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Abstract — Ascertaining regularities in the effects of organized media on reactivity of organic
compounds, establishing of quantitative relationships «structure — property — micellar effects», and
searching for efficient ways of structure modifications and functionalization of microorganized
systems offer broad potentials for governing the reaction rates. A good choice for decomposition of
ecotoxic substrates is the use of reaction media agreeable to “green chemistry” criteria. Solutions of
surfactants can serve these purposes. Three approaches were used in designing highly efficient
organized microheterogeneous systems (OMS) suitable for development of catalytic systems on the
basis of dimeric surfactants. The first involves structure variations in cationic surfactants for
alkaline hydrolysis (length of spacer and tail, the nature of head group, and so on). The second
consists in design of surfactants with reactive counterion; dihalogenohalogenates are the sources of
nucleophilic-oxidizing species with a broad spectrum of activity. The third approach involves
design of functionalized surfactants which are several orders of magnitude more efficient than their
non-functionalized counterparts. Micellar effects in decomposition of 4-nitrophenyl esters of
diethylphosphonic, diethylphosphoric and toluenesulfonic acids reach ~ 102 in alkaline hydrolysis,
and 10* in the systems involving functionalized surfactants. The reagent concentrating and change
in nucleophilic reactivity by transferring the reaction from water into the micellar pseudophase
contribute significantly to the observed rate acceleration. Hydrophobic properties of surfactant and
substrate, mainly the nature of the head group and spacer-are essential.
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AHHOTaUus — BbIICHEHHE 3aKOHOMEPHOCTEH BIMSHUS OPraHU30BAHHBIX CPEJl HA PEAKLMOHHYIO
CIOCOOHOCTh OPTaHMYECKUX COCIUHEHUH, YCTAHOBIIEHHE KOJHMUYECTBEHHBIX 3aKOHOMEPHOCTEH
«CTPYKTYpa—CBOMCTBO—MULECIUISIpHbIE  3(QQEKTb» U MOUCK MyTed  MoaupuKauuu U
(GyHKIMOHATHM3AMM  MHUKPOOPTaHU30BAaHHBIX CHUCTEM OTKPBIBAIOT HIMPOKHE MEPCHEKTHUBBI
YIIpaBJIEHUs] CKOPOCTAMHU XUMMUYECKUX peakiuil. PemeHne Takoil 3ajaunm HampsMyro CBS3aHO C
MHUHHMMH3alHEH aKTOB TEPPOPUCTUYECKOIO BO3JACHCTBHUS M TEXHOTCHHBIX aBapui. Pasnoxenue
CyOCTpaToOB-3KOTOKCUKAHTOB npearnonaraer UCIIOJIb30BAHUE peaKIMOHHON cpepl,
yInoBieTBopsitomeii kputepusm «Green chemistry», 4ro sBisiercss HEOOXOAUMBIM YCIOBHEM, H
TAaKOBBIMU BbICTYHaroT pactBopbl [IAB. s co3ganus BeICOKO3((EKTUBHBIX OpPraHU30BAHHBIX
MukporereporeHHbix cucreM (OMC) nns karanusa Ha ocHOBe AUMepHBIX ITAB Obuin peann3zoBaHbl
TpH clleAyrolIuX HanpasieHus. [lepBoe — BapbupoBaHUe CTPYKTYpbl KaTHOHHBIX [TAB B peakuusax
IETIOYHOTO  Tuaponm3a. Btopoe — koHctpyumpoBanue IIAB ¢ peaknumoHHOCTIOCOOHBIM
MPOTUBOMOHOM (JMTaJIOT€HTalOreHaT) — CUCTEMBbl IUPOKOTO CIEKTpa JeHCTBUSA, OJHOBPEMEHHO
BBICTYNAIONIEH MCTOYHMKOM HYKJI€O(UIbHO-OKUCIUTEIBHOTO peareHTa U  pealu3yrollen
npeumyniectBa OMC. Tperbe — QopmupoBaHUE (YHKIMOHATM3UPOBAHHBIX HAHOPA3MEPHBIX
aHcamOneil, oOmajgarouMX Ha TMOpsaAKU  Oosiee  BBICOKOH  3()(PEKTUBHOCTBIO, YeM He
¢byHKIMOHATM3UpOBaHHbIe. MunemsipHble 3 (eKThl B peakusx pa3inoxkeHus 4-HUTpo(EeHUIOBBIX
3¢upoB uAITHI(GOCHOHOBOH, TMATHIPOCHOPHOH U TONYOICYIbBOHOBOIH KUCIOT TOCTHrAlOT ~ 107
(menouHoit ruapomus) — 10% pas (cucteMsl Ha OCHOBE (yHKIHMOHATM3UPOBaHHBIX ITAB). ITpu 3TOM
OCHOBHOI BKJIaJ] B Ha0J10JJaeMO€ yCKOpPEHHE IMpPH MEPEeHOce IMpoliecca U3 BOJbl B MUILEIUISIPHYIO
ncepoga3y BHOCAT 3(P(EKTbl KOHIEHTPUPOBAHUS PEarecHTOB M HM3MEHEHHE HYKJICO(PHIbHOU
pEeaKMOHHON cIocOOHOCTU. B 3TOM ciiydyae BakHO€ 3Hau€HUE UMEIOT TUApPOPOOHBIE CBOWCTBA
ITAB u cyOcTpaToB, Ipupoaa KaTHOHHOW YacTH TOJIOBHOM IPyMIIBI U MOCTUKOBOTO 3BEHA.

Knrouesvie cnosa: dochopopranuueckre CcoequHEHHS, KaTHOHHBbIE W JuKaTuoHHBIE [IAB,
MUEIUISIPHBINA KaTaIn3.

INTRODUCTION

Decomposition of ecotoxicants (pesticides, chemical warfare agents, including
highly toxic organophosphorus compounds (OPC) [1]) poses an acute problem which
Is directly connected with environmental safety, minimization of consequences of
technogenic accidents and terrorist attacks. All of these require comprehensive
studies involving examination of the reactivity of currently available systems for
decomposition of ecotoxicants, an evaluation of the factors governing the rates of
their destruction, and development of the theoretical basis for quantitative assessment
of “structure-property-reactivity” relationships in such systems [2—10].

Recent works in the field show considerable promise from both of “normal” and
a-nucleophiles  for organized microheterogeneous systems (micellar  solutions,
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microemulsions, etc.). This way we can provide a means for development of the systems
characterized by high efficiency, versatility, simplicity and safety in operation [2-12].

An alkaline hydrolysis is one of the simplest reactions used in decomposition
of organophosphorus compounds in water [13—-18]. Reaction rates of phosphorus acid
esters are not very large, and require concentrated alkaline solutions to use, which are
extremely aggressive media. Highly reactive inorganic a-nucleophiles, HOO~ and
CIO~ anions are of particular interest as basic constituents of formulations for
decomposition of ecotoxicants. For obvious reasons, detailed studies of reaction
mechanisms involving a-nucleophiles, and development of the formulations on their
basis were carried out with chemical warfare agents [18—24]. Nucleophilic attack of
peroxide anion on phosphorus atom results in a fast decomposition of OPC to form
peroxy acids followed by their hydrolysis. Predominant research activity in the last
years was focused on the development of universal systems on the basis of hydrogen
peroxide. In such systems HOO™ ion and H,O; serve as a nucleophilic and oxidizing
agent, respectively. However, H,O; is a weak oxidizer, and hence the advanced
methods of its activation with the use of peroxycarbonates, peroxymolibdates, and
others were proposed [25, 26]. In this respect the systems involving hypochlorous
acid derivatives exhibit a wide spectrum of action. Despite the pronounced
nucleophilic-oxidizing properties of HCIO/CIO~ couple, hypochlorite solutions have
a number of essential disadvantages such as low storageability, high corrosiveness,
toxicity, etc.

A further group of highly reactive a-nucleophiles, namely, hydroxylamine
derivatives — oximes, amidoximes and hydroxamic acids, — is worthy of note. All of
these are capable of “mild” decomposition of OPC and can serve as efficient
antidotes - reactivators of OPC-inhibited acetylcholinesterase [27-34].

It is unlikely that further increase in reactivity of a-nucleophiles can be
obtained by their structural modification. An examination of Brensted relationships
for anionic oxygen a-nucleophiles revealed that hydroxylamine anion (pK, 13.71)
reaches the maximum possible reactivity (Fig. 1) [35-36]. Hence, design of suitable
nucleophilic-oxidizing reagents requires new approaches, namely, further search for
activators of H,O,, preparation of the stable solid sources of “active” halogen, and,
finally, wide structure variations of hydroxylamine derivatives, first of all, low-
basicity oximes, for efficient detoxification under mild conditions.

As was mentioned above, one of the ways for preparation of efficient reagents
Is the use of organized microheterogeneous systems (OMS) - micelles, lamellar
structures, microemulsions. Such systems have an obvious merit, that is,
compatibility with the requirements of “green chemistry”. Recently a special
attention is given to decomposition of OPC in the presence of surfactants. Firstly,
micellar solutions provide ~10? — 10° fold increase in the reaction rates as compared
with those in water. Secondly, variations in experimental conditions make it possible
to control the reaction rates.

10



MODERN APPROACHES TO THE DEVELOPMENT

+{ Ni1LOH i
2
4 2 0 2 4 épKaé 0 12 14 16
Fig.l. Brensted plots for reaction of 4-nitrophenyl diethylphosphate (NPDEP) and 4-
nitrophenyl diethylphosphonate (NPDEPN) with inorganic a-nucleophiles; u 1.0 M (KCI),

25°C.

Thirdly, the use of OMS facilitates the solubilization of OPC which are only
slightly soluble in water. And, finally, an increase in reaction rates due to micellar
catalysis is observed at extremely low, down to 10°-102 M, concentration of
surfactant. Additionally, modifications in the surfactants can give rise to
biodegradable compounds [37—41].

Transferring the reaction from water into micellar pseudophase, an increase in
observed reaction rates (Kons, S*) is caused mainly by reagent concentrating in
micelles [13-16, 28-30, 37, 42-46]. In this case a change in nucleophilic reactivity is
not too large, whereas the second-order rate constant (kJ*, Ms?) can both increase

and decrease relative to those in water (K’ , M1s?) [14-16, 28-30, 42].

Below are given three approaches employed in designing the organized
catalytic systems on the basis of monomeric and dimeric surfactants.

The first approach consists in structure variations of cationic surfactants in
alkaline hydrolysis of OPC. Wide diversity in the structure variations of the cationic
moiety in the head group, spacer and alkyl “tail”, together with the “surfactant
structure — property — micellar effects” relationships can provide a basis for the
development of formulations, compositionally simple and economically more
attractive for removal/detoxication of OPC.

The second involves the use of new sources of “active” halogen which exhibit
a wide range of action. Such surfactants with a reactive counterion are unique in that
they can act as the sources of both nucleophilic and/or oxidizing agent.

And, finally, the third approach lies in development of functionalized
assemblies, which, as the natural enzyme compounds, are by orders of magnitude
more efficient than their non-functionalized counterparts.

To resolve the problems in these directions, detailed studies required on
micelles formation (and, more generally, aggregation) in aqueous solutions and other
organized media, coupled with ascertaining the driving forces of such processes.
Dicationic surfactants are capable of forming supermolecular assemblies whose
structure is outside the scope of long-held views on micelle formation [42]. Studies
on the behavior of such assemblies and design of new sources of “active” halogen
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necessitate the use of modern experimental techniques developed in the past decade
[42-43].

In some respects, the present study is a generalization of our findings; also
included are some considerations regarding the future research. Hence the present
brief review does not include comprehensive evaluation of a body of information
available in literature on this problem. The most relevant publications will be cited in
the subsequent discussion as needed. To be more specific, we attempted to give a
number of the most representative examples of our findings on decomposition of
ecotoxic compounds in micellar solutions and discuss some approaches useful in
designing new surfactants which make it possible to govern the rates and courses of
micellar reactions under mild conditions (pH, temperature, concentration).

EXPERIMENTAL SECTION

Synthesis and purification of the substrates, 4-nitrophenyl esters of diethyl
phosphonic, diethyl phosphoric and toluenesulfonic acids, was described elsewhere
[44, 45]. Ethanediyl-1-2-bis(dimethylalkylammonium) and propanediyl-1,2-
bis(dimethylhexylammonium) dibromides were synthesized as reported in [46-48].
Synthesis and purification of dimeric surfactants with the spacers containing hydroxy
and ester moieties were described in [46, 48]. Preparation of dibromobromates with a
varied cationic fragment and dibromobromates of dicationic surfactants was
described elsewhere [49-51]. Functionalized surfactants were synthesized similarly to
the procedures described in [44, 45, 52-55]. Structure and purity of the compounds
was confirmed by elemental analysis and *H NMR techniques. *H NMR spectra were
recorded on a Bruker NMR spectrometer Avance-11-400 (400 MHz for protons).

RESULTS AND DISCUSSION
Substrates
Hydrolysis of 4-nitrophenyl esters of dietylphosphonic (NPDEPN),
diethylphosphoric (NPDEP) and toluenesulphonic (NPOTos) acids (Fig. 2) was
picked as model process for decomposition of widely used ecotoxicants.

(|3| 0
I
Et//P\04<;>7 NO, EtO/ O@ @ﬁ OON%
EtO EtO 0
NPDEPN NPDEP NPOTos

Fig. 2. Structure of substrates.

The substrates were selected relying on the following considerations. The first
two substrates are organophosphorus compounds, one of them, NPDEP, was widely
used as a pesticide [1]. The esters of phosphoric and phosphonic acids are similar in
their hydrophobic properties, whereas the reactivity of NPDEPN is ten times that of
NPDEP. At the same time, K}'(NPOTos) ~ K} (NPDEP), M's? [31-33, 35, 36],
whereas the solubilizing efficiency of tosylate is an order of magnitude higher than
that of organophosphorus compounds [44]. It makes possible with this set of
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substrates to trace the impact of the reaction center electrophilicity and substrate
hydrophobic properties on micellar effects.

Alkaline hydrolysis of substrates

During the last two decades new possibilities in designing the organized
microheterogeneous systems were associated with dimeric (Gemini) surfactants
[2, 4-6, 32, 36, 41-43, 64-70]. Structure variations in spacer and head groups
can give rise to a wide diversity of dimeric surfactants, including the
compounds with enhanced affinity for water due to the presence of hydroxyl
groups, as well as ether and carbonyl oxygen atoms. It is this structure feature
was proved to be responsible for physico-chemical specificity of dimeric
surfactants. Recent studies showed that the aqueous microheterogeneous
systems with extremely low concentration (down to 102 M) of dimeric
surfactants are highly favorable reaction media for hydrolytic decomposition of
the esters of carboxylic [16] and phosphoric [71, 72] acids.

Kinetic regularities in decomposition of substrates by hydroxide ion

Kinetic behavior of surfactants I-1V, VI and VII in decomposition of NPDEPN,
NPDEP and NPOTos by hydroxide ion has been studied in details [13, 16, 37, 51].
Micellar effects of the dimeric surfactants were compared with those of
cetyltrimethylammonium bromide (CTAB, V).

OH
+\ / \ /+ 2 Br
N NT
Ci6Hs3 . CieHss
\ / OH 2 Br \ / OH OH </ 2Br
+
N\)\/O +_CiH *N o) N¥
pe ~ N ~Li6ts3 P \)\/ <
Ci6Hs3 O/\(\/N\ C6Hs; Cy¢Hs3
II OH I
OH OH
VAo Ve ch
+N O \C H 16" 133~ +
C sy 16H33 /N—.Br‘
0 0 2Br | CTAB
\V4 Vv

NN M N -
/ll\l M—N _.2Br
Alk Alk
M= —(CHy),—; Alk= CygHa3 (V1a), Ci4Ha9 (VIb), C1oHas (Vic), CioHay (VId)

M:_(CHZ)?)_, A|k= C16H33 (V“)
Fig. 3. Structure of dimeric cationic (I-1V) and tetraalkylammonium (V1, V1) surfactants, and CTAB (V).

An introduction of hydroxyl groups into the spacer fragment of the dimeric
surfactants can give rise to micellar catalytic systems with low Krafft temperature
and highly polar microenvironment, which is favorable to the closest approach of
small hydrophilic ions and hydrophobic substrates in the micellar pseudophase. Fig. 4
(a, b) gives the plots «kqs— pH» at a constant co, and «Kops. — co » at a constant pH for
decomposition of NPDEPN in the presence of dimeric surfactants and monomeric
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CTAB (V). The observed rate constants increase both with pH and surfactant
concentration; a maximum micellar catalytic effect is no more than ~ 102 -fold (Table 1).

Experimentally, alkaline hydrolysis proceeds through two parallel routes in micellar
(m) and aqueous (w) phases with the second-order rate constants, k and k™ (M™.s™) for
hydroxide ion in water and micelles, respectively (Scheme 1).

0,04 -

_ 003+ []=510°M

kobs’ S

S

02 4

0,01

[111=510°M

9,5 10',0 1(;,5 1f,0 pH 1f,5 12',0
Fig. 4. Observed rate constants (kobs., S*) Vs pH (a) and concentration of surfactant (co, M), pH 10.0

(b) in reaction of NPDEPN with hydroxide ion; 25°C

Table 1. Observed rate constants of alkaline hydrolysis of NPDEPN in water and in the presence of
dimeric surfactants; micellar catalytic effects

pH 10.0, c0 2:10° M pH 10.0, c0 5103 M
Surfactant kObS-’ S-l k(:[])s./ k(\)lgs. k(:Es./ kg;:gAB kObS-’ S-l kg;)s./ kc\)ll\;s. k(T)s./ k(?bZAB

| 7.10-10* 47 2.5 - - -

I 5.30-10* 35 1.8 530-10* 36 1.2

i 1.15-10° 77 4 1.22-10° 81 2.8

v 7.20-10* 48 2.9 - - -

Vv 2.88-10* 19 - 4.41-10* 29 -
water 1.50-10° - - 1.50-10° -

(S +  (HO)y g

! Pro- d (1)
(Q)}: ) (ﬂo_) m/krzn' Products

Partitioning of the substrate and reagent between aqueous and micellar pseudophase is
defined by the corresponding partition coefficients:

Ps =[S]n/ [Slw (2)
Piio- = [HO]m/ [HOJw

14
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Kinetic data were treated using pseudophase partitioning model (PPM) [63, 65,
72, 74]. Taking into account the Scheme 1 and equation 2, the observed reaction rate
(Kobs., S1) is well represented by the expression

(KN )Ks K o ek [HO] = K - Ks Ko -C+k}'
obs. — -
(1+KsC)(1+ K, ©) P 1+ K1+ K, ©)

.[HO1,, (3)

where ¢ =cp—cmc, M; cmc is the critical micelle concentration [75-78]; ¢y is the
analytical concentration of the surfactant; Vy,, M is the partial molar volume of the
surfactant [75, 79]; Ks~ Ps -V, and Kno- = Pho- -Vm, M are the binding constants

for substrate and nucleophile, respectively; K,' and k;', M*s? are the second-order
rate constants for HO-ion reaction in aqueous and micellar pseudophase; kn=

= (K" V), st is the reduced rate constant of reaction in micellar pseudophase.

Equation (3) describes experimental results well over the whole concentration
range.

An environmentally friendly system on the basis of dimeric surfactant IV
involving ester groups is of special practical interest. Hydrolysis of the ester bond in
the surfactants proceeds under the conditions different from those in decomposition
of OPC. After completion of the reaction, further conversions can be achieved by
changing pH in the system [37].

Table 2 gives physicochemical characteristics and micellar effects in surfactant
IV catalyzed alkaline hydrolysis of organophosphorus esters.

Table 2. Micellar catalytic effects in OMS based on surfactant 1V in alkaline hydrolysis of esters

Substrate pH | K] MLgix|Ks, M1 Ky Mgl Kk | ki /Ko, %
NPDEPN 10.7 0.13 100 0.15 1.2 64
NPDEP 11.0 0.13 100 0.01 13 870
10.5 0.006 2200 0.6
NPOTos 11.0 0.013 1950 0.01 1.3 3000
11.5 0.017 1400 1.7
*Calculated from equation (3).
**Erom [35].

***Qbserved rate constants K™ at ¢o 0.01 M.

obs.

Kinetics data for surfactants VI and VII were treated similarly to those for
surfactants I-1V in a frame of PPM, only the distribution of substrate was accounted
(Scheme 4, equation 5):

Ks.

Dn + [S]w [S]m

\(fw l,(y (4)

Products

_ x-k,Ksc+k, [HO]

k b
obs 1+KgC (%)
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where y is the mole fraction of dimeric surfactant. Decomposition of substrates was
studied both in comicellar systems and solutions involving only cationic (or functionalized)
surfactants. An increase in the length of alkyl substituent results in decreased water solubility
of surfactants, and maximum reachable range of concentrations may be not enough for good
quality constants evaluation. It is this circumstance which necessitates the use of comicelles.

Factors responsible for micellar effects
Micellar effects in alkaline hydrolysis can be described in terms of kJ. /K,

ratios under the same experimental conditions (pH, co, and temperature). In the
presence of surfactants, k7. /kY ratios reach the values up to 10-10° (Tables 1-3). In

obs. obs.

this case the nature both of surfactant and substrate is essential. In alkaline hydrolysis
of the esters studied the main factors responsible for increased observed reaction rates
in the presence of surfactants are the effects of reagent concentrating and changes in
microenvironment. Micellar effects in surfactants |-V exceed those in their
monomeric counterpart, CTAB, (Fig. 4, b) whereas in surfactants VI and VII the
corresponding values increase with the length of alkyl “tail” (Fig. 5, Table 3).

Vil
5 Vlia

Vic
Vib

14
1 ——I—I—O/’/./k/‘\”d

0 T T T T T T T T T T T T
0 2 4 6 8 10 12
Coy M
Fig.5. Observed rate constants (kKobs, S*) Vs concentration of surfactant (co, M) in reaction of
NPDEPN with hydroxide ion in micelles; pH 10.0, 25°C.

Effects of reagent concentrating are, above all, representative of the ability of
micellar pseudophase to solubilize a variety of compounds [65]. In aqueous micelles
the solubilization depends on the hydrophobicity and biphilicity of solubilizate.
NPDEPN, NPDEP and NPOTos are electrically neutral species and for the most part
their binding with the micelles is determined by hydrophobic interactions. Efficiency
of substrate solubilization can be described in terms of the binding constants Ks. The
values of Ks for NPDEPN, NPDEP and NPOTos in micellar pseudophase of I-I1l
were found to be ~ 300, 250 and 3000 [44], whereas in the micelles of IV under the
same experimental conditions the binding constants are somewhat lower (Table 2).
Such behavior of Ks may be caused by a number of factors. Firstly, «loose», water-
saturated micellar surface of IV can decrease solubilizing power of the micelle
toward hydrophobic substrates. On the other hand, such structure of micelle can favor
the closest approaching of small hydrophilic ions and solubilized ethers, thus giving
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rise to high values of the observed effect. Secondly, compound IV is readily soluble
In water up to the concentrations by two orders of magnitude higher than cmc. As is
known [65], most of cationic dimeric surfactants form aggregates of higher orders at
fairly low concentrations. It is not unlikely that an increase in concentration of
surfactant 1V is accompanied by morphological rearrangement of aggregates, in
which case the binding constants and V, should be used with caution. The same order
of changes in Ks was observed for OMS involving not only dimeric but their parent
monomeric surfactants as well [54, 57, 61, 62].

Table 3. Physico-chemical characteristics of alkaline hydrolysis of NPDEPN
in the presence of surfactants VI, VII, CTAB and comicelles VI/CTAB and VII/CTAB

Substrate 1 | km s | K104 Mg herx | Kg, Mwmix | KD R worex
16-3-16 (VII) | 1,0 | 2,6-10° 15 171 170
16-2-16 (Vla) | 1,0 | 2,6:10° 15 107 170
05 | 1,2:10° 7,2 190 80
0,25 | 7,42:10* 4,43 202 50
0,1 | 4,6810™ 2,79 235 31
14-2-14 (VIb) | 1,0 | 4,74-10* 2,83 443 32
12-2-12 (VIlc) | 1,0 | 5,00-10™ 2,98 256 33
05 | 3,60-10™ 2,15 472 24
0,25 | 5,22:10* 3,12 345 35
0,1 | 52810% 31,5 473 35
10-2-10 (VId) | 1,0 |1,19-10% 0,71 420 8
05 | 3,31-10* 1,98 483 22
0,25 | 4,74-10* 2,83 422 49
0,1 | 5,60-10™ 3,34 357 37
CTAB 1,0 | 3,42:10% 2,04 584 23

*Mole fraction of dimeric surfactant in comicelles with CTAB.
**Reduced first-order rate constant.

***Reactivity of hydroxide ion in micellar pseudophase.
****Binding constant of substrate.

**xx*xMicellar effect of surfactant at pH 10,0 and 25°C.

Effects of reagent concentrating are, above all, representative of the ability of
micellar pseudophase to solubilize a variety of compounds [65]. In aqueous micelles
the solubilization depends on the hydrophobicity and biphilicity of solubilizate.
NPDEPN, NPDEP and NPQOTos are electrically neutral species and for the most part
their binding with the micelles is determined by hydrophobic interactions. Efficiency
of substrate solubilization can be described in terms of the binding constants Ks. The
values of Ks for NPDEPN, NPDEP and NPOTos in micellar pseudophase of I-IlI
were found to be ~ 300, 250 and 3000 [44], whereas in the micelles of IV under the
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same experimental conditions the binding constants are somewhat lower (Table 2).
Such behavior of Ks may be caused by a number of factors. Firstly, «loose», water-
saturated micellar surface of IV can decrease solubilizing power of the micelle
toward hydrophobic substrates. On the other hand, such structure of micelle can favor
the closest approaching of small hydrophilic ions and solubilized ethers, thus giving
rise to high values of the observed effect. Secondly, compound IV is readily soluble
in water up to the concentrations by two orders of magnitude higher than cmc. As is
known [65], most of cationic dimeric surfactants form aggregates of higher orders at
fairly low concentrations. It is not unlikely that an increase in concentration of
surfactant 1V is accompanied by morphological rearrangement of aggregates, in
which case the binding constants and V, should be used with caution. The same order
of changes in Ks was observed for OMS involving not only dimeric but their parent
monomeric surfactants as well [54, 57, 61, 62].

Binding constant Ks, as a measure of solubilization efficiency of substrate,
increases with decreased length of the alkyl chain in surfactants VI and VII (Table 3).
Such a behavior is somewhat surprising. By contrast, a distinctly different
interrelation between the binding constants and length of alkyl “tail” was observed in
dimeric cationic and functionalized imidazolium surfactants: both Ks and micellar
effects increase with the number of methylene units [62, 63, 71]. Here, the effects of
reagent concentrating are of crucial importance in the micellar “catalysis”.
Unconventional change in efficiency of substrate solubilization in the micelles of
tetraalkylammonium surfactants was also found for functionalized surfactants as well
[71]. 1t should be emphasized that the ease of structure modification — quasi-spherical,
rod- and thread-like, etc. - is characteristic for dimeric surfactants including those
with cationic fragment —N*Alks in their head group [72]. To minimize the contact of
spacer with water molecules, micellar aggregates of dimeric surfactants 16-n-16 at
n < 3 (Vla, VII) take the form of worm-like threads. Micelles of this type supposedly
provide more favorable conditions than those of CTAB. Nevertheless, thread-like
micelles with n = 4 were found to have an optimum spacer length in order to provide
the highest reactivity [72].

Micellar microenvironment is a further important factor affecting the rates of
alkaline hydrolysis. Tables 1-3 give the second-order reaction rates k" = ky - Vim as a
measure of nucleophilicity of hydroxide ions. As evidenced by the data in Table 2,
changes of reactivity in the micellar pseudophase IV is unlike those in water:

K)' (NPDEPN) ~ KJ' (NPDEP) ~10 KJ' (NPOTos) and k,' (NPDEPN) =~ 10 Kk, (NPDEP
or NPOTos). Micelles of functionalized surfactants normally exhibit maximum KJ" for
phosphonate ester as opposed to that in the presence of IV. It is not clear why
nucleophilicities of hydroxide ion toward phosphonate and phosphate esters in micellar
pseudophase (KJ") are similar. It is unlikely that the sharp structure changes in the

transition state are responsible for the observed effect. In essence, micellar effects in
surfactant IV correlate with the changes in binding constants of substrates and
nucleophilicity of hydroxide anions in alkaline hydrolysis. They have highest values for
NPOTos and decrease in passing to phosphonate and phosphate esters (Fig. 6).
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Fig.6. Apparent rate constants (Kz.app., M's™) vs concentration of surfactant IV (co, M) in alkaline
hydrolysis of NPDEPN, NPDEP and NPOTos; borate buffer, pH 11.0, 25°C.

The second-order rate constants in the micellar pseudophase, KJ', for

surfactants VI and V11 are significantly lower than that in aqueous phase (K}’ =0.15
M-s1) [35] (Table 3). This is very usual for cationic surfactants catalyzed alkaline
hydrolysis [46-48, 63, 67, 71-74]. Nonetheless, as already mentioned above, the
micellar effects result in ~10-10%fold acceleration. Such a situation is not
uncommon. Provided that the reagents are concentrated in a small volume of the
micelle, the overall reaction rates will be increased even though the second-order rate
constants in micelles are lower than those in water. The observed changes in micellar
effects are primarily due to favorable partitioning of the substrate between water and
micellar pseudophase. Noteworthy also that an increase in the observed rate constants
of alkaline hydrolysis in micelles of surfactant IV is predominantly caused by the
effects of reagent concentrating, except for interaction of hydroxide ion with NPDEP.

Indeed, a comparison of KJ'/k}’ and k7. /K. from Table 2 suggests that the reagent

concentration is not the only factor responsible for an increase in reaction rates.

For practical purposes the regularities of physicochemical properties (cmc, Ks)
changes provide a basis for selection of strategies for targeted structure modification
of surfactants to obtain the supernucleophilic OMS suitable for decomposition of
OPC. Thus, a decrease in the length of alkyl substituent results in enhanced water
solubility of surfactants thus suggesting their advantage over long-chain ones.
Alternatively, the water solubility of the sparingly soluble surfactants may be
partially increased by the use of comicellar systems involving CTAB or their parent
monomeric surfactant. Moreover, the mixtures of structurally different micelles in
different ratios act as aggregates whose properties (on average) resemble those of
their constituents [80]. Effects of CTAB in comicelles VIa/CTAB and VIc/CTAB are
entirely different: in the former case Kops (VI&/CTAB) = Kons(V1a), Whereas in the
latter case Kops.(VIC/CTAB) = Kobs. (CTAB).

As a final remark, it should be noted the following. Dimeric surfactants 1-1V,
VI and VII involving long-chain alkyl “tail” exhibit abnormally low cmc, and, hence,
similar accelerations of alkaline hydrolysis can be reached at concentrations of
surfactant by an order of magnitude lower than those for CTAB (for instance,

w
obs.
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Kobs = 7.5 10 st for NPDEPN decomposition in OMS based on CTAB can attain at
Co = 0.02 M; in OMS based on V at ¢, = 0.0021 M). In addition, the micellar effects
are undoubtedly affected by aggregate morphology which is directly dependent on
the spacer structure. Hence, variation in the spacer structure is a possible way of
modifying the dimeric surfactants to obtain supernucleophilic systems on the basis of
“normal” nucleophile — hydroxide ion.

New sources of “active” halogen as a basis for nucleophilic-oxidizing systems
Inorganic a-nucleophiles exhibit abnormally high reactivity in acyl transfer reactions,
much superior (102-10° times) to that of their “normal” counterparts of
commensurable basicity. Hypobromite anion, BrO-, is a representative of such
compounds. Its conjugated acid, HOBr, is a powerful oxidizer, so the system
HOBI/BrO~ can be used as a nucleophilic-oxidizing couple to provide both nucleophilic
decomposition of acyl substrates (ecotoxicants included) and higher degree of destruction
of the reaction products [81-82].

Bis(dialkylamide)hydrogen dihalogenates as efficient agents for decomposition of
OPC in water. Considerable attention has been paid recently to the studies of solid-phase
carriers of bromine and new fields of their use in chemical transformations — bromination,
co-halogenation, oxidation, cyclization, ring opening, substitution and hydrolysis.
Quaternary ammonium tribromides find application in organic synthesis [83-89].
Bis(dialkylamide)hydrogen dihalogenates (VIII-XI) integrate high “active” bromine
content, prolonged storage life (more than ten years for VIII) and water solubility [82, 89].

+
J\ -0 IL B
\ ~ % .H~ \r ][Br Br- Br |:\N \O,H \r ™~ [Br—Br—Cl]
| IX

VIII

- *O’H;O\(@ +|Br-Br-B4- E\ J< ______ \} \E] ]

Fig. 7. Structure of dihalogenates VIII-XI.

Dissolved in water, dibromobromates yield dibromobromate anion followed by fast
and reversible dissociation to form bromide anion and bromine, which then,
depending on the acidity of medium, yields HOBr, BrO~ or HOBr/BrO~. Attack of
BrO—ion on electron-deficient center of substrate results in formation of
4-nitrophenolate ion as a reaction product which undergo destruction with the
participation of HOBr (or HOBr/BrOY):

w
BrO’ +AcyIO@NOZ K | AcyloBr 4 'O@NOZ
[+ ©)

BrO + AcylOH Destruction products
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Nucleophilic reactivity of hypobromite anion generated from the various
sources of active bromine was studied under conditions for which the contribution
from the reaction path responsible for oxidation of 4-nitrophenolate ion is negligibly
small: no loss in 4-nitrophenolate anion was observed during 5 - 10 half-lives of the
reaction. Reactions were carried out at specified pH with due regard for the ratios of
rate constant of nucleophilic attack on the electron-deficient center of substrate to that
of oxidation of 4-nitrophenolate anion. The value of pH for NPDEPN was 11.15, and
those for NPDEP and NPOTos were more than 11.35. Fig. 8 shows typical time
variations in absorbance of 4-nitrophenolate ion during the reaction of hypobromite
ion from bis(N,N-dimethylacetamide)hydrogen dibromobromate with NPDEPN at
various pH, and those in decomposition of 4-nitrophenol. The ascending curves
illustrate an accumulation of 4-nitrophenolate ion in the system, and descending
curve describes 4-nitrophenolate destruction. Under these conditions the observed
rate constant Kops, St is described by equation:

Kass, = Kz o [HOI™ + K}’ o [HOBr] p ez, 7)

2,BrO~

where ky[HO] ", s is the contribution from alkaline hydrolysis; [HOBr]o, M is the

analytical concentration of hypobromous acid; «_ - is the fraction of BrO™ anion;
and Kk, ., M?s? is the second-order rate constant, describing the nucleophilicity of

hypobromite anion in water.

0,4 1

absorbance
(=]
W
1

el
[iS]
1

0,1 1

0 400 ' S(I)O . ' 12I00 ' 16IOO
time, s
Fig.8. Time dependence of absorbance in reaction of HOBr/BrO™ from bis(N,N-dimethylacetamide)
hydrogen dibromobromate (V1I1) with NPDEPN and 4-nitrophenolate anion; [HOBr]o=0.01 M; pH 11.15 (1),
10.6 (2), 10.5 (3), and [HOBr]o = 0.005 M, pH 9.6 (4); A 420 nm, water, 1 M KCI, 25°C.

Since the acid ionization constant pK, of hypobromous acid is taken to be 8.69

and o, - —1 (pH 11.15, «0.996; pH 11.35, « 0.998), equation (7) can be written as

BrO™

kobs. = k;,/OH [Ho]i +k' [HOBr] o (8)

2,BrO”

Reactivity of hypobromite-containing systems from structurally different
complexes VIII-XI are nearly the same (Table 4). This fact is not unexpected: amide
fragments of the complexes are unreactive to the esters, and starting concentrations of
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dibromobromates are usually insufficient to change the properties of media and affect the
nucleophilicity of BrO~ anion.

BrO~ anion, being seven orders of magnitude less basic than hydroxide ion (pK,
8.69 and 15.74, respectively [90]), reacts with the substrates under study at the rates
similar to those for alkaline hydrolysis (Table 4). The magnitude of a-effect can be
estimated from the ratio of the second-order rate constants kg "/k} ", or alternatively,

as a rate difference A = Igks ™" —Ig k)", providing the acid dissociation constants of BrO~
anion, of conjugated acid of a-nucleophile and that of “normal” oxygen nucleophile are
comparable in magnitude. From Brensted relationship for arylate (alkoholate) ions [91], the
reactivity of “normal” oxygen nucleophile — arylate ion, pK*°" = pK"®* = 8.69 — was
calculated to be 2.5 - 104 (NPDEPN), 2.3 - 10°(NPDEP) and 3 - 10°(NPOTos), Ms,
Hence, the magnitude of a-effect defined as a ratio of second-order rate
constants K __/k" Is about 600, 500 and 400 irrespective of the source of

2,BrO~ 2,Ar0" !
“active” bromine used. Similarly, an increase in reaction rate of ClIO~ anion was
found to be k. /k¥ > 103 (pKo@ =pKA™° =7.4).

2,Clo~ 2,Ar0”

Table 4. Nucleophilic reactivity of hypobromite ion kszro, toward NPDEPN, NPDEP, NPOTos;
u 1.0 (KCI), water, 25°C

Source of w Al
«activey kz’Brof R
bromine NPDEPN* NPDEP* NPOTos*
Br> + H2O (KOH) 0.156 0.010 0.017
VIII 0.116 0.011 0.0154
IX 0.120 0.011 0.015
X 0.13 0.010 0.015
XI 0.120

*Rate constants of alkaline hydrolysis k' . M™s™ of NPDEPN, NPDEP and NPOTos

2,0H" !

are 0.15, 0.009 and 0.008, respectively [89].

As is evident from the above discussion, HOBr/BrO~ system provides a rapid
decomposition of NPDEPN, NPDEP and NPOTos, thus supporting the considerable
promise of such systems for decomposition of OPC. In practice, the use of bromine
water is of little interest. Contrary, stable in storage, safe and easily manageable solid
complexes VIIT and X [89, 91] - can be recommended as highly efficient sources of
“active” bromine.

Dibromobromate surfactants in decomposition of ecotoxicants

Design of highly reactive reagents suitable for decomposition of ecotoxicants
In water requires a search for versatile systems combining both oxidizing and
nucleophilic properties. In addition, it is essential to provide high reaction rates and
solubilization of the substrates only slightly soluble in water.

As was shown in numerous research works, the use of aqueous solutions of
surfactants is the most efficient way to reach high reaction rates. This can result in
design of highly selective supernucleophilic micellar systems with the desired
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directionality in their action under “mild” conditions. Uniqueness of the surfactants
with reactive counterion consists in that these reagents involve both reactive ion and
micelle-forming surfactant.

Studies on stable bis(N,N-dialkylamide)hydrogen dibromobromates in
decomposition of the esters of phosphoric, phosphonic and toluenesulfonic acids in
the presence of cetyltrimethylammonium bromide made it possible to estimate
catalytic effects of the latter [89] and, on the other hand, to support the feasibility of
surfactant-based bromine complexes [91]. Cetyltrimethylammonium dibromobromate
[XI] and first synthesized dibromobromates of ethanediyl-bis(dimethyldodecyl)
ammonium (XII1), ethanediyl-bis(dimethyltetradecyl) ammonium (XIV) and butanediyl-
bis(dimethyldodecyl)ammonium (XV) were studied in decomposition of 4-nitrophenyl
esters of diethylphosphonic, diethylphosphoric and 4-toluenesulphonic acids.

+ - + + 7 -
[CieH3z~N"—] [Br-Br-Br] [N-M-N- ]2 [Br-Br-Br]
| | |
(XD Ak Alk

M= (CHy>)2; Alk = C12H2s (XI1I1), C14H29 (X1V);
M= (CH2)4; Alk = C14aH29 (XV)

Fig. 9. Structure of surfactants with reactive counterion.

Dicationic surfactants involve two hydrophobic moieties and two head groups
bounded by the spacer fragments with different degree of rigidity. Compared with
parent amphiphilic derivatives with one head group and one hydrocarbon chain,
dicationic surfactants demonstrate lesser cmc, higher surface activity and wetting
properties [42, 92-94]. Their structure modification allows one to obtain dicationic
surfactant with two-fold increase in content of “active” halogen.

In aqueous solutions dibromobromate surfactants dissociate to give
dibromobromate anion followed by the formation of, depending on pH, hypobromite
anion BrO~ or hypobromous acid HBrO~ and micellar pseudophase.

Decomposition of substrate (S) in micellar media is sufficiently complicated
process involving two concurrent reaction routes — alkaline hydrolysis and interaction
between substrate and hypobromite ion, both in water (w) and micellar pseudophase
(m). The overall reaction can be presented as follows:

w

k

;{7 HO)y + S + (BrO), -
Reaction P \ Reaction )
s Pyor products

P
products \ o
RONHOY  + (St (BrO)y 2no

Partitioning of the substrate and reagents between water and micellar
pseudophase is defined by coefficients Ps = [S]w/[S]w, Psro- = [BrO]./[BrO]w and
Pon- = [HO |m/[HO]w; kY., kK kr and k"  (all in Ms) are the second-

2,HO™ ! 2,Bro~ ! 2,HO™ 2,BrOo~
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order reaction rate constants describing nucleophilicity of hydroxide and hypobromite
ions in water and micelles.

Figure 10 gives the observed reaction rate constants in decomposition of
substrates in the presence of surfactant XIV plotted vs substrate concentration co.
Representative plots of the apparent second-order rate constants (Kzap=
=Kkops/[BrO], Ms?) at a constant pH vs surfactant concentration in reaction of
NPDEPN with hypobromite ion are shown in Fig. 11.

16 2,0
‘T‘w u
. 14 T 15 - -
1 NPDEPN =" .
i 2 Vil
_\5’1,0
- 3 -
» NPOTOS T 10 0,0000 0,0002 0,0004 0,0006 0,0008 0,0010
> i cy, M
'2 = 0
£o : XIi
[ ) () < 6+
N 4
2
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Fig. 10. Observed rate constants (kops, S') vs Fig.11. Rate constants koap. Vs surfactant
surfactant concentrations (co, M) for reaction concentration for reaction of NPDEPN with
with  hypobromite ion generated from hypobromite ion generated from dibromobromates
(ethanediyl-bis(dimethyltetradecy-l-ammonium) X1l and XV; VIII — in the presence of CTAB,;
dibromobromate XI1V). NPDEPN (pH 11.20); water, pH 11.20, 25°C.

NPOTos (pH 11.50); NPDEP (pH 11.70); water,

25°C.

Taking into account the partitioning of substrate, hypobromite and hydroxide ions,
decomposition of the esters in the presence of surfactants can be described in the
framework of PPM [73-75]:

k" (IV_)-K. -K.-c+k" k" (Vv )-K. K.-c+k?
2,0H ( m) HO S C+ 2,HO O_]o 2,BrO ( m.) BrO S C+ 2,BrO -[BrO‘]o (10)

k

o (1+K,,.0)- (1+KgC) (1+ K, ,.0) - (1+KC)

In equation (10) ¢, M is the concentration of micellized surfactant (¢ = ¢;— cmc), where
co 1S analytical concentration of surfactant; cmc, M is the critical micelle concentration;
¢ Vm and (1-c-Vy) are the volume fractions of micellar and aqueous phase,
respectively; Ks= (Ps—1) - Vi, Ksro- = (Pero- — 1) - Vm and Kuo- = (Puo- — 1) * Vi,
M- have dimensions of equilibrium binding constants of substrate, hypobromite and
hydroxide ions, respectively; partial molar volume V., Mt for surfactant XII is
assumed to be 0.37 M In the case of surfactants XIII-XV hypobromite
concentration is [BrO7]o = [BrO]m+[BrO]w=2co, concentration of micellized
surfactant was estimated from cmc for dibromides of the corresponding dimeric
surfactants — 5.0 - 104(XIlI), 5.0 - 10° (XII), and 8.0 - 10*(XV) [29, 95]. Since the
experimental partial molar volumes of surfactants XI11-XV are unavailable, their V, was
assumed to be 0.59 M [79].
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The data were treated without regard for alkaline hydrolysis of substrate (the first
term in equation 10), since its contribution adds little to the observed reaction rates.

Physico-chemical parameters for decomposition of the esters by hypobromite
ion in micellar pseudophase are given in Table 5.

Table 5. Reactivity of hypobromite ion in the presence of surfactants (water, 25°C)

Surfactant | K)', o  M*s™ | Kg M? | Kgo-, M Cexp. A oo
NPDEPN
* 0.17 150 12 0.006 26
Xl 0.08 900 42 0.006 46
X1 0.08 200 40 0.0015 10
XV 0.05 300 55 0.0005 13
XV 0.085 210 45 0.0005 7
NPDEP
* 0.008 200 26 0.013 35
Xl 0.012 800 43 0.007 90
X1 0.0035 220 40 0.0018 5
XV 0.008 310 60 0.0005 8
XV 0.004 200 50 0.0005 4
NPQOTos
* 0.008 1600 13 0.0075 13
Xl 0.016 1800 25 0.005 53
X1 0.006 1900 45 0.0023 20
X1V 0.008 3000 60 0.0006 18
XV 0.0085 2200 50 0.001 20

*Bis(N, N-dimethylacetamide)hydrogen dibromobromate in the presence of CTAB;
kY M-1s were 0.13, 0.01 and 0.017 for NPDEPN , NPDEP and NPOTos,

2,BrO0™ !
respectively;

Aexp.: km /kw

obs, BrO obs, BrO’ a't Cexp.y pH = ConSt'

The observed reaction rates are differently affected by an increase in the length
of alkyl substituent in surfactants XII-XIV and spacer in XIV and XV. The
substrates used are electrically neutral species, so hydrophobic interactions,
progressively increased with the length of alkyl substituent, favors reagent (primarily
ester) concentrating in micelles. An efficiency of substrate solubilization measured in
terms of binding constant Ks, decreases in the order: Ks (XIV) > Ks (XV) = Ks (XII).
The binding of nucleophilic reagent, hypobromite ion, by micelles XII11-XV is not too
large and must be governed mainly by electrostatic interactions (Kgo- in Table 5).
Within the limits of experimental error, Kg,o- remains nearly the same.

Hydrophobic properties of substrate contribute considerably to the reaction
rates in the presence of surfactants. It was shown that nucleophilic reactivity of
hypobromite ion in decomposition NPDEPN, NPDEP and NPOTos in the presence of
surfactants XI1I-XV is ordered like that in water. Due to more efficient solubilization of
NPOTos in comparison with NPDEP, the observed rate constants at the same pH and
[BrO]o (Fig. 10) in the presence of surfactants XIII-XV increase in the order:
Kobs.(NPDEPN) > Kops (NPOTOS) > kops (NPDEP). With data from Table 5, the differences
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in Ks for surfactants XIII and XV, defined as Ks(NPOTos) /Ks(NPDEP), were

calculated to be ~ 10.
The observed reaction rate is a convenient experimental parameter for evaluation

m w

of the scope of micellar effects. Table 5 gives the ratios Ae,= K, /Ky at a varied

concentration of surfactants and hypobromite ion. In the series of the surfactants studied
the observed increase in reaction rates vary from ~ 50 (NPDEPN, NPOTos) to ~ 90
(NPDEP) times (Table 5). Micellar catalysis normally depends on a number of the rate-
controlling factors, primarily on nucleophilic reactivity and reagent concentrating in
micellar pseudophase. Therefore, taking into account that the nucleophilicity of
hypobromite ion in micellar pseudophase decreases 2—3-fold for all of the substrates, it is
the effect of reagent concentrating which is mainly responsible for an increase in the
observed reaction rates.

Supernucleophilic systems based on functionalized surfactants

Reactivity of micellar systems based on monomeric functionalized surfactants.
Usually, only cationic surfactants are catalytically active in decomposition of acyl
substrates (for nucleophilic substitution at electron-deficient centers, such as
phosphorus, sulfur, and carbon), and acceleration of these reactions is determined by
the effects of concentrating of substrate and reagent in micellar pseudophase [17, 50,
72-74, 82, 96, 97]. Although the presence of the micelles of the cationic surfactants
can provide appreciable accelerations, their efficiency varies significantly with the
binding of nucleophiles by the micellar pseudophase. One of the most efficient ways
in design of surfactant-based supernucleophilic systems is their functionalization with
nucleophilic fragments [98—109]. The binding of nucleophilic reagent is not necessary
here. The attempts to design efficient surfactants functionalized with fragments like
those in active center of hydrolytic enzymes cannot be considered as satisfactory.
Design of surfactants involving imidazolium core, hydroxyl and thiol groups, and
studies on their reactivity showed that the micellar effects in such surfactants are no
more than ten-fold, i.e. considerably less than those in enzymatic reactions [99-103].
Therefore, functionalization of surfactant for the purpose of obtaining
supernucleophilic systems requires somewhat different approach. It would be
expected that the most efficient micellar systems can be, and this is the case, those
combining the advantages of microheterogenous medium (high solubilizing ability
toward substrate) and inorganic anionic a—nucleophile (abnormally high reactivity for
electron-deficient centers — carbon, phosphorus and sulfur).

It was found that the most promising are the compounds functionalized by oximate,
hydroxamate and amidoximate fragments. In this series oxime derivatives proved to be
especially attractive. Firstly, an ease of structure modifications makes it possible to obtain
oximes capable of decomposing ecotoxicants in a wide range of acidity of medium — from
neutral to highly alkaline. Secondly, the most efficient antidotes, reactivators of
acetylcholine esterase inhibited by organophosphorus compounds, were found among the
compounds of this type. A search in this line is continued until now [14, 15, 27-30, 40,
51-63]. Undoubtedly the abnormally high reactivity of oximes is one of the factors
determining their bioactive power [52-55, 57, 60, 62].
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Comparison studies on nucleophilic reactivity of the functionalized surfactants
based on imidazole (XVI-XX) and pyridine (XXI-XXV) involving a-nucleophilic
functionality — aldoxime or ketoxime fragments (Fig. 12) — in decomposition of acyl
substrates made it possible to establish the factors responsible for an increase in the
observed reaction rates. Among these factors are nucleophilicity changes with
structure and composition of co-micelles, basicity of oxime group, hydrophobic
properties of substrate, etc. [44, 45, 51-63, 107].

Cl" ch, — ¢l ch, — Cl°
+
N + N N.7/N
N\/kNOH Alk” Y %\NOH Ak~ 7 SNOH
CH
XVI (a-d) > XVII (a-d) XVIII (a-d)

-c1’ a9
A\ (] ANOH

Alk—NF~ & + N— CH, Alk—N. " N—CH,

XIX (a,b) XX (a,b)
_NOH _NOH 0. NHOH
6 AN 5 Fﬁ
‘ ‘Hlg ng ng’
Alk Alk
XXI (a,b) XXII(a,b) XXIII(a b) XXIV(a,b) XXV(a,b)

Alk =CH; (a), C,(H; (b), C,,H,, (c), C,H,5 (d)
HIg = Br- (XXIb-XXVb), J- (XXla-XXVa)

Fig. 12. Structure of functionalized monomeric surfactants on the basis of imidazole and pyridine.

Reactivity of the surfactants was compared with the nucleophilicity of the
micelle-nonforming oximes (XVIa—XXVa). Nucleophilic attack of oximate fragment
(Ox") of the functionalized surfactants and their micelle-nonforming methyl
counterparts on electron-deficient centers of phosphorus and sulfur in substrates
NPDEPN, NPDEP and NPOTos result in the formation of acylated oxime and
4-nitrophenolate ion [31, 44, 45] (Scheme 11):

pK,
R, TR OAcyl = )-NO, & & ‘
\ -H \ _ \
JCNOH === 1c-NO > C-NOAeyl + -o;<i>—No2 (11)

OxH Ox

where R3(R2)C=NO~ is the corresponding fragment of surfactants XVI-XXV or
oximes XVla—XXa; Acyl = Et(EtO)P(O), (EtO),P(O) or Tos.
Nucleophilicity of a-nucleophilic fragment in methyl counterparts XVla—
XXVa was determined from relationship «K, —K; -a . »:
Kops, — K- -@, - k,-a

k, = .[OxH]O =k = (12)
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where [OxH]o, M is the analytical concentration of oxime; aon- and an+ Is the activity

of hydroxide anion and hydrogen ion, respectively; kops., S is the observed reaction

rate; k;' and K% , M?s! is the second-order reaction rate describing the

nucleophilicity of oximate and hydroxide ion, respectively; K, is the acid dissociation
constant of oxime [44, 45, 51-63].

In the presence of functionalized surfactants XVI-XXI the reaction rate is

increased with pH at a constant analytical concentration of the surfactant (Fig. 13)
and with the surfactant concentration at a constant pH (Fig. 14).

XXI/CTAB

084 % 0.25
XXII/CTAB ’
2] 40,5
0,4
% 0.125
0 T T T 010 010 T T T T T T
7 8 9  pH 10 0 1 2 3 4 5 6
¢ 105, M

Fig.13. pH-dependence for interaction of Fig.14. Concentration plots for interaction of

comicellar ~ systems  XXI/CTAB and comicellar systems XXI / CTAB with NPOTos;
XXI11/ CTAB with NPDEPN; co 0.006 M, pH 10.5, 0.01 M borate buffer, 25°C.
x 0.25, 0.01 M borate buffer, 25°C.

In the first case an increase in reaction rate supports the validity of equation 13, and,
hence, the conclusion that oximate ion is the reactive form; the second case is an
evidence for ever increasing substrate binding and concentrating of the substrate in

micellar pseudophase. In the most complete form the reaction scheme can be
presented as follows:

k"
S + Ox —% » Reaction products

I

(Sw + OH —2 » Reaction products

Taking into account equilibrium partitioning of substrate between aqueous and

micellar phase (Ps = [S]m/ [S]w), the observed rate constant can be expressed as [44,
45, 73-75]:

o - 2K IV Ke+KY a  Kaap. (14)
obs 1+Ke K ’

aapp. T e

where K, ., is an apparent acid dissociation constant of the functionalized fragment.

Since the functionalized surfactants are only slightly soluble in water, the micellar
effects of such surfactants were studied in comicellar system “functionalized surfactant
(FD) — CTAB” at a varied fraction of the former (0,1 < x < 1, where y is the mole

28



MODERN APPROACHES TO THE DEVELOPMENT

fraction of the surfactant). In the most cases concentration plots were obtained at a pH
where the functionalized fragment is completely ionized (Figs. 13, 14).

For acyl transfer reactions, the reactivity of oximes — typical a-nucleophiles —
cannot be described by linear Bronsted relationship [31, 81, 111]. For oximes with
pK. =~ 8.0-9.0 the corresponding plots flatten out and the sensitivity of the reaction
series to the basicity of the nucleophile (Bn) changes from By~ 0.4-0.6 (at pK, < 8.0—
9.0) to By = 0-0.1 (at pK, > 8.0-9.0). Similar change in By was observed for
interaction of acyl substrates with “normal” oxygen reagents (alcohols and phenols
with an inflection point at pK, > 12.0 [112-118]) as well as with neutral and anionic
nitrogen compounds (inflection point at pK, ~ 10.0-11.0 [116]). It is remarkable that
their methyl counterparts XVIla—XXVlla (like XVla in [44, 45, 52, 55]) behave
without any sign of being distorted (for example, due to a charge “effect”) and the
points for these oximes fall on the corresponding plots (Fig. 15).
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] {05
15

4-1.0

o~
4
(=]

-2.0 4

Ig k,

-2.57 4-15

-3.0 1 120

.35
4-25

-4.01

<4 -3.0

Fig. 15. Brensted plots for interaction of micelle-nonforming oximes (open symbols) with
NPDEPN, NPDEP, and NPOTos; filled symbols denote points for methyl counterparts XVla—
XVllla and XXla—XXIVa; points for the other oximes were taken from [31, 52]).

Nonlinearity of Brgnsted plots for the reactants of diverse nature — oximate,
alkoholate, phenolate ions, and neutral and anionic nitrogen compounds — can be
assigned to a number of factors including structure changes in the transition state, or
energetically unfavorable solvation effects whose contribution becomes progressively
more significant with an increase in the basicity of nucleophile. Large body of
evidence [111-115] suggests that it is the differences in solvation states of low- and
high-basicity oximes appear to be responsible for the observed nonlinearity of
Brgnsted relationships in reactions of oximate ions with acyl substrates.

As evidenced by A;=KJ"/K}" in Table 6, nucleophilicity of oximate fragments

in functionalized surfactants is slightly higher than that in their methyl counterparts.
A somewhat different behavior was detected in reactions of NPDEPN with oximate
group of functionalize surfactant XVII and reaction of NPDEP and NPOTos with
XXI. In the first reaction the second-order rate constant increases about six-fold,

whereas a decrease in ratios KJ'/K)' (see the corresponding values of A; in Table 6)
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IS observed for the other two. Such discrepancies in the reactivity may be caused by
differences in localization of substrate and oximate fragment in functionalized
surfactant [105, 106]. In most reaction series an increase in nucleophilicity should be
attributed not only to favorable orientation of the ester relative to functionalized
fragment in micellar pseudophase, but also to the influence of micellar medium on
desolvation of oximate ion.

Table 6. Micellar effects of functionalized surfactants in decomposition of NPDEPN,
NPDEP and NPOTos

Substrate

Surfac NPDEPN NPDEP NPOTos

tant | %
X** Al AZ A*** X** Al AZ A*** X** Al AZ A***

<<1 (1018|520 | 940 | 1.0 | 0.95 | 560 | 530 1.0 | 2.1 | 6600 | 13860

XVIb | 09]10|18| 52 | 94 | 1.0 | 095 | 56 | 53 | 1.0 |21 | 660 | 1390

<<1 10|64 400 | 2560 | 1.0 | 1.25 | 320 | 400 1.0 | 3.3 | 4400 | 14520

XVIIb| 09110 |64 40 | 256 | 2.0 | 125 | 32 | 40 | 1.0 | 3.3 | 440 | 1450

<<1 10|23 |480 | 1100 | 1.0 | 1.3 | 360 | 470 1.0 | 1.7 | 6000 | 10200

XVIb| <0910 |23] 48 | 110 | 1.0 | 13 | 36 | 47 | 1.0 | 1.7 | 600 | 1020

<<1 (05|10 |500| 500 [ 0.5 | 025 | 475 | 120 | 0.25 | 0.3 | 6750 | 2030

XXIb | 09| 05|20| 50 | 50 | 05 | 025| 48 | 12 | 025|03 ]| 675 | 203

<<1 [ 0.25/ 3.6 | 400 | 1440 | 0.5 | 0.9 | 375 | 340 | 0.5 | 3.2 | 7000 | 22400

XXNb | 091 025/ 36| 40 | 144 | 05 | 09 | 38 | 34 | 05 | 32| 700 | 2240

<<1 0542|530 |2230| 05 | 1.7 | 500 | 850 | 0.25 | 1.3 | 7500 | 9750

XXIb) 69| 05|42| 53 | 223 | 05 | 1.7 | 50 | 85 |025|13]| 750 | 975

<<1 | 0.25 3.2 | 630 | 2020 | 0.25 | 0.9 | 625 | 560 | 0.25 |1.25| 7500 | 9380

XXV | 091025 32| 63 | 202 | 025 | 0.9 | 63 | 57 | 025|125 750 | 938

*Fraction of substrate in micellar pseudophase.
**Mole fraction of functionalized surfactant in comicelles with CTAB.

***From equation A = ArA; = (k;‘/kgv)-;(-PS-c/{[OxH]g”e‘\-(1+ Ke-C)}, where A; and A
correspond to the change in reactivity of oximate fragment and the effect of substrate concentrating,
respectively [52].

The similar tendency in influence of acid-base properties on the reactivity of
functionalized fragment was first detected in our laboratory for oximate surfactants
XVIb—XVI11b and XXIb—XXIVb (Fig. 16). As in the case of micelle-nonforming oximes
[31, 81, 110], functionalized surfactants with pK,> 8.5-9.0 react with NPDEPN, NPDEP
and NPQOTos at nearly the same rates with By — 0. At pK, < 8.5-9.0 the reactivity of
functionalized surfactant decreases, i.e. Brgnsted plot is nonlinear and By > O.
Reliable estimation of By on the descending portion of the Brgnsted plots can be
carried out using extended set of surfactants with pK, < 9.0. Similarity in the effects
of acid-base properties on nucleophilicity of oximes in water (Fig. 15) and oxime
group in functionalized surfactants XVIb—XVIlIb and XX1b—XXIVb (Fig. 16) in acyl
transfer makes it possible to give some assumptions on the role of the
microenvironment in micelles of functionalized surfactants and development of
supernucleophilic systems with the required reactivity.
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Fig. 16. Brensted plots for reactions of functionalized surfactants with NPDEPN, NPDEP, and
NPOTos [52].

Nonlinearity of Brensted plots and the fact that the inflection points are observed at
similar pK;, values of oxime and oxime fragment in functionalized surfactant clearly
show that microenvironmental effects in micelles are much like those in water, and
desolvation effects in functionalized fragment, as is the case in micelle-nonforming
oximes, are also essential here. Therefore, design of surfactant-based supernucleophilic
systems with oxime functionality for decomposition of ecotoxicants under “mild”
conditions requires surfactants with pK, ~ 7.0-9.0.

A comparison of A; and A, from Table 6 suggests that the effect of substrate
concentrating in micelles and comicelles is the main factor responsible for micellar
effects in the monomeric functionalized surfactants.

In practice, half-reaction time (111, S) is a characteristic useful in estimating the
efficiency of decomposition of ecotoxic acyl substrates. Half-reaction times are
dependent on the nature of substrate, their minimum values were calculated to be 1s
(NPDEPN), 14s (NPDEP) and 9s (NPOTos), which fully meet the requirements for
active components of the formulations suitable for decomposition of
organophosphorus compounds. Therefore, the oxime-functionalized surfactants are
powerful supernucleophilic reagents, which can provide ~ 102-10*-fold acceleration
in decomposition of acyl substrate as compared to their methyl counterparts. Their
efficiency in decomposition of acyl substrates not only highly competitive with, but
also outperform currently existing functional surfactants of other types.

Reactivity of micellar systems based on dimeric functionalized surfactants.
Surfactants with o-nucleophilic functionalities — hydroxamate, amidoximate and
oxymate — combine both abnormally high reaction rates in acyl transfer and efficient
solubilzation of the substrates slightly soluble in water [60, 61, 118, 122]. Between
these compounds oxime-functionalized surfactants are the most attractive for
supernucleophilic systems design. Firstly, structure variations in the surfactants make
it possible to obtain compounds with pK, of oxime functionalities close to physiological
pH [60, 61, 121]. Secondly, the reactivity of oximate fragment in the surfactants, as with
their micelle-nonforming counterparts, directly depends on its acid-base properties [19, 55,
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60, 61]. Inflection points in Brensted plots fall into the same range of pK, ~ 8.5-9.5.

Already known interrelation between the nucleophilic reactivity (k, and k;', M*-s?) and

acid-base properties of oxime group simplifies design of the surfactants with desired
nucleophilicity and pK, Thirdly, since physico-chemical properties of micellar
pseudophase depend largely on the nature of the head group [52, 53], the structure of the
latter is one of the main factors responsible for micellar effects. And, finally, since
substrate concentrating in the micellar pseudophase makes dominating contributions to the
observed reaction rate, the hydrophobic properties of functionalized surfactants become
essential for micellar effects [54, 57, 58, 62, 121, 122].

CcI NOH cr | NOH | Cr
\[L\/”\ >Nv”\/N/
Al AIK "Salk
XXVI a-d XXVII d
. NOH — . cr _~CHs
cr /= NOH cl \)K/ cl @C\ NOH
NN Nor o N
A= N7 N\)kcm A K AN
XVI a-d XXV a-d Ik
XXIV a-d

Alk = CHs ( a), C16H33( B), C1aH29 ( ¢), C12H2s ( d),

Fig. 17. Structure of functionalized monomeric and dimeric surfactants.

While the influence of the functional fragment, hydrophobicity of surfactant and
substrate on micellar effects can be considered as being well-established, the effects of the
nature of cationic center in the head group, and hydrophobic properties require further
Investigations.

Comparative analysis of micellar effects at a varied nature of cationic fragment
in the head group and the length of hydrocarbon tail in micellar and comicellar
systems XVI, XXIV and XXVI-XXVIII, presented further. It should be noted that
studies on the effects of hydrophobic properties is also of pragmatic interest since it
makes possible to optimize the structure of surfactant with due regard for the nature
of alkyl substituent. Undoubtedly, the appropriate selection of structure modifications
in surfactant requires a close examination of changes in a number of physico-
chemical parameters of functionalized surfactants in aqueous solutions: solubilization
efficiency of substrate, nucleophilic reactivity of oximate group in surfactant,
aqueous solubility of surfactants, cmc, etc.

Regularities in the kinetics of 4-nitrophenyl diethylphosphonate decomposition in
micelles and comicelles. The main regularities in decomposition of esters, NPDPEN
included, both in comicells and solutions involving functional dimeric surfactants are
similar to those discussed above for monomeric surfactants. Regularities in behavior
of the observed pseudo-first order rate constants are well fitted by equation 14 [73,
75].

Physico-chemical parameters used in description of NPDEPN hydrolysis in
functionalized surfactants micelles and comicelles FD/CTAB are given in Table 7.
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An important property of micellar systems is their ability to solubilize a wide
diversity of compounds. Solubilization is closely associated with hydrophobic
features of surfactant such as the nature of the head group and number of methylene

Table 7. Reactivity of oximate ion (KJ") in decomposition of NPDEPN in micellar and comicellar
systems, and physico-chemical characteristics of surfactants (pKa, app., Ks, cmc)

for compounds XVI, XXIV and XXVI-XXVIII

Compound Alk K, app.* R k" Ks, cme,
M-lS-l-k** M-l*** M F***
XXVIb | 10.12 (sp.), x 1.0) 0.1 0.05 115
) CiwHss | 10.33 (kin.),x 0.125) | 0.125 0.08 160 <3.10°%
cl NOH 16H33 (kin.), x )
\IL I XXVIc | 10.25 (sp.), x 1.0 0.1 0.1 160 | . o T
Al T CuHze | 10.20 (kin),yx 0.125 | 0.125 0.1 260
XXVI XXVId | 10.15 (sp.), x 1.0 0.1 0.13 70 | 2108 (kin.)
CiHzs | 10.23 (sp.), x 0.125 | 0.125 0.13 60 | 210 (kin.)
CI | NOH Cr
}‘f\'x,-lLv.-*'[\L/ XXVIId | 9.44 (sp), x 1.0 1.0 0.08 72| 4-10%(kin.)
Al R CiHzs | 9.49(sp.), x 0.125 | 0.125 0.08 93 | 4-10*(kin.)
XXVII
XVIb | 10.7 (kin), x 1.0 10 0.16 260 [2.5-10% (kin.)
Cield 10.39 x 1.0 0.125 0.16 364 | <26-10*
16Hs3 | 10.44 y 0.125 : 6.4.10%
cr =\ NOH XVIc | 10.60 x 1.0 1.0 0.13 130 |4.2- 10" (kin.)
Alk/N\\j/,N\)J\ CiuHzo | 1037 y 0125 | 0.125 0.16 260 8.4 103
XVI Vi 10.50 (sp.), x 1.0 1.0 0.09 91 3-10%3 (kin.)
con. | 1040 (kin), z 1.0 05 0.12 91
U 110.29 (sp.), x 0125 | 0.125 0.11 155 2.8 103
9.0 (kin.), x 1.0
XCX\L'”b 89 (sp), x 10 1.0 0.20 250 | <2.10°
1677831 8.7(sp.), y 0.125
CF —  NOH — cr 8.9 (kin), y 1.0
M\ m\ X
AIk/N‘\V/’N\)J\/N‘\V/’N\AIk Xé(\ﬂllc 8.8(sp), x 10 1.0 0.20 250 <2.10°5
XXVIII 147129189 (sp.), x 0.125
8.8 (kin), x 1.0
XXVIIId | g (sp) % 10 1.0 0.20 155 <2.10*
- _CHs XXIVb 0.25 0.22 250 <3.10*
o @ e Citzs | 29 6P) % 10 0.125 0.23 250 | <3.10%
N C);ﬁ';’c 9.63 (sp), % 1.0 0.5 0.23 200 | 310 (kin.)
Alk XXIVd 1.0 0.18 180
. . -4 g
XXIV Cubls | 22006P) %10 0.125 0.20 1500 | 2 1oE ki

*Spectrophotometric (sp.) or kinetic (kin.) measurements;
**Mole fraction of functional surfactant in comicelles FD/CTAB.

***Accurate within 10%.
****Erom kinetic data.

units in alkyl substituent. In the case of dimeric surfactants, the length and structure
of the bridge chain (spacer) is also should be taken into account [123]. One of the
most important characteristics of micelle formation is a critical micelle concentration
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(cmc). Since cmc depends on a number of factors (length of alkyl substituent, the
presence of polar and ionogenic groups and influence of electrolytes used in
maintenance of pH in the system), in the most cases preference was given to the cmc
determined by kinetic method.

Acid dissociation constants of oxime group (pKaapp) Were determined by
spetrophotometric and kinetic methods [51-63]. The values of pK,ap are slightly
affected by variations in the length of alkyl substituent in the head moiety of monomeric
and dimeric surfactants (Table 8) whereas an introduction of the second electron-deficient
substituent with the formation of dicationic surfactant results in significant decrease in
PKaapp. (Table 7), i.e. compounds XXVII and XXVIII are more strong acids than oximes
XXVI and XVI.

Fraction y variations do not change pK.app sufficiently in the case of dimeric
surfactants; for monomeric surfactants, influence is not regular (see Table 7), and data
rationalization is not obvious.

There is principal difference: for non-functionalized cationic surfactants,
changes in nucleophile pK,ap are considered as result of changes in binding of
neutral and anionic forms with micelle; in a case of functionalized cationic
surfactants, changes in nucleophile pK,ap are connected with differences in micelle
structure, and with specific features of proton transfer into micelle surface layer.

The observed rate constants increase with increasing fraction y of
functionalized surfactant in comicelles FD/CTAB. Since the functionalized
surfactants serve a dual function, namely, participate in formation of micellar
pseudophase and, on the other hand, act as a functionalized reagent, the concentration
of oximate ion and, hence, reaction rate increases with increased fraction of
functionalized surfactant.

Reactivity, binding efficiency and micellar effects in decomposition of 4-nitrophenyl
diethyl-phosphonate. Influence of hydrophobic “zail”. Concentration plots in Figs. 18 and
19 demonstrate an influence of hydrophaobicity of alkyl substituent and the nature of head
group on the efficiency of micellar catalysis in micelles and comicelles FD/CTAB. Since
kows. for OMS were determined at a constant pH, their comparison will be more illustrative
in terms of ratios Kos/o, Where o is the ionization degree of oxime group.

Effects of the length of alkyl “tail” on kons/o ratios for tetraalkylammonium
surfactants are different from those for compounds with imidazole and pyridine core
[52, 58, 60]. In the two latter cases an expected regular change in reaction rate is
observed at a varied number of methylene units in alkyl substituent: Kops /o for XVId <
XVIc < XVIB; Kops /oo XXVIId < XXVIlIc < XXVIlIB, and XXIVd < XXIVc < < XXIVB
(Figs. 18, 19). In this case the micellar effects of dimeric surfactants XXVIlIc in
decomposition of NPDEPN is markedly higher than those for their monomeric
counterparts. It looks reasonable to suppose that, as distinguished from monomeric
surfactants and their dimeric counterparts at Alk = const, insertion of more water
molecules and, hence, the formation of more loosely packed micellar structures does not
occur here.
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Fig. 18. Kovs/a, st for decomposition of Fig.19. Kobs/a, st for decomposition of
NPDEPN vs surfactant concentration in NPDEPN  vs  analytical  surfactant
micelles XVI and XXVIII; y 1.0; water, concentration in comicelles XXIV/CTAB,;
25°C. water, 25°C.

An influence of alkyl tail in tetraalkylammonium surfactants on micellar
effects is not so distinct as for pyridine and imidazole containing compounds. Firstly,
the micellar effects in surfactants XXVI (b-d) are nearly the same; secondly, those for
dimeric surfactant XXVII are markedly less (down to two-fold) than in their
monomeric counterparts. In addition, micellar effects depends on a number of factors
such as nucleophilicity of the functional fragment, “shift” in pK, ap and reagent
concentrating in micellar pseudophase.

Binding constants Ks (Table 7) may serve as a measure of reagents concentrating.
For electrically neutral substrate NPDEPN the hydrophobicities of both substrate itself and
functionalized surfactant contribute significantly to Ks. Less efficient binding of NPDEPN
by OMS based on XXVII as compared with that of XXVIIlb exerts diminishing effect on
Its concentrating in micelles and comicelles, thus reducing the observed reaction rates. Near
two-fold decrease in binding constant of NPDEPN for XXVIb and XXVII1b appears to be
indicative of changes in the region of ester localization (near the surface of micelle). This
hypothesis requires further studies on substrates with other hydrophobic properties.
Nevertheless, there is little doubt that substrate concentrating is one of the controlling factors
responsible for efficiency of micellar “catalysis”.

And, finally, the nucleophilicity of oximate fragment needs more detailed
consideration. Data from Table 7 unambiguously show that k" depends only slightly on the
length of alkyl “tail” and comicellar composition. This appears to be due to a close
similarity in changes of medium properties in the micellar and comicellar regions where the
reaction proceeds. Moreover, in spite of decrease in apparent acid dissociation constants of
functionalize fragment going from monomeric XVI to dimeric XXVIII surfactants, k" vary
only slightly. Such behavior agree with our previous observations that, as in water, Bronsted
relationships for decomposition of acyl substrates in micelles and comicelles involving
Imidazole, pyridine and tetraalkylammonium moieties are nonlinear with an inflection point
at pK,, app.~ 8.5-9.0 [50-55, 58]. Negative deviation of XXVIId from Brensted plot in
Fig. 20 is consistent with low values of Ks and k;* (Table 7), i.e. there is an unidirectional
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action of two factors — decrease in substrate concentrating in micelles and nucleophilic
reactivity [50-55, 58].

0218k
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Fig. 20. Brensted plot for decomposition of NPDEPN by oxime surfactants XXVIId and XXVIIid
(solid circles); the remaining points (open circles) were taken from [110].

Data on k" and Ks gives no straightforward information on the scope of micellar
effects of the functional surfactants under study. At the same time the differences in the
trends of the observed reaction rates in water (micelle-nonforming oximes with pK, =
~ PK,, app.) @and micellar systems make it possible to draw some conclusions concerning
these factors, and possible directions of structure modifications in functionalized surfactants
that would be the most effective. Thus, half-reaction times in OMS on the basis of XVIId
and XXIVvd were found to be 13 and 9 s, whereas those for their methyl counterparts are
760 and 1400 s; i.e. an increase in reaction rate is about 60 and 150 times, respectively.
Maximum acceleration is detected for imidazolium and pyridinium surfactants, whereas
minimum acceleration is observed for tetraalkylammonium compounds (Fig. 21).
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Fig 21. Observed rate constants Kops,, S vs total concentration of surfactants for decomposition of
NPDEPN in comicelles at pH > pK, app.; x 0.125; water, 25°C.
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However, some consideration should be taken into account. Firstly, an increased
length of alkyl substituent gives rise to significant increase in water solubility of
functionalized surfactants, so that the micellar effects in the systems with no inert
cosurfactant (CTAB) can be determined only for compounds XXVId and XXIVd. Table 8
gives the data on low soluble surfactants at their fraction y 1.0. Unfortunately,
experimentally accessible concentration range for such surfactants is extremely
narrow. In this respect pyridinium and tetraalkylammonium surfactants are behind
imidazolium surfactants whose solubility even for surfactant XVIb with Alk =
=Cy6Hs33) is plenty large enough for their study without the use of comicellar systems.
A decrease in fraction of functionalized surfactant in comicelles results in
proportional decrease in the observed reaction rates in decomposition of substrate.
Secondly, for all surfactants under study the substrate concentrating adds
considerably to the observed reaction rates. Water solubility is one of the most
important properties, since water can be efficiently used as a solvent to fit the
requirements of “green” chemistry.

Micellar effects in functionalized tetraalkylammonium surfactants. Influence of
substrate structure. Studies on the reactivity of dimeric functionalized surfactants XXVII
and XXV in decomposition of NPDEPN showed that the nucleophilicity of XXVII, in
spite of higher basicity, is lower than that of XXVIII [53-55]. Bronsted plots for
functionalized surfactants in phosphonyl transfer demonstrate that the point for XXVII
undergo significant negative deviation whereas that for XXVIII obeys the Bronsted
relationship (Fig. 20). Whether this phenomenon is general or specific of, and peculiar to
4-nitrophenyl diethylphosphonate? Some considerations regarding the reactivity of
tetraalkylammonium surfactant XXVII in phosphoryl (NPDEP) and sulfonyl (NPOTOos)
transfer are given below.

Since the solubility of the functionalized tetraalkylammonium surfactant
proved to be too low, an estimation of the micellar effects and their comparison were
carried out with comicellar systems “functionalized surfactant — CTAB”. Effects of
comicellar systems XXVII/CTAB on reaction rates in decomposition of substrates
NPDEPN, NPDEP and NPOTos are similar to those established previously for
micellar and comicellar systems involving oximate functionality [45, 52-55].

All concentration and pH dependences are well fitted by pseudophase model
(Eqg. 14). Table 8 gives pK, ap., k" and other parameters for decomposition of esters
in the systems involving XXVIId and XXVIIId in micellar pseudophase. The values
of cmc were determined from Kinetic data [45; 55].

As with NPDEPN [55], the behavior of surfactants XXVIId and XXVIIld differs
markedly. Nucleophilic reactivity of XXVIId is lower than that of XXVIIId
both in decomposition of NPOTos [k (XXVIIId) / k™ (XXVIId) ~5] and NPDEP
[k (XXVIIId) 7k (XXVI1Id) = 2.5].The similar ratios of rate constants were detected

in their reaction with NPDEPN [k* (XXVIIId) / k' (XXVIId) ~ 2, Table 8]. As
evidenced by the data in Figs. 22 and 23, the points for XXVIId in Brensted plots for
decomposition of NPDEP and NPOTos by functionalized surfactants, as with
NPDEPN, exhibit negative deviations. The binding constants of substrates (Ks) for
comicelles on the basis of surfactant XXVIId are lower than that for XXVIIId, and the
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observed decrease is nearly independent of the nature of substrate (Table 8). Deviations
in nucleophilicity of oximate fragment in XXVIId in ethers decomposition can be
attributed to decreased electron density at nucleophilic center as a result of efficient
electrostatic interaction with one of the cationic centers of the molecule [55]. This kind
of interaction is less effective in surfactant XXVI1Id due to planarity of imidazole rings
and packing features of surfactant molecules in micelle formation [86, 123]).

Table 8. Physico-chemical properties and nucleophilic reactivity of surfactants XXV1Id and
XXVIIId in decomposition of NPDEPN, NPDEP and NPOTos; 0.01 M borate buffer, 25°C

" VM, km 1 ’ 1
Surfactant PKa, app. X pH K; 5/1 (M‘Zl-s‘l) I\K/Is_l crl\r}lc
NPDEPN
9.44 ( 1.0) 0.5 10.45 0.19 0.076 72 0.0004
XXVIild 9'49 (X 0'125) 0.25 | 10.46 0.20 0.080 74 0.0003
B 0.125 | 10.46 0.19 0.076 93 0.0003
XXVIId 8.9 (x 1.0) 1.0 10.00 0.40 0.20 155 0.00005
8.9 (x 0.125) 0.125 | 10.51 0.43 0.17 160 0.0001
NPDEP
XXVIId 9.4 (y 1.0) 0.5 10.46 0.0073 0.0029 90 0.0004
9.5 (x 0.125) 0.25 10.40 0.0075 0.0030 90 0.0003
8.9 (x 1.0)
XXVIlId 8.9 (3 0.125) 1.0 10.94 0.034 0.017 175 0.00007
NPOTos
9.4 (4 1.0) 0.5 10.65 0.018 0.0072 820 0.0003
XXVIild 9'5 (X 0'125) 0.25 | 10.46 0.017 0.0068 520 0.0003
= 0.125 | 10.40 0.017 0.0068 570 0.0003
8.9 (x 1.0)
XXVIld 8.9 (4 0.125) 1.0 10.99 0.031 0.016 1700 0.00002

As for binding constants, geometry and electrostatics are hardly satisfactory enough
for explanation on the differences of. A 2 - 5-fold decrease in binding constants of
substrates by comicelles XXVIId/CTAB as compared to similar systems involving
XXVIIId (Table 8) irrespective of their hydrophobic properties is evidence for
changes both in the localization of less hydrophobic esters NPDEPN, NPDEP (close to
the micellar surface) and significantly more hydrophobic ester NPOTos (close to the
micellar core). This observation is unexpected since the formation of micelles usually
proceeds with changes at the micellar surface rather than in micellar core [63, 73,
123]. This interesting object (comicelles of XXVIII/CTAB) deserve for detailed
structural studies.

To summarize, the results suggest that (i) structural changes of cationic center in the
head group of functionalized surfactants can affect their properties, (ii) the most prominent
effects are observed in dimeric surfactants and (iii) the replacement of imidazolium ring by
tetraalkylammonium fragment gives rise to a decrease in the micellar effects. Therefore,
functionalized dimeric imidazolium surfactants are more appropriate for use in designing
new supernucleophilic systems.
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Fig. 22. Brensted plots for decomposition of
NPOTos by oxime-functionalized surfactants
XXVIId and XXVIIId, the remaining (open
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Fig. 23. Brensted plots for decomposition of
NPDEP by oxime-functionalized surfactants
XXVIId and XXVIlId, the remaining (open

circles) were taken from [52, 54]. circles) were taken from [52; 54].

CONLUSIONS

The present study is aimed at establishing the regularities in self-organization
and relationships «chemical structure — supramolecular architecture — functional
activity of nano-sized systemsy, and designing new micro- and nano-containers and
reactors with controllable properties.

Of special interest as host molecules are dimeric (Gemini) surfactants capable of
forming a variety of micelles in agueous solutions. The main advantage of Gemini
surfactants is that they exhibit the properties which result in increased efficiency of
the systems on their basis. The use of Gemini for esterolytic reactions poses a number
of fundamental problems. Whether the regularities in decomposition of esters in
micelles of cationic Gemini and those of monomeric surfactants involving
nucleophiles under study are general? How wide is the kinetic range for some of these
reaction in the micellar medium involving Gemini? How much changes in the spacer
length affect the reaction rates of such reactions?

The present study dealt with OMS based on cationic dimeric and functionalized
surfactants as well as those with a reactive counterion, in decomposition of
compounds similar in structure and behavior of ecotoxic substrates.

Detailed studies on physico-chemical characteristics and kinetic behavior of
various surfactants in decomposition of acyl substrates, including toxic
organophosphorus compounds, make it possible to evaluate the role of structure
factors in micellar effects of surfactants and formulate the ways to modifications of
OMS.

Micellar effects in the surfactants under study depend on the structural features
of both the surfactant and substrate. The esters under study are electrically neutral
compounds, i.e. the main driving force of substrate binding is hydrophobic
interactions, which, in turn, depend on hydrophobic properties of surfactant. An
increase in the length of alkyl “tail” is accompanied by an increase in the observed
rate constant of alkaline hydrolysis both of BrO~ ion and oximate group. In this case
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the effect of the length of alkyl substituent does not change in comparison with that in
monomeric counterpart. In addition, micelles of dicationic Gemini surfactants provide
better surrounding for nucleophilic deacylation compared with corresponding
monocationic micelles. Such kinetic advantages of Gemini surfactants can be caused
by the spacer chain resulting in decreased water penetration at the micellar surface.
Dephosphorylation and deacylation reactions proceed, in general, easier under
decreased water content of reaction surrounding and, in turn, depend on the nature of
spacer.

There is no doubt that the substrate hydrophobicity and change in reactivity in
transferring the decomposition process into micellar pseudophase contribute also to
the efficiency of micellar catalysis. In most cases the observed reaction rates of
NPDEPN are higher, whereas those for NPOTos and NPDEP are comparable in
magnitude. However, in all cases micellar effects are governed by reagent
concentrating in the Stern layer, microenvironment polarity changes, and depend on
the ratio of their contributions to the observed reaction rates.

It should be particularly emphasized that in micelles of Gemini the observed
reaction rates at every concentration used are an order of magnitude (or even more)
higher compared with those in micelles of monomeric surfactants. Therefore, the
systems for decomposition of ecotoxicants involving Gemini surfactants will be more
acceptable environmentally. However, there is another obstacle to the application of
dimeric surfactants. Maximum increase in reaction rates was detected for OMS at Alk
= Cy6Has, but there are certain difficulties associated with the solubility of surfactant
themselves. This issue can be partially resolved by adding co-surfactant, such as
CTAB. In this case an increase in solubility is accompanied by a decrease in micellar
effects, so the selection of suitable experimental conditions «micellar composition —
micellar effects» are of prime consideration.

In closing: whether kinetic efficiency of such reactions can be enhanced by
suitable modification of the host surfactant, or any other skeleton is necessary? The
follow-on studies are now in progress.
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