Emory University, Atlanta,
Georgia, USA. The surfactant cetyldimethylethylammonium bromide (CDEAB) was purchased
from Chem. Service, West Chester, Pa., USA. The sodium hydroxide was analytical reagent
grade and was purchased from Merck Co.

Surface Tension Measurements. All solutions were prepared volumetrically with
deionized double distilled water and contained a series of at least fifteen different concentrations
of CDEAB. The surface tension of the CDEAB-H,O solutions was measured at 25°, 32° and 40
°C by means of a Fisher Model 21, Semi-Automatic Tensiometer. Ten milliliters aliquots of the
solutions were placed in a Petri dish with a diameter of 6 cm. The temperature of the solutions
was brought to the chosen temperature using a water bath and the Petri dish was kept at the
desired temperature by placing it in a container through which water was circulated from the
constant temperature bath. The tensiometer was set a constant height. The final surface tension
of any solution was the average of at least three independent measurements.

The critical micellar concentrations (CMC's) were determined from plots of the surface
tension of the solutions versus the concentration or log concentration of CDEAB. The marked
change in the plots was taken as an indication of micelle formation and the inflection point was
considered to correspond to the CMC.

The thermodynamic parameters AG’mic, AH’mic and AS°mic were determined using
standard equations’'? derived on the basis of the assumption that the process of micellization
involves the formation of a distinct micellar phase at the CMC and that the concentration of
monomers in solution is constant, once micelles are formed. The experimental accuracy in the
values determined for AG®nic is about + 100 cal/mole. On the other hand, AH mic and AS®n;c are

more approximate since they were calculated on the basis of measurements at three temperatures
only.

Kinetic Measurements. The hydrolysis of p-nitrophenyl diphenyl phosphate was
studied spectrophotometrically by measuring the rate of appearance of the p-nitrophenoxide
anion at 4030 ‘A with a Varian DMS-80 spectrophotometer equipped with a temperature
controlled cell compartment. The reaction was studied at 15°, 25° and 35°C at various
concentrations of NaOH and CDEAB. The pseudo-first order rate constant (ky), in s, was
determined from linear plots of logarithm of absorbance versus time and the second order rate
constants (kam) in the micellar phase and (k°) in the aqueous phase, in s"M”, were calculated

3



SOUTH. BRAZ. J. CHEM,, Vol. 7, N° 8, 1999

108 Aggregation and Catalytic Properties of CDEAB

from ky, and the hydroxide ion concentration. Activation parameters such as the activation
energy (E.), the activation entalphy (AH™) and the activation entropy (AS™) were determined

from experimental k, values measured at three different temperatures using the following
equations.

Inky = In A - (EJR) (V/T) (1)
AH*” = E, - RT 2)
AS® = 4,576 (log ky - 10.753 - log T + E,/4.576T) (3)
AG* = AH™ + AS™ (4)

where, R corresponds to the gas constant and T to the absolute temperature.

RESULTS AND DISCUSSION

Some typical experimental results obtained for the surface tension of CDEAB in water
solutions at 25° and 32°C are illustrated in Figure 1.
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Figure 1. Plot of Surface Tension versus Concentration of Cetyldimethylethylammonium
Bromide (CDEAB) in water at 25° and 32°C.

All plots of surface tension versus the concentration of CDEAB exhibited initial marked
drops and subsequent leveled off. The inflection point in the given curve was taken as the CMC.
At times, plots of surface tension versus the logarithm of the concentration of surfactant gave a
better determination for the CMC. Such results are shown in Figure 2 for the same temperatures.
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Figure 2. Plot of Surface Tension versus Logarithm of the Concentration (M x 107) of
Cetyldimethylethylammonium Bromide (CDEAB) in water at 25° and 32°C.

The experimental values determined for the critical micellar concentration (CMC) are
summarized in Table I and compared to cetyltrimethylammonium bromide (CTAB). Table 11
illustrates the experimental values obtained for the thermodynamic functions, i.e., the standard
free energy of micellization, AG’yi., the enthalpy, AH’n., and the standard entropy of
micellization AS°me at 25°C, again compared to CTAB™'*'4 As expected, the difference
between the experimental values obtained for the CMC and the thermodynamic properties is
very small; the difference in the structure of the two surfactants being only the substitution of
one of the head CH3- groups by an ethyl group.

Table Y. Critical Micellar Concentration (CMC) of Cetyldimethyethyllammonium Bromide
(CDEAB) in Aqueous Solutions Compared to CTAB™ _

Surfactant Temperature (°C)
25 32 40
CDEAB 9.05x 10*M 930x 10" M 10.0x 10*M
CTAB 920 x 10*M - 10.0x 10°*M
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Table II. Some Thermodynamic Properties for the Formation of Micelles of
Cetyldimethylethylammonium Bromide (CDEAB) in Water at 25 °C Compared to

CTAB"
Free Energy of Enthalpy of Entropy of
Surfactant Micellization at 25 °C Micellization Micellization at 25 °C
AG’nic (kcal/mole) AH’i (keal/mole) AS’nic (e.1.)
CDEAB -4.15 -1.37 +9,33
CTAB -4.14 -1.03 +10.43

Typical profiles for the pseudo-first order rate constant, ky, as a function of the
concentration of CDEAB for the hydrolysis of p-nitrophenyl diphenyl phosphate (NPDPP) at

25°C in aqueous solutions containing various concentrations of NaOH, ranging from 0.001 M to
0.010M are shown in Figure 3.
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Figure 3. Rate Profiles for the Hydrolysis of p-NitrOphenyi Diphenyl Phosphate in Aqueous
Solutions of NaOH and Various Concentrations of CDEAB at 25°C.

The experimental rate profiles obtained are characteristic of micellar catalyzed reaction
in aqueous solutions with a maximum at 2.0 x 10° M CDEAB, similar to that measured for
CTAB. The addition of CDEAB to the reaction medium causes an increase in the rate of
hydrolysis up to a point (the maximum in rate) where there is total incorporation of the substrate

6
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in the micellar phase. Subsequent addition of the surfactant causes a decrease in the reaction
rate, probably due to the dilution of the reactive counter-ions in the Stern layer of a higher
number of micelles.

Typical activation parameters measured for the reaction with CDEAB are shown in
Table IIl. As can be seen from the analysis of the results the activation parameters for the two
surfactants are very similar and comparable to others measured for micellar catalyzed reactions.
The addition of the surfactant in the form of micelles causes a decrease of approximately 5
kcal/mol in the activation energy.

Table III. Activation Parameters for the Hydrolysis of p-Nitrophenyl Diphenyl Phosphate in
Aqueous Solutions of 0.005 M NaOH in the Presence of CDEAB and
CTAB*® at 25 °C.

Concentration E. AH™ AG™ AS™

Surfactant (M x 10% (kcal/mole)  (kcal/mole)  (kcal/mole) (e.n.)

- - +152 +14.6 +21.3 222

CDEAB 18 + 9.0 + 8.4 +19.2 -36.3

CTAB 15 +11.4 +10.8 +18.7 26.6

CTAB 20 +10.5 + 9.9 +18.8 .29.9
3138

Most of the models proposed for micellar catalysis™ ~° consider the partition coefficient
for the substrate between the micellar and aqueous phase and the distribution of the reagents
between the two phases. The hydrolysis of NPDPP with hydroxide ion in the presence of
CDEAB may be considered a bimolecular reaction of OH" ion and the substrate. Since the
concentration of OH in the micellar phase is dependent on the concentration of both bromide
ions and surfactant, a quantitative treatment of the reaction rate must consider ion exchange on
or near the micellar surface. For the reaction under consideration, the model proposed by Quina
and Chaimovich®® reduces to Equation 5, that gives the theoretical dependence of the pseudo-
first order constant, &, as a function of the total hydroxide ion concentration

v Lo/ V) KsKopp: [(Br)/(Br)] + 5% (OH)r )
M (1+ K¢Cp) [1+ Kowe: (B (Br),]

where, Cp is the concentration of micellized surfactant, V is the molar volume of the reactive
region at the micelar surface, 4, is the pseudo-first order rate constant, % is the second order
rate constant in the micellar phase, £ is the second order constant in the aqueous phase, Kown:
is the ion exchange constant, K; is the binding constant for the substrate, (Br)m is the
concentration of Br” in micellar phase, (Br),, is the concentration of Br” in aqueous phase, (OH)r
is the total concentration of hydroxide ions and V is the molar volume of surfactant. ‘

With substrates such as p-nitropheny! diphenyl phosphate that are very insoluble in
water and are solubilized by CDEAB the expression for kycan be reduced to a simpler form

given by Equation (6):
Kom Kot [(BDw/(B)w]
=—=—- (OH
b= TV O T Ko @O (B0 ®
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The concentration of Br in the micellar and aqueous phases can be obtained using the
following equations®>*%:

A; =Cp + CMC + Kown: (OH)t + (1 - o) Cp Komer )]
 (A)+ (A +4 (1 - Kowsr) (OH)r Ko (1 =) C 1%
(OFn = 2 (- Kown:) ®
Bom=(1-0) Cp - (OH)m )
(Br)y = & Cp + CMC + (OH),, (10)

where CMC is the critical micellar concentration, ¢ is the degree of ionization of the micelle
and {OH),, is the concentration of OH in the micellar phase. .

We have calculated the theoretical values of &, for the reaction discussed above using V
= 0.37 Vmol; Kowms: = 0.08; o = 0.20 and various concentrations of CDEAB and NaOH. The

results obtained for the calculated values of ky, using different values for kan compared to the
experimental data are illustrated in Figure 4.
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Figure 4. Experimental and Theoretical ky Values for the Hydrolysis of p-Nitrophenyl Diphenyl
Phosphate in Aqueous Solutions of NaOH and Various Concentrations of CDEAB at
25°C. '

The best fits between the experimental and theoretical k,, values are obtained using a
variable kam, between 0.028 M’s? and 0.145 M's? indicating that the pseudo-phase ion
exchange model (PPIEM) gives a reasonable agreement for this micellar catalyzed reaction.



SOUTH. BRAZ, J. CHEM., Vol. 7, N° 8, 1999

L. G. Ionescu, S. Dani € E. F. De Souza 113

ACKNOWLEDGMENTS

_ Support received from CNPq - National Research Council of Brazil, FINEP and
Sarmisegetusa Research Group, Las Cruces and Santa Fe, New Mexico, USA is gratefully
acknowledged.. EFS also acknowledges the financial support from FAPESP, Sio Paulo, Brazil.

REFERENCES

1. L. G. Ionescu and J. K. Tsang, Rev. Roum. Biochim., 15,211 (1978).

2. L. G. Ionescu, T. Tokuhiro, B. J. Czerniawski and E. S. Smith, in "Solution Chemistry of

Surfactants", K. L. Mittal, Ed., Plenum Press, New York, Vol. 1, p. 487 (1979).

3. T. Tokuhiro and L. G. Ionescu in "Solution Chemistry of Surfactants", K. L. Mittal, Ed.,

Plenum Press, New York, Vol. 1, p. 507 (1979).

4. L. G. Yonescu, T. Tokuhiro and B. J. Czemiawski , Bull. Chem. Soc. Jpn., 52, 922 (1979).

5. T. Tokuhiro, D. S. Fung and L. G. Tonescu,. J. Chem. Soc. Faraday Trans. I, 75, 975 (1979).

6. L. G. Ionescu and B. J. Czerniawski, Rev. Roum. Biochim., 18, 103 (1981).

7. L. G. Ionescu, and V. T. De Féavere in "Solution Behavior of Surfactants: Theoretical and

Applied Aspects", K. L. Mittal and E. J. Fendler, Eds., Plenum Press, New York, Vol. 1, p. 407,

1982.

8. L. G. Ionescu, Arch. Biol. Med. Exp., 12(2), 272 (1979).

9. L. G. Ionescu and D. S. Fung, Bull. Chem. Soc. Jpn., 54,2503 (1981).

10. L. G. Ionescu, and D. S. Fung, J. Chem. Soc. Faraday Trans. 1, 77, 2907 (1981).

11. L. G. Ionescu, L. S. Romanesco and F. Nome in "Surfactants in Solution", K. L. Mittal and

B. Lindman, Eds., Plenum Press, New York, Vol. 2, p. 789, 1984.

12. L. G. Ionescu and P. E. De Brito Moreira, Afual. Fis. Quim. Org., 2, 79 (1984).

13. L. G. Ionescu, Quimica Nova, 8(3), 191 (1985).

14. L. G. Jonescu, S. M. H. Probst, E. F. de Souza, South. Braz. J. Chem., 6(7), 67-76 (1998).

15. F. A. Gunther, J. D. Gunther, Chemistry of Pesticides, Sringer Verlag, New York, 1971.

16. C. Salazar, G. M. Souza, C. P. D. Siiva, Manual de Inseticidas e Acaricidas - Aspectos
Toxicologicos, UFPel, Pelotas, Brazil, 1976.

17. C. A. Bunton, L. G. lonescu, J. Am. Chem. Soc., 95, 2912 (1973).

18. L. G. Ionescu, D. A. Martinez, J. Colo. Wyo. Acad. Sci., 7, 13 (1974).

19. L. G. Ionescu, Bull. N. Mex. Acad. Sci., 14, 65 (1973).

20. C. A. Bunton, S. Diaz, J M. Hellyer, L. Thara, L. G. Ionescu, J. Org. Chem., 40,2313 (1975).

21. F. Nome, E. W. Schwingel, L. G. Ionescu, J. Org. Chem., 45, 705 (1980).

22. F. Nome, A. Rubira, L. G. Ionescu, J. Phys. Chem., 86, 1181 (1982).

23. L. G. Tonescu, F. Nome, In Surfactants in Solution; K. L. Mittal, B. Lindman, Eds.; Plenum
Press: New York, Vol. 2, p. 1107, 1984.

24, L. G. Ionescu, E. F. Souza, South. Braz. J. Chem., 1, 75 (1993).

25. L. G. Ionescu, E. F. Souza, In Surfactants in Solution; A. K. Chattopadhyay, K. L. Mittal,
Eds.; Marcel Dekker: New York, Vol. 64, p. 123, 1996.

26. L. G. Jonescu, E. F. Souza, South. Braz. J. Chem., 3, 63 (1995). 7

27. L. G. Jonescu, D. A. R. Rubio, E. F. Souza, South. Braz. J. Chem., 4, 59 (1996).

28. E. F. Souza, L. G. lonescu, Coll. and Surfaces A, 149, 609 (1999).

29. A. M. Ross, I. Toet, Tev. Trav. Chim., 77, 1946 (1958).

30. A. S. Kirby, J. Jounas, J. Chem. Soc. B, 1165 (1970).

31. N. Muller in "Reaction Kynetics in Micelles", E. H. Cordes, Ed., Plenum Press, New York,
p.1-23, 1973.

32. D. G. Hall, Trans. Faraday Soc., 66, 1351, 1359 (1970).

9



SOUTH. BRAZ, J. CHEM,, Vol. 7, N° 8, 1999

Aggregation and Catalytic Properties of CDEAB
114

33. S. Dani, Master's Thesis, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS,
Brazsil, 1991, 169 pp.

34. J. H. Fendler, E. J. Fendler, Catalysis in Micellar and Macromolecular Systems, Academic
Press: New York, 1975.

35. 1. V. Berezin, K. Martinek, A. K. Yatsimirskii, Russ. Chem. Rev., 42, 787 (1973).

36. K. Martinek, A. K. Yatsimirskii, A. V. Levasov, I V. Berezin, In Solubilization and
Microemulsions; K. L. Mittal, Plenum Press: New York, Vol. 2, p. 489, 1977.

37. L. S. Romsted, In Solubilization and Microemulsions;, K. L. Mittal, Ed., Plenum Press: New
York, Vol. 2, p. 509, 1977.

38. F. Quina, H. Chaimovich, . Phys. Chem., 83, 1844 (1979).

39. N. Funasaki, J. Phys. Chem., 83, 1998 (1979).

40. C. Otero, E. Rodenas, Can. J. Chem., 63, 2892 (1984),

10
The SOUTHERN BRAZILIAN JOURNAL OF CHEMISTRY (ISSN: 2674-6891; 0104-5431) is an open-access journal since 1993. Journal DOI: 10.48141/SBJCHEM.
http://www.sbjchem.com.
This text was introduced in this file in 2021 for compliance reasons.
© The Author(s)
OPEN ACCESS. This article is licensed under a Creative Commons Attribution 4.0 (CC BY 4.0) International License , which permits use, sharing , adaptation , distribution , and
reproduction in any medium or format , as long as you give appropriate credit to the original author (s) and the source , provide a link to the Creative Commons license , and indicate
if changes were made. The images or other third-party material in this article are included in the article’s Creative Commons license unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/ licenses/by/4.0/.



	11



