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The catalytic effect in the title system was found to depend on the nature of surfactants and substrates and on the surfactant-to-
poly(ethylenimine) ratio.

Previouslyl-3the influence of direct and reverse micelles, micro- }
emulsions and liquid crystals on the rate of nucleophilic substi- 12
tution reactions of phosphorus acid esters has been investigated.
Surfactant solutions considered as biomimetic structures acting
via a host—guest mechani$rare of considerable interest. The
macromolecular nature of proteins attracted particular interestin 40
the catalytic systems based on synthetic polymefhe reac-
tivity in micelles was widely studied, whereas the effects of
polyelectrolytes and mixed surfactant—polymer systems on the
reaction rate were scarcely examined.

We examined the hydrolysis d@-alkyl O-p-nitrophenyl
chloromethylphosphonatdsand2 (Scheme 1) in aqueous solu-
tions of poly(ethylenimine) (PEI), micellar solutions of cetyl-
trimethylammonium bromide (CTAB) and cetyldimethylethyl-
ammonium bromide (CDAB) and mixed surfactant—polymer
solutions. At present, the behaviour of mixed surfactant—poly-
mer solutions attracts a wide attentfohNevertheless, little is 16
known on the interactions in such complex solutions, which
become more complicated when reagents are added. Because
conductometry is widely used for studying surfactant—polymer
interactions) we examined the structural behaviour of the sys-
tems used as the reaction medium by conductivity measurements.
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Scheme 1 is the binding constant of the substr&dmol dm) is the PEI

concentration below the critical aggregation concentration (c.a.c.).

Substratel was prepared as described in ref. 10. Commercial The kinetic data for the systems based on surfactants were
CTAB and CDAB (Sigma), and branched PEI (molecular weightreated in terms of the pseudo-phase model using the eqtfation:
of 30000, Aldrich) were used. Solutions were made in double- Kotk KKe GV
distilled water. The reaction was monitored by the absorption of = ki = 2% _2m s = )
p-nitrophenolate at 400 nm using a Specord M-400 spectro- (1 +KL)A +KnC)
photometer with temperature-controlled cell holders. The subwhere ki, (dm® molls) is the second-order rate constant
strate concentration (5x3¥mol dm-3) was much lower than the obtained by dividing the observed pseudo-first-order rate con-
nucleophile concentration. The observed rate constapswere  stantk,,s by the total nucleophile concentratidg,, andk;
determined from the equation: IA,(—A) = k.4 + const, where  (dm3 mol-1s?1) are the second-order rate constants in the aque-
A andA,, are the absorbance of micellar solutions at the point ous and micellar phases, respectivédy;andKy,, (dm? mot?2)
in time and after completion of the reaction, respectively. Thare the substrate and nucleophile binding constants, respectively;
kobs Values were calculated using the weighted least-squares covi-is the molar volume of the surfactant (assumed equal to
puting methods from the mean of at least three independeft3 dn® mol2); C is the surfactant concentration below the
determinations differing by 5%. The electrical conductivity wascritical micelle concentration (c.m.c.).

measured using a CDM-2d conductivity meter (Denmark). For comparison, prior to study the kinetics in the mixed sur-
The kinetic data for PEI solutions were treated using the folfactant—PEI systems, the hydrolysis of the substrates in indivi-
lowing equatiori! dual surfactant and PEI solutions, as well as in water with no
k, + k K.C catalytic additives, was examined. In unbuffered water, PEI solu-
Kobs = 1+7KCS (1) tions are basic (pH > 9 at concentrations used in the experiment).
S

Under these conditions, basic hydrolysis of the substrates occurs.
wherek, andk,, (s are the pseudo-first-order rate constantsAn increase in the alkyl chain length of the substrates results in
in the aqueous and micellar phase, respectit&lydm? mol-1) a decrease in their reactivity due to an increase in steric hin-
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Table 1 Kinetic data treated in terms of the pseudo-phase model.

System Kobs/ M) max K¢/dm3 mol-t Kyu/dms mol-t ky n/dmB mok-1s1 Fa Fa
1-CTAB 290 233 20 26.9 40 6.7
1-CDAB 283 277 25 23.4 49 5.8
2-CTAB 740 1310 197 5.3 341 1.7
1-CTAB + 0.01 mol dm? PEI 125 422 100 0.0025 149 0.08
1-CTAB + 0.015 mol dn® PEI 14.2 1670 95 0.0018 207 0.07
1-CTAB + 0.02 mol dm? PEI 21 1922 251 0.0011 451 0.05
2—-CTAB + 0.02 mol dm? PEI 115 3070 270 0.00037 535 0.01
1-CDAB + 0.02 mol dm? PEI 24.7 1040 460 0.00057 554 0.03
2—-CDAB + 0.02 mol dm? PEI 36.5 2290 535 0.00078 811 0.03

aTheF. andF,, values were calculated using the modified equation (2):

k KK
(Kb Ko™ 120 s .
P g VIKTZ + K2

The term on the left expressed as the ratio between the pseudo-first-order rate constants in the micellar system antbestaedeagimum acceleration
of the reaction. The first term on the right is associated with the influence of the micellar microenviréihemd the second term reflects concentrating
the reagents in micelleBy).

drances at the electrophilic phosphorus dfofi, ,, are equal  stant of 81) to a lower polarity micellar phase (dielectric con-
to 4.0 and 3.0 dédmol-1s-1for 1 and2, respectively). stant ranges from 4 in the micellar core to 36 in the Stern
In micellar CTAB and CDAB solutions at pH 9.2 (a boratelayer)1516 The latter factor quantitatively expresses an increase
buffer), basic hydrolysis also takes pl@dé which is acceler- in local concentrations of reagents in the micellar pseudo-phase
ated by cationic micelles by more than two orders of magnituddue to electrostatic attraction of hydroxide ions to positively
(Figure 1, Table 1). This acceleration in cationic micelles resultsharged micelles where hydrophobic substrates are incorporated.
from the joint contribution of the microenvironment factey,X The kinetic data treated in terms of the pseudo-phase model
and the concentration factdfj (Table 1). The former factor [equation (2)] demonstrate that both the concentration factor and
guantitatively expresses a change in the intrinsic rate constatite micellar microenvironment factor make positive contributions
of the reaction in the micellar pseudophase, as compared to the micellar rate effect (Table 1). A minor effect of the
water, due to alteration in the microenvironments of reagentsurfactant structure on the reactivity and a pronounced substrate
with their transfer from a polar aqueous phase (dielectric corspecificity were found in these systems (Figure 1, Table 1). The
r catalytic effect for substratis twofold higher than that fdt,
and thek,,sCq actansCUrVE has a maximum in the case2of
The difference between the kinetics Ioand 2 results from a
higher hydrophobicity of the latter. Taking into account the
amphiphilic nature of substra we examined the behaviour

300

200 of 2 in solution by conductivity and surface tension measure-
2 ments; however, no micelle-like aggregates were found. Never-
= theless, it is reasonably to assume that highly hydrophobic

100

phosphonat@ can be involved in the mixed premicellar aggre-

gation with surfactants. This appears from the fact that the

catalytic effect is reached at a lower surfactant concentration for
' 2 as compared ta (Figure 1),i.e, a decrease in the c.m.c. is
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observed.
Courtacianf 10" mol dirs Previoushyt” we found the general basic catalysis of phos-
(b) phates in the presence of PEI. In aqueous solutions, PEI is

partly protonated depending on pH. The cationic centres formed
result in a decrease in the amine basicity due to induction
effects and electrostatic interactions. The hydrolysis is catalysed
by uncharged amino groups activating the water molecules.
In addition, the cationic centres, because of their electrostatic
interactions with hydroxide ions, can increase the contribution
of alkaline hydrolysis to the observed rate constant.

0 ) | ) | ) | ) | ) The observed rate constant of hydrolysis in aqueous PEI
0 0.05 0.10 0.15 0.20 solutions for substraté is higher than that fo2 (Figure 1,
Cpg/mol dm3 insert), while in cationic micelles an increase in the reactivity
40 with the substrate hydrophobicity was obser&&dJnlike short-

© chain homologues, which demonstrate a linggsC, i rela-

tionship19the dependence of the observed rate consta@tgn
is non-linear, which is typical of enzymatic and micellar cataly-
sis. The non-lineak,,~Cpg, plot can be considered as a kinetic

3 20 argument in favour of the hypothesis that the aggregation of
= PEI occurs {this is also confirmed by the conductivity data
m CTAB +0.02 mol dm3 PEI for the PEI solutions [Figure B)}. The c.a.c. detected as a
10 A CTAB +0.005 mol dm? PEI point of inflection in the conductivityeyg, plot is equal to
X CDAB + 0.02 mol dm3 PEI 0.01 mol dms3. Kinetic data for the hydrolysis in the presence
0 3 A0 6B 00— To0Tao of PEI (Figure 1), demonstrate an acceleration of the reaction,

c 10° mol drm3 as compared to water, for theor 2 by a factor of 5-36 or
suractant L0 MOl A 5-20, respectively, depending on the PEI concentration. The fol-

Figure 2 (a) Conductivity of the surfactant-water system as a function o lowing data were obtained using equation K])= 1.07x103s,

surfactant concentrationb)( Conductivity of the PEI-water system as a K\ =50 dnf mol-1 and c.a.c. = 1.05xt®mol dm3 (for 1);

function of PEI concentrationc) Conductivity of the surfactant-PEI-water k,, = 6.33x164s, K =48 dn¥ mot, c.a.c. = 9x1€ mol dm3
system as a function of surfactant concentration. s
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as c.a.c., marks a concentration at which small micelle-like
aggregates of the surfactant bound to the polymer begin to
form. The second break point above the c.a.c. is taken to be
the polymer saturation point (p.s.p.), where the saturation of the
polymer with the surfactant occurs. Apparently, a sharp increase
in the reactivity in the mixed system at 0.02 motéineflects a
change in the structural behaviour of the mixed systems in the
presence of 0.02 mol dPEI.

As can be seen in Figure 3, the nature of the substrate and the
structure of the surfactant head group influence the reaction
rate. The reactivity of in the mixed CDAB—PEI-water system
is twice as low as that in the CTAB—PEIl-water system, while
ks fOr 2 is higher by a factor of three in the CDAB-based
system. Table 1 suggests that concentrating the reagents is mainly
responsible for the catalysis in the surfactant—-PEI-water system
(F. ranged within the limits 150-800 depending on the PEI
concentration), whereas a microenvironment exerts a negative
effect resulting in a reduction of the reaction rate in comparison
with water by a factor of 12-100 depending on the PEI con-
centration. As a result, a maximum 40-fold acceleration of the
reaction is observed. When the CTAB-to-PEI ratio is increased,
compensatory changes in the binding constants of the reagents
and in thek, ., values occur. For more hydrophobic substgate
higher K, values were obtained in the case of both of the
surfactants; this fact, as well as a higkef, value for2 as
compared to that fod in the CDAB—PEI-water system, is
responsible for the higher reactivity afin the CDAB-based
system. The opposite is true in the CTAB—PEIl-water system
because of highds, ., in the case of as compared t2.

Thus, the catalysis in mixed polymer—micellar systems is
mainly determined by the concentrating factor, while a micro-
environment makes a negative contribution to the micellar rate
effect. The reactivity depends on the nature of surfactants and
substrates and on the surfactant-to-polymer ratio.

References

1 L.Ya.Zakharova, F. G. Valeeva, L. A. Kudryavtseva and E. P. Zhil'tsova,
Mendeleev Commun1999, 125.

2 E.P.Tishkova and L. A. Kudryavtsevizv. Akad. Nauk, Ser. Khim
1996, 298 Russ. Chem. Bujl1996 .45, 284).

3 L. Ya.Zakharova, R. A. Shagidullina, F. G. Valeeva and L. A. Kudryavtseva,
Mendeleev Commun1999, 201.

4 J. H. FendlerChem. Rey 198787, 877.

5 I. V. Beresin and K. MartinekDsnovy fizicheskoi khimii fermentativ-
nogo kataliza(Fundamentals of the Physical Chemistry of Enzyme
Catalysig, Vysshaya shkola, Moscow, 1977 (in Russian).

6 A. Arcelli and C. ConcilioJ. Org. Chem 1996,61, 1682.

7 M. Bloor, J.F. Holzwarth and E.Wyn-Jonesangmuir 2000, 16,
3093.

8 L.Bromberg, M. Temchenko and R. H. Coldyangmuir 2000, 16,
2609.

0 2 4 6 8 10
Ccpag/10® mol dm3 9

Figure 3 (a) Observed rate constants of hydrolysid ahd2 in the CTAB—
PEl-water system as a function of CTAB concentrationThe observe 11
rate constant of hydrolysis ofl)( 1 and @) 2 in the CDAB-PEI-water 12
system as a function of CDAB concentration at 0.02 moPdhPEI.

(for 2). The low values oK are probably due to a low degree 13
of PEI aggregation.

The kinetic data forl and 2 in the mixed surfactant-PEl 14
solutions are shown in Figure 3. The surfactant-to-PEI ratio
considerably influences the reactivity of the substrates. At a PEI
concentration of 0.02 mol di¥) a substantial increase in the 1°
observed rate constant bfoccurs. As can be seen in Figure 2,
aggregation occurs in the individual surfactant and PEI solu;
tions, which can be identified as break points in the conducr;
tivity—Cg,rtactantOF Cpg; PlOtS. There is one break point only in
the individual surfactant and PEI solutions, which is treated as
the c.m.c. for CTAB and CDAB direct micelles and as c.a.c. fons
the PEI solutions. AE, < 0.02 mol dm3, an identical behaviour
is observed in the mixed surfactant—PE| system, only one 19

S. M. Bystryak and M. A. WinikLangmuir 1999,15, 3748.

D.F. Toy and K. H. RattenburyJS Patent 2922810, 1960 Ghem.
Abstr, 1960,54, 9848).

F. M. Menger and C. E. Portna), Am. Chem. Sgcl967,89, 4698.

K. Martinek, A. K. Yatsimirsky, A. V. Levashov and I. V. Beresin, in
Micellization, Solubilization, and Microemulsigned. K. L. Mittal,
Plenum Press, New York, 1977, p. 489.

N. A. Loshadkin, inToxic Phosphorus Estersed. R.D. O’'Brien,
Academic Press, New York, 1960.

L. Ya. Zakharova, S. B. Fedorov, L. A. Kudryavtseva, V. E. Bel'skii and
B. E. Ivanov, Izv. Akad. Nauk, Ser. Khim1993, 2161 Russ. Chem.
Bull., 199342, 1329).

P. Mukerjee, J. R. Cardinal and N. R. DesaiMiigellization, Solubili-
zation, and Microemulsiongd. K. L. Mittal, Plenum Press, New York,
1977, vol. 1, p. 241.

16 A.Heindl, J. Strnad and H.-H. Kohlek, Phys. Chem1993,97, 742.

R. F. Bakeeva, L. A. Kudryavtseva, V. E. Bel'skii and B. E. Ivarziv,
Obshch. Khim 1983,53, 1058 P. Gen. Chem. USSEngl. Transl),
1983,53, 935].

R. A. Shagidullina, L. Ya. Zakharova and L. A. Kudryavtsdza, Akad.
Nauk, Ser. Khim 1999, 279Russ. Chem. BujI1999,48, 278).

R. F. Bakeeva, V. E. Bel'skii, L. A. Kudryavtseva, A. T. Chetveryakova

break point is detected, whereas the second break point appearsand B. E. lvanovizv. Akad. Nauk SSSR, Ser. Khi987, 756 Bull.

at theCp, = 0.02 mol dm3. According to published dagathe

Acad. Sci. USSR, Div. Chem. StB87,36, 685).

first break point in the mixed surfactant—polymer systems calleqReceived: 16th November 1999; Com. 99/1557

Mendeleev CommunicationElectronic Versionlssue 5, 2000 (pp. 167-206)


http://www.turpion.org/info/lnkpdf?tur_a=mc&tur_y=1999&tur_v=9&tur_n=3&tur_c=1057
http://www.turpion.org/info/lnkpdf?tur_a=mc&tur_y=1999&tur_v=9&tur_n=5&tur_c=1177

