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ABSTRACT: Hydrophobically modified polyelectrolytes (polysoaps) are a unique class of water-soluble polymers
containing distinct hydrophobic and hydrophilic regions. Above a certain concentration, polysoaps form
intramolecular and intermolecular aggregates in aqueous solution. They have attracted much attention not only for
their ability to mimic some functions demonstrated by biopolymers but also for their important industrial applications.
This review highlights some interesting features of novel non-cross-linked and cross-linked poly(alkylmethyldiallyl-
ammonium halides) that have been described in recent years. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

For a long time scientists have been intrigued by proteins
and by their ability to fulfil so many functions, including
catalysis of a wide diversity of reactions. Various
functions are known to be based on their ability to form
highly organized molecular assemblies. Hydrophobic
effects play a pivotal role in the formation of these
assemblies.1 In this respect they resemble amphiphiles
and their tendency to undergo self-assembly processes.1

Hydrophobically modified polyelectrolytes (polysoaps),
which possess distinct hydrophobic and hydrophilic
regions, provide a challenging subject for investiga-
tion2–27 not only for their own intrinsic interest but also
for their similarities to biomacromolecules, particularly
with respect to folding processes. Polysoaps have
been regarded as useful model systems for globular
proteins because they can mimic some functions
exhibited by more complicated biopolymers in aqueous
solution.12–20,23Above a certain concentration, defined as
the critical aggregate concentration (CAC), polysoaps
associate to form intramolecular and intermolecular
aggregates. Hydrophobically modified polyelectrolytes
are a unique class of water-soluble polymers which have
attracted considerable attention, owing to their out-
standing solution properties and numerous practical
applications.

It has long been known that polysoaps in aqueous

solution form hydrophobic microdomains, with compact
coils of alkyl side-chains surrounded by soluble head
groups. Like micelles formed by conventional surfac-
tants, these hydrophobic microdomains solubilize nor-
mally water-insoluble organic molecules such as alkanes
and arenes.2 Solubilization of the organic molecules into
these hydrophobic microdomains is of particular interest
owing to numerous potential applications such as drug
delivery.

Since the pioneering work of Strauss and Jackson,2

polysoaps have been the focus of many studies and they
have provided an extremely versatile addition to the
growing field of molecular self-assembly.18–38 These
types of amphiphilic macromolecules exhibit unusual
aqueous solution behavior, arising from hydrophobic
association processes that occur in order to minimize
water–hydrophobe contact. Such associations determine
the macromolecular conformation, which, in turn,
controls the rheological properties of their aqueous
solutions. Polysoaps have found important industrial
applications39–41as water thickeners in diverse fields, e.g.
tertiary oil recovery, fluid modification and frictional
drag reduction. They can also be used as alternatives for
conventional surfactants as flocculants in the treatment of
waste-water.40

Development of hydrophobically modi®ed poly-
electrolytes

Polysoaps gained particular attention in polymer chem-
istry at the beginning of the 1950s when the spontaneous
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formation and physical propertiesof surfactantaggre-
gatesin aqueoussolution were underactive research.2

Detailedstudiesconcerningthetransitionfrom polyelec-
trolyte to polysoapwerecarriedout by Straussandco-
workers3,4,5 with seriesof poly-4-vinylpyridine deriva-
tives quaternized with n-dodecyl bromide and the
remainderwith ethyl bromide.It wasfound that poly-4-
vinylpyridine derivatives with an n-dodecyl group
content smaller than a critical value have a loosely
coiledchainstructuretypicalof polyelectrolytes,whereas
poly-4-vinylpyridine derivativeswith larger contentsof
n-dodecylgroupspossessahighly compactshapetypical
of polysoaps.All the poly-4-vinylpyridine derivatives
containing n-dodecyl groups also showeda tendency
toward intermolecular association. To obtain more
quantitative information concerningthe molecular di-
mensionsand the aggregateformation of thesemacro-
molecules, light scattering studies were carried out,
whichsuggestedintramolecularaggregationof n-dodecyl
groups belonging to the same polysoap molecule in
aqueoussolution.5 However,many intriguing questions
remained.In particular, the relationshipsbetweenthe
chemicalstructureof a polysoapand its propensityfor
aggregationarestill not fully established.

Poly(methacrylicacid), reportedby Katchalsky and
co-workers,6–8 was found to exhibit a marked pH-
inducedconformationaltransition from polyelectrolyte
to polysoap,which is absentin poly(acrylic acid).9 At
pH< 3, the free polymerizedacid is formed, and the
polymer collapsesinto a tight hydrophobiccoil. How-
ever, abovepH 4, the polymer coil tendsto open.At
pH> 8, the carboxylic groupsare completely ionized,
and the poly(methacrylicacid) chain is stretchedout to
moleculardimensionstypical of normalpolyelectrolyte3

dueto the repulsionbetweenthe carboxylategroups.A
similar conformationaltransitionfrom polyelectrolyteto
polysoapinducedby a changein pH wasalsofound for
poly(ethacrylicacid)by FichterandSchonert10 andNitta
et al.11

In 1967, Dubin and Strauss12,13 reported extensive
studieson the hydrolyzedcopolymersof maleic anhy-
dride andn-alkyl vinyl etherswhich undergoconforma-
tional transitions resembling those occurring in
biopolymers. These copolymers are transformedinto
anionicpolyelectrolytesby partial or total ionization of
the carboxylic groupsof the maleic acid moieties.An
interestingfeatureis that thehydrophobicmicrodomains
formedby thecopolymerswith alkyl side-chainsvarying
betweenn-butyl and n-octyl groupsmay be reversibly
destroyedor createdby changesin thepH of themedium.
Formethylandethyl side-chains,thecopolymersbehave
like normal hydrophilic polyelectrolytesand undergoa
progressiveconformationalexpansionwhen the degree
of neutralizationa of thecarboxylicgroupsis increased.
For alkyl side-chains� n-butyl, however,the increasein

results in a conformational transition whereby the
copolymer coil changes from a compact globular

conformationat low a to thenormalextendedconforma-
tion at highera. Thetransitiontakesplacewithin a fairly
narrowrangeof a, centeredarounda critical valueof the
neutralizationdegreeof the carboxylic groups which
increaseswith alkyl chain length. For alkyl side-
chains� n-decyl,thecopolymersappearto retainafairly
compactconformationin the whole rangeof a. From a
variety of experimental techniques,including poten-
tiometry, calorimetry and fluorescence,it has been
established that the compact coil is stabilized by
hydrophobic interactions between the alkyl side-
chains.12–15Long-rangeelectrostaticinteractionsbecome
predominant at high degreesof ionization, and the
compactconformationis convertedinto anextendedcoil
form. Furthermore,Hsu and Strauss16 determinedthe
averagenumberof alkyl chainsper hydrophobicmicro-
domainformedby thesecopolymersin aqueoussolution
by fluorescenceprobing. In 1970, the pH-induced
conformationaltransition from polyelectrolyteto poly-
soapwas also observedfor copolymersof maleic acid
andstyreneby Sakuradaet al.,17 andthe transitionwas
shownto besimilar to that for poly(methacrylicacid).

On thebasisof thework of Straussandhiscolleagues,
Kunitake and co-workers18–20 madedetailedstudiesof
the catalytic effectson decarboxylationreactionsof 6-
nitrobenzisoxazole-3-carboxylateanionusinga seriesof
poly-4-vinylpyridine derivatives quaternized with n-
octyl, n-dodecyl, n-octadecyland n-docosyl bromides
and the remainderwith ethyl bromide. The catalytic
efficiencyof thesepolysoapsis relatedto theformationof
hydrophobicmicrodomainsin aqueoussolution. They
concludedthat poly-4-vinylpyridinederivativescontain-
ing n-octyl groupsprovideanoptimumbalanceof water
solubility and polymer hydrophobicity in the seriesof
polysoaps.20

Recently, Anton and Laschewsky21 reported the
synthesisof novelpolysoapswith well definedchemical
compositionsby thiol/en addition reactionsof diolefin
surfactantmonomersanddithiols.Structuralvariationsof
the dithiols provide main chainswith different lengths
andpolaritiesin their repeatunits.Theuseof thethiol/en
addition in polymerization processesin highly polar,
protic solventsis attractivefor the synthesisof water-
solublepolymerssuchaspolyelectrolytes.However,the
different solubilities of the starting materialsstill pose
problems in obtaining high molecular weight poly-
thioethers.21

Fluoroalkylatedamphiphilesareknownto haveunique
properties,such as greaterhydrophobicity,constrained
conformationalstatesand chemical inertness,that set
themapartfrom morecommonhydrocarbonsurfactants.
The synthesisof fluoroalkylatedamphiphileshas been
the subjectof considerableinterestin both fundamental
studies and applications. Recently, Sawada et al.22

synthesizeda seriesof novel fluoroalkylatedpolysoaps
possessingfive-memberedring structuresby reactionof
diallylammoniumchloridewith fluoroalkanoylperoxides
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under conditionssimilar to thoseusedwith diallylam-
moniumchloride.Thesenovelfluoroalkylatedpolysoaps
canreducethesurfacetensionof watermoreeffectively
thannon-fluorinatedpoly(diallylammoniumchlorides).22

Furthermore,thesefluoroalkylatedcationicpolysoapsare
readily soluble not only in water but also in organic
solvents such as methanol, ethanol and dimethyl
sulfoxide.

Along with a number of experimentalstudies, the
aggregatesof polysoapshaverecentlybeenthesubjectof
considerable theoretical interest.23 The number of
hydrophobicgroupsincorporatedwithin the macromol-
eculeshasbeensuggestedto play an important role in
determining the polysoap conformations in aqueous
solution.Thesetheoreticaltreatmentsof polysoapshave
alsoaddressedthe phenomenonof the strongly reduced
CAC values when the addition of surfactants into
polysoap solution results in the formation of mixed
micelles.23

Although many hydrophobicallymodified polyelec-
trolyteshavebeenreported,muchlessattentionhasbeen
focusedon thecontrolof their associationproperties.5–22

Furthermore,structure–propertyrelationshipsin aqueous
solutionhavenot beenwell established.The purposeof
the present review is to highlight some interesting
featuresof non-cross-linkedandcross-linkedpoly(alkyl-
methyldiallylammoniumhalides)thathaverecentlybeen
described.

SYNTHESIS

Development of cyclopolymerization

In 1949, Butler and Bunch42 reported the homolytic
polymerizationof diallyldiethylammoniumbromide.The
resulting polymeric material contained no unreacted
double bondsand was soluble in water. Interestingly,
the polymers could be degradedand were found to
containcyclic structuresalongthepolymerbackbone.To
explain these results, Butler and co-workers43,44 pro-
poseda polymerizationmechanismthat involved alter-
nating intramolecular and intermolecular chain
propagation. Later, the ring-forming polymerization
mechanismwascalledcyclopolymerization.

Sincethe initial investigationby Butler andBunch,42

these cyclopolymerizations have been the subject of
much interest.43–49 Radicalinitiation hasbeenthe most
widely employed method of promoting cyclopolym-
erization and the mechanismhas been studied exten-
sively.50–53Initially, cyclopolymersformedfrom radical-
initiated polymerization of 1,6-dieneswere assigned
structuresbasedupona linear networkof six-membered
rings linked by methyleneunits.The mechanismfor the
formation of six-memberedrings was basedupon the
hypothesis that the more stable intermediate radical
during polymerization would be a secondaryradical.

Therefore, radical initiation would proceed via an
intermediatesecondaryradical which then, through a
series of alternating intra- and intermolecular steps,
would react to form a linear polymer containing six-
memberedrings.43,44 This structurewasconsistentwith
the high solubility of the polymerswhich containedno
residualunsaturation.Numerouslater studies,however,
haveshownthat dienecyclopolymerizationcan lead to
polymerscontaining a variety of ring sizes, including
five-, six- and higher memberedrings.54–58 Extensive
studiesshowedthat the polymer formed from diallyldi-
methylammoniumchloride is composedpredominantly
of five-memberedrings linked mainly via a 3,4-cis
configuration.56 Detailedstudiesby using electronspin
resonancealsoindicatedthatcopolymerspossessingfive-
memberedring structuresareformedby the free-radical
cyclopolymerizationof diallylaminederivatives.57,58

The scope of the cyclopolymerization reaction is
broad, encompassinga large number of dienesand a
variety of initiation modes, and has resulted in the
formation of new polymers,including macromolecules
which are of industrial and medical importance.Some
excellentreviewshavebeenpublishedin this field.52,53

Synthesis of alkylmethyldiallylammonium halide
monomers24,28±30

The primary target monomersin our studieswere the
alkylmethyldiallylammonium halides,which cyclopoly-
merize to yield a copolymer with pendantalkyl side-
chains.Becausethesecompoundsarenot commercially
available,exceptfor dimethyldiallylammoniumchloride,
we deviseda syntheticprocedurefor obtainingthis class
of compounds.Methyldiallylamine was preparedfrom
diallylamine according to a published procedure.59

Dimethyldiallylammoniumbromidewas obtainedfrom
methyldiallylamineandmethyl bromidein diethyl ether
at room temperature.60 Alkylmethyldiallylammonium
bromideswere synthesizedvia reactionsof methyldial-
lylaminewith thecorrespondingalkyl bromidein acetone
(Scheme1). In ourmonomersynthesis,themethylgroup
is first attachedto the organic framework carrying the
polymerizablegroup,followedby asinglereactionwhich
connectsthe hydrophobicgroupsto the monomersand
simultaneouslygeneratesthe ionic structure.This two-
stepprocessprovedto beveryconvenient,andthepurity
of the products is satisfactory.24,28,30 The materials
required for this synthesisare readily available and

Scheme 1.
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Scheme 2.
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inexpensive, and the synthesis consists of simple
reactionsthat give high yields28,30 of multigram quan-
tities of monomers.Also, this routeprovidesaccessto a
widevarietyof derivativessimplyby changingoneof the
starting materials.30 n-Dodecylmethydiallylammonium
chloride was preparedfrom n-dodecylmethyldiallylam-
monium bromide in methanol using an ion-exchange
column.29

Synthesis of non-cross-linked and cross-linked
(co)polymers24,28±30

Followingthepioneeringworkof ButlerandBunch,42we
were able to synthesizea family of novel non-cross-
linked and cross-linkedpoly(alkylmethyldiallylammo-

nium halides)by radical-inducedcyclocopolymerization
of alkylmethyldiallylammonium halidesin the absence
and in the presenceof a small amount of N,N'-
methylenebisacrylamideusing ammoniumperoxodisul-
fate as initiator in aqueoussolution under nitrogen
(Scheme2). In a seriesof polymerizationreactions,the
monomerratio and contentof cross-linkingagentwere
varied. The resulting solutions were dialyzed against
deionizedwaterusingdialysistubesat roomtemperature
to remove unreactedmonomersand oligomers. We
obtainedthenon-cross-linkedandcross-linked(co)poly-
mersby subsequentlyfreeze-dryingthe final solutions.
The resultsaregiven in Table1. Themolecularweights
of the non-cross-linkedandcross-linkedcopolymersare
believednot to besignificantlydifferentfrom thoseof the
non-cross-linkedand cross-linked homopolymers,re-

Table 1. Cyclo(co)polymerization of alkylmethyldiallylammonium halides in the absence and presence of N,N'-methylenebis-
acrylamide in aqueous solutiona

(Co)polymer x/y (mol/mol)b q (%, w/w)c Yield (%) Watersolubility

PolC-1-Br 100/0 0.00 51 Soluble
PolC-1-Cl 100/0 0.00 51 Soluble
CopolC1-6-Br 60/40 0.00 37 Soluble
CopolC1-8-Br 60/40 0.00 33 Soluble
CopolC1-10-Br 89/11 0.00 35 Soluble
CopolC1-12-Br 88/12 0.00 32 Soluble
CopolC1-12-Cl 89/11 0.00 75 Soluble
CL-PolC-1-Br 100/0 0.40 58 Soluble
CL-PolC-1-Br 100/0 1.0–4.0 37–50 Gel
CL-PolC-1-Cl 100/0 0.40 76 Soluble
CL-PolC-1-Cl 100/0 1.0–4.0 68–74 Gel
CL-CopolC1-6-Br 60/40 0.20 45 Soluble
CL-CopolC1-6-Br 61/39 0.40 42 Soluble
CL-CopolC1-6-Br 62/38 0.80 43 Soluble
CL-CopolC1-6-Br 80/20 0.40 44 Soluble
CL-CopolC1-6-Br 42/58 0.40 33 Soluble
CL-CopolC1-8-Br 61/39 0.20 41 Soluble
CL-CopolC1-8-Br 60/40 0.40 39 Soluble
CL-CopolC1-8-Br 59/41 0.80 47 Soluble
CL-CopolC1-8-Br 78/22 0.40 36 Soluble
CL-CopolC1-8-Br 40/60 0.40 35 Insoluble
CL-CopolC1-10-Br 89/11 0.20 37 Soluble
CL-CopolC1-10-Br 88/12 0.40 44 Soluble
CL-CopolC1-10-Br 90/10 0.80 48 Soluble
CL-CopolC1-10-Br 79/21 0.40 52 Soluble
CL-CopolC1-10-Br 68/32 0.40 47 Soluble
CL-CopolC1-12-Br 89/11 0.10 57 Soluble
CL-CopolC1-12-Br 90/10 0.20 48 Soluble
CL-CopolC1-12-Br 90/10 0.40 53 Soluble
CL-CopolC1-12-Br 89/11 0.80 49 Soluble
CL-CopolC1-12-Br 96/4 0.40 44 Soluble
CL-CopolC1-12-Br 84/16 0.40 41 Soluble
CL-CopolC1-12-Br 78/22 0.40 45 Soluble
CL-CopolC1-12-Br 90/10 1.0–4.0 35–43 Gel
CL-CopolC1-12-Cl 89/11 0.20 80 Soluble
CL-CopolC1-12-Cl 90/10 0.40 78 Soluble
CL-CopolC1-12-Cl 89/11 0.80 75 Soluble
CL-CopolC1-12-Cl 95/5 0.40 78 Soluble
CL-CopolC1-12-Cl 79/21 0.40 67 Soluble

a Ammoniumperoxodisulfateasinitiator.
b Compositionsof copolymers.
c N,N'-Methylenebisacrylamide.
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spectively, on the basis of the same polymerization
conditions.Sincethesenon-cross-linkedandcross-linked
copolymersdifferedonly in thenumberof CH2 groupsin
thealkyl side-chain,theyofferedtheopportunityto probe
their propertiesas a function of varying hydrophobic
effects.

As expectedthe water solubility of the cross-linked
(co)polymersis stronglyinfluencedby thecontentof the
cross-linking agent. An increasein the cross-linking
agent content leads to a decreasein water solubility,
presumablyresultingfrom a decreaseof the macromol-
ecular flexibility in the cross-linked(co)polymers.28–30

Solubility in water was restricted to cross-linked
(co)polymersfor which the contentof the cross-linking
agent is in the range 0.10–0.80%(w/w). When the
contentof cross-linkingagentexceeded1.00%(w/w), the
cross-linked (co)polymers formed a polymer gel in
aqueoussolution (Table 1). In addition, the water
solubility of the non-cross-linked and cross-linked
copolymersis alsodependenton thecontentof thealkyl
groups in the macromolecules.For example, CL-
CopolC1-8-Bris insolublein waterwhenthe contentof
n-octyl groupsexceeds60%(mol/mol).All water-soluble
non-cross-linkedand cross-linked (co)polymers were
characterizedby their IR and 1H NMR spectrawhich
showtheabsenceof C=C doublebondabsorptionbands
and resonances,respectively. The macromolecules
clearlycontainmonomerunitswith five-memberedrings
cross-linkedwithout andwith N,N'-methylenebisacryla-
mideon thebasisof their IR and1H NMR spectroscopic
data,28–30which arein agreementwith thosereportedin
the literature for structurally relatedmodel polymers.56

All non-cross-linkedand cross-linkedcopolymerscon-
taining the samealkyl side-chain(Table 1) showedthe
same 1H NMR resonancesbut exhibited only small
difference in integrationsof the alkyl proton absorp-
tions.28–30The copolymercompositions(x/y), which are
presumedto be random,were obtainedfrom their 1H
NMR spectraby careful integration of relevant alkyl
protonabsorptionsandwerein goodagreementwith the
feed ratio of monomersin the polymerization reac-
tions.28–30

Rheological Behavior in Aqueous Solu-
tion28±31

Viscometry is a convenient and reliable method for
probing the formation of compactcoils of amphiphilic
macromoleculesin aqueoussolution.3–5 Straussandco-
workers3,4 reportedthat the viscosity of poly-4-vinyl-
pyridinederivativesquaternizedwith n-dodecylbromide
showsa morethan100fold decreaseasthecontentof n-
dodecylgroupsis variedfrom 0 to 37.9mol%.Moreover,
it was found that the reduced viscosity changes
drastically in the range10–13 mol% n-dodecyl group
content in the polysoaps.3,4 Similar viscosity behavior

wasalsofoundby Kunitakeandco-workers19,20for poly-
4-vinylpyridinederivativesquaternizedwith n-octyl or n-
octadecylbromidebut the transitioncompositionvaried
with thealkyl chainlength.Thedrasticviscositychanges
occurred at 40–50 mol% for poly-4-vinylpyridine
derivativescontaining n-octyl groups and ca 5 mol%
for thosecontainingn-octadecylgroups.Theseresults
wereexplainedin termsof themoleculardimensionsand
interactionsof the polysoapmolecules,and provide a
significant insight into polysoap behavior in aqueous
solution.

The reducedviscosity of (CL)-PolC-1-Cl and (CL)-
PolC-1-Br in aqueoussolution was found to decrease
strongly with increasingpolymer concentration.This is
indicative of highly extended molecular dimensions
typical of normalpolyelectrolytebehaviorasa resultof
increased electrostatic repulsions between ionized
groups.28,29 However, the incorporation of n-dodecyl
side-chainsinto the polyelectrolytesgreatly influences
the reduced viscosity of non-cross-linkedand cross-
linked copolymersin aqueoussolution,asshownin Fig.
1. At low concentration,(CL)-CopolC1-12-Clexhibits
lower reducedviscositiesin aqueoussolutionthan(CL)-
PolC-1-Cl,which indicatesthepresenceof compactcoil
comformationsbroughtaboutby intramolecularmicelle
formation.3–5 The conformationaltransitionto compact
coils was found to be strongly dependenton the n-
dodecylgroupcontentin themacromoleculesasexpected
for an aggregationprocesslargely dictated by hydro-

Figure 1. Effects of the n-dodecyl group content on the
reduced viscosity of cross-linked copolymers in aqueous
solution at 30°C: ~, CL-PolC-1-Cl (q, 0.40%); !, CL-
CopolC1-12-Cl (x /y, 95/5; q, 0.40%);*, CL-CopolC1-12-Cl
(x /y, 90/10; q, 0.40%); &CL-CopolC1-12-Cl (x /y, 79/21; q,
0.40%). (Taken from Refer. 29.)
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phobic interactions.1 At higher concentrations,(CL)-
CopolC1-12-Cl showed an increase in the reduced
viscosity consistentwith intermolecularaggregationby
hydrophobicinteractionsbetweenthe n-dodecylgroups
in different macromolecules.3–5 Similar rheological
behaviorwas also found for both (CL)-CopolC1-12-Br
and(CL)-CopolC1-10-Brin aqueoussolutions.28,30

The reducedviscosity of aqueoussolutionsof (CL)-
CopolC1-8 and (CL)-CopolC1-6, which decreased
strongly with increasingcopolymerconcentration,was
only weakly sensitiveto changesin the n-octyl and n-
hexyl group contents, indicative of highly extended
macromolecularchainssimilar to thoseof polyelectrolyte
in theconcentrationregionstudied.30

Consistentwith a decreaseof the macromolecular
flexibility, all cross-linked(co)polymersexhibitedlarger
reducedviscosities than the correspondingnon-cross-
linked (co)polymeranaloguesandthe reducedviscosity
increasedwith increasingcontent of the cross-linking
agent.28–30

HYDROPHOBIC MICRODOMAINS IN AQUE-
OUS SOLUTION24,28±31

One of the most commonand convenientmethodsfor
probing the formation of hydrophobic microdomains
involves monitoring the spectroscopicpropertiesof a
hydrophobicdye in the presenceof increasingconcen-
trations of amphiphiles.61–66 Varadaraj and co-work-
ers62,63 employed the solvatochromic pyridinium-N-
phenoxide betaine dye to probe the formation of
hydrophobicmicrodomainsfor a seriesof hydrophobi-
cally modified polyacrylamidesin aqueoussolution.
Recently,thehydrophobicdyeOrangeOT hasalsobeen
usedto measurethecritical micellarconcentration(cmc)
of glycosylated and non-glycosylatedbile acids in
aqueoussolution.64 As reportedby Klotz et al.,65,66 the
absorptionspectrumof thesolvatochromicprobeMethyl
Orangecanalsobe employedto probethe formationof
hydrophobicmicrodomainsbecausebindingof thedyeto
hydrophobic regions is accompaniedby a substantial
shift of thelong-wavelengthabsorptionmaximum(�max)
to shorterwavelengths.19,20

In orderto comparetherelativehydrophobicitiesof the
bindingsitesof themicrodomains, wemeasuredthe�max

of Methyl Orangein thepresenceof non-cross-linkedand
cross-linked (co)polymers as a function of polymer
concentrationin aqueoussolution at pH 9.4 and 30°C
(Fig.2). In thepresenceof PolC-1-Brnospectralchanges
were found in the concentrationregion investigated,
indicating that Methyl Orange residesin an aqueous
environment.In the low concentrationrangebetweenca
10ÿ5 and10ÿ3 unit mol lÿ1, CopolC1-12-Brand (CL)-
CopolC1-12-Brshowedstriking spectralshiftswhich are
attributedto theformationof hydrophobicmicrodomains
inducedby the presenceof Methyl Orange(seelater).31

At concentrationsabove 1.0� 10ÿ3 unit mol lÿ1,
substantialspectralshifts are observed,revealing that
Methyl Orangeis now bound at hydrophobicbinding
sites in hydrophobicaggregatesof CopolC1-12-Brand
(CL)-CopolC1-12-Brin aqueoussolution. The spectral
data(�max) thatreferto relativelyhighconcentrationsfor
all non-cross-linkedand cross-linked(co)polymersare
given in Table 2. (CL)-CopolC1-12-Cl and (CL)-
CopolC1-10-Brinducedalsoconsiderablespectralshifts
and their magnitudeincreasedwith an increasein the
alkyl group content in the macromolecules.29,30 By
contrast,(CL)-CopolC1-8-Brinducedonly modestspec-
tral shifts with increasingn-octyl group content. No
spectralshifts of Methyl Orangeto shorterwavelength
wereobservedin the presenceof (CL)-CopolC1-6-Br.30

These data reveal that (CL)-CopolC1-12-Cl, (CL)-
CopolC1-12-Br and (CL)-CopolC1-10-Br with suffi-
ciently long alkyl side-chainsform hydrophobicmicro-
domains in aqueous solution. (CL)-CopolC1-8-Br
apparently shows much less efficient intramolecular
micellization and no hydrophobic microdomainsare
formed in the case of (CL)-CopolC1-6-Br in the
concentrationregioninvestigated.30

FLUORESCENCE SPECTROSCOPIC STU-
DIES25,33±35

Fluorescenceprobe techniquesare powerful tools in

Figure 2. Position of the long-wavelength absorption
maximum of Methyl Orange in aqueous solutions in the
presence of non-cross-linked and cross-linked (co)polymers
at pH 9.4 and 30°C: ~, CL-CopolC1-12-Br (x /y, 90/10; q,
0.20%); !, CopolC1-12-Br (x /y, 88/12); *, PolC-1-Br.
(Taken from Ref. 31.)
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detectingaggregateformation of small moleculesand
macromoleculesand interactionsbetweenmacromole-
cules and conventional surfactantsin aqueoussolu-
tions.67–71 The fluorescencespectrum of the probe
molecule pyrene provides information on the micro-
polarity of themicroenvironmentat thebindingsitesfor
the probe.67,68 The spectrum shows several vibronic
peaks,andtheratio I1/I3 of theintensitiesof thefirst and
third vibronic peaks has been taken as a sensitive
indicatorof the micropolarityof the pyrenemicroenvir-
onment.69,70 In purewaterat low pyreneconcentrations
(2.0� 10ÿ6 M) this ratio I1/I3 is 1.90.31,67–71 If pyrene
binds to hydrophobicbinding sites in supramolecular
assemblies,I1/I3 is reducedby a factor characteristicof
the particular microenvironment where the pyrene
moleculesits.

We measuredthe ratio I1/I3 of pyrenefluorescencein

aqueoussolutionin thepresenceof non-cross-linkedand
cross-linked (co)polymers as a function of polymer
concentration(Fig. 3). The fluorescenceratio I1/I3 for
all non-cross-linkedand cross-linked(co)polymersat
high polymer concentrationsare given in Table 2. In
aqueoussolutionsof (CL)-PolC-1-Cl and (CL)-PolC-1-
Br, the fluorescencespectrumof pyrenewas similar to
that found in pure water in the concentrationrange
studied,consistentwith the notion that no hydrophobic
microdomainsare formed in these systems.At low
concentrations,all non-cross-linkedand cross-linked
copolymersalso showeda high I1/I3 similar to that in
pure water, indicating that pyreneis neitherassociated
with nor solubilized in the randomcoil of the macro-
moleculesbut is solubilizedin the aqueoussolution.A
suddenandlargedecreasein I1/I3 wasobservedfor (CL)-
CopolC1-12-Br and (CL)-CopolC1-10-Br on further

Table 2. Photophysical and kinetic results for non-cross-linked and cross-linked poly(alkylmethyldiallylammonium halides) in
aqueous solution

(Co)polymer x/y (mol/mol) q (%, w/w) �max(nm)a,b I1/I3
c kd/kw

d

PolC-1-Br 100/0 0.00 464 1.89 3e

CL-PolC-1-Br 100/0 0.40 464 1.89 4e

PolC-1-Cl 100/0 0.00 464 1.90 3e

CL-PolC-1-Cl 100/0 0.40 464 1.90 3e

CopolC1-6-Br 60/40 0.00 465 1.81 6
CL-CopolC1-6-Br 60/40 0.20 465 1.81 6
CL-CopolC1-6-Br 61/39 0.40 465 1.79 7
CL-CopolC1-6-Br 62/38 0.80 465 1.80 7
CL-CopolC1-6-Br 80/20 0.40 465 1.82 4
CL-CopolC1-6-Br 42/58 0.40 465 1.75 9
CopolC1-8-Br 60/40 0.00 455 1.74 134
CL-CopolC1-8-Br 61/39 0.20 454 1.73 180
CL-CopolC1-8-Br 60/40 0.40 452 1.73 214
CL-CopolC1-8-Br 59/41 0.80 453 1.75 178
CL-CopolC1-8-Br 78/22 0.40 464 1.80 11
CopolC1-10-Br 89/11 0.00 438 1.61 305
CL-CopolC1-10-Br 89/11 0.20 437 1.60 331
CL-CopolC1-10-Br 88/12 0.40 437 1.61 299
CL-CopolC1-10-Br 90/10 0.80 442 1.62 278
CL-CopolC1-10-Br 79/21 0.40 436 1.54 593
CL-CopolC1-10-Br 68/32 0.40 436 1.52 699
CopolC1-12-Br 88/12 0.00 432 1.55 585
CL-CopolC1-12-Br 89/11 0.10 432 1.55 672
CL-CopolC1-12-Br 90/10 0.20 431 1.54 755
CL-CopolC1-12-Br 90/10 0.40 432 1.55 686
CL-CopolC1-12-Br 89/11 0.80 433 1.56 467
CL-CopolC1-12-Br 96/4 0.40 435 1.59 446
CL-CopolC1-12-Br 84/16 0.40 430 1.53 789
CL-CopolC1-12-Br 78/22 0.40 430 1.52 966
CopolC1-12-Cl 89/11 0.00 433 1.55 1456
CL-CopolC1-12-Cl 89/11 0.20 431 1.54 1578
CL-CopolC1-12-Cl 90/10 0.40 432 1.55 1429
CL-CopolC1-12-Cl 89/11 0.80 432 1.56 1337
CL-CopolC1-12-Cl 95/5 0.40 435 1.60 746
CL-CopolC1-12-Cl 79/21 0.40 430 1.52 1850

a Methyl Orange,2.5� 10ÿ5
M; �max, 462.5nm in aqueoussolutionat pH 9.4 and30°C.

b Polymerconcentration,2.5� 10ÿ3 unit mol lÿ1.
c Polymerconcentration,2.5� 10ÿ2 unit mol lÿ1.
d First-orderrateconstantsfor decarboxylationof 6-NBIC; polymerconcentration,5.0� 10ÿ2 unit mol lÿ1; kw = 7.35� 10ÿ6 sÿ1 in waterat 30°C.
e Polymerconcentration,2.5� 10ÿ2 unit mol lÿ1.
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increasing the copolymer concentration(Fig. 3).33,34

Theselow I1/I3 valuesare indicative of the binding of
pyreneat binding siteslocatedin a relatively non-polar
microenvironmentin the hydrophobic microdomains.
Themagnitudeof I1/I3 uponcompletebindingof pyrene
to the hydrophobic microdomainsdecreaseswith in-
creasein the alkyl group content. Interestingly, (CL)-
CopolC1-12-Cl was found to demonstrate similar
aggregationbehaviorto (CL)-CopolCl-12-Br.35 Presum-
ably both polysoapswith chloride and with bromide
counterionshavethesamepropensityfor intramolecular
andintermolecularaggregationprocesses.

Consistentwith theobservationsbasedon UV–visible
spectroscopy,only a modest decreasein I1/I3 was
observedat relatively high copolymer concentrations
for (CL)-CopolC1-8-Br andno steadyvalueof I1/I3 was
reachedin the concentrationrangeinvestigated,indicat-
ing that no extensivehydrophobic microdomainsare
formed in aqueoussolution.33 Only weakly cooperative
and small decreasesin I1/I3 were obtained for (CL)-
CopolC1-6-Brandtherewasclearlynosharptransitionin
I1/I3 in theconcentrationrangestudied,indicativeof the
absenceof formationof hydrophobicmicrodomains.33

MACROMOLECULAR FLEXIBILITY AND AG-
GREGATION TENDENCY36

The critical aggregationconcentration(CAC) may be
takenasanindicatorof theaggregationtendencyof small

molecules and macromolecules in aqueous solu-
tion.69,72,73 It has been generally observed that the
aggregationtendencyof structurally relatedmacromol-
ecules is strongly counteractedby a reducedmacro-
molecular flexibility.3–5,18–20 However, this widely
acceptedrule is apparentlynot applicablefor the non-
cross-linkedandcross-linkedpolysoapsexaminedin our
study.

Critical aggregation concentration (CAC) of poly-
soaps26,27,33±35

One of the methodsfor determiningthe CAC involves
plotting thefluorescenceratio I1/I3 of pyreneagainstthe
polysoapconcentration,as illustrated in Fig. 3.33,69 In
aqueoussolutions of (CL)-CopolC1-12-Cl, (CL)-Co-
polC1-12-Brand (CL)-CopolC1-10-Brthere is a sharp
decreasein I1/I3 over a narrow range of polysoap
concentrations,indicativeof a cooperativeintramolecu-
lar aggregationprocess.For practicalreasons,the CAC
maybetakenasthepolysoapconcentrationatwhich I1/I3

reachesasteadyvalue.33–35At theCAC, thehydrophobic
microdomainsare fully formed and completely bind
strongly hydrophobiccosolutessuch as pyrene. (CL)-
CopolC1-8-Br and (CL)-CopolC1-6-Br exhibited no
steadyI1/I3 valuewith increasingcopolymerconcentra-
tion owing to the absenceof efficient formation of
hydrophobicmicrodomainsin aqueoussolution.33 There-
fore, in this case,the CAC cannotbe obtainedfrom the
fluorescencespectroscopicresults.Under identical ex-
perimentalconditions,a smallerCAC value signifiesa
greaterpropensity for aggregationof the macromole-
cules.72,73

Effects of macromolecular ¯exibility on the CAC36

We examined the effects of the cross-linking agent
content(q) as a macromolecularflexibility modifier on
theCAC for (CL)-CopolC1-12-Cl,(CL)-CopolC1-12-Br
and (CL)-CopolC1-10-Br in aqueous solution. The
resultsare given in Table 3 and the specificeffectsof
themacromolecularflexibility on theaggregatetendency
canbe demonstratedby the ratio of CACq to CAC0 for
the polysoapswith and without cross-linking agent,
repectively.

We found that (CL)-CopolC1-12-Cl,(CL)-CopolC1-
12-Br and (CL)-CopolC1-10-Br all show the same
changein their aggregationtendencyaccompanyingan
increasein the contentof the cross-linkingagent.The
decreasein the macromolecularflexibility that results
from anincreasein thecross-linkingagentcontentleads
to anincreasein theaggregationtendencywhich reaches
a maximum at 0.20% cross-linkingagentcontent.The
propensityfor aggregationthendecreaseswith a further
decreasein the macromolecularflexibility (Table 3).

Figure 3. Ratio I1/I3 of pyrene ¯uorescence in aqueous
solutions of cross-linked copolymers as a function of
copolymer concentration at 25°C: ~, CL-CopolC1-12,-Br
(x /y, 90/10; q, 0.20%)*, CL-CopolC1-10-Br (x /y, 89/11; q,
0.20%). (Taken from Ref. 36.)
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Apparently our results are at variance with those of
previous studies3–5,18–20 which suggestedthat macro-
moleculeswith highermacromolecularflexibility possess
a greateraggregationtendencythan those with lower
macromolecularflexibility. We contendthat this specific
effectis causedby increasedintramolecularmicellization
in the macromolecules.Intramolecularmicellization of
cross-linkedpolysoapsis facilitatedby effectivecontacts
betweenthe alkyl side-chainsbelonging to the same
macromoleculesat lower cross-linkingagentcontents.
Increasedcross-linking of polysoap molecules is ex-
pectedto decreaseintermolecularaggregationbecauseof
decreasedmacromolecularmotion of suchcross-linked
polysoapsin aqueoussolution.

We note that the relationshipsbetweenmacromol-
ecularflexibility andaggregationtendencyof non-cross-
linked and cross-linkedpolysoapsare fully consistent
with differencesin their catalytic effects on the uni-
moleculardecarboxylationof 6-NBIC (seelater).28–30

UNIMOLECULAR DECARBOXYLATION OF 6-
NBIC CATALYZED BY NON-CROSS-LINKED
AND CROSS-LINKED (CO)POLYMERS24,28±30,32

The unimoleculardecarboxylationof the 6-nitrobenzi-
soxazole-3-carboxylateanion(6-NBIC) is notablefor its
remarkablesensitivity to the reactionmedium(Scheme
3).74–80 Kemp and co-workers74–76 examinedsolvent
effects on the decarboxylationrate of 6-NBIC. It was
proposedthat the rateis mainly influencedby hydrogen
bondingof the carboxylateion with protic solventsand
the stabilizationof the transitionstatein dipolar aprotic
solvents. Recent analysis of solvent effects on this
reaction clearly revealedthe importanceof hydrogen

bondingandion pairingeffectsasthemajorcontributing
factors in determining the decarboxylationrates.77–80

The unimoleculardecarboxylationof 6-NBIC provides
a popular probe for exploring micellar,81–87 poly-
mer19,20,88–92 and antibody catalysis.93–95 The rate
accelerationscanbe largely ascribedto partial dehydra-
tion of thecarboxylatefunctionof the initial statein the
hydrophobicmicroenvironmentat the binding site of 6-
NBIC.77–80 The catalysisof the decarboxylationof 6-
NBIC by cationicmicellescanbe enhancedby addition
of electrolytes,andit is sensitiveto changesin micellar
structure and charge density.81 The micelle-catalyzed
decarboxylationreactionsof 6-NBIC havebeenregarded
as useful models for electrostatic and hydrophobic
interactionsin biologicalsystemsto provideinformation
regarding the mechanismof regulation of reactions
occurringon membranes.81–86

Effects of counterion and alkyl side-chain length
on the decarboxylation of 6-NBIC28±30

Thepseudo-first-orderrateconstantsfor theunimolecular
decarboxylationof 6-NBIC catalyzed by non-cross-
linked andcross-linked(co)polymersweremeasuredas
a function of polymerconcentrationin aqueoussolution
atpH 11.3and30°C.Representativeresultsarepresented
in Fig. 4 which showtheeffectsof counterionandalkyl

Table 3. Effect of cross-linking agent content on the CAC for (CL)-CopolC1-12-Cl (x /y, 90/10), (CL)-Copol1-12-Br (x /y, 90/10)
and (CL)-CopolC1-10-Br (x /y, 89/11) at 25°C and on the polysoap-catalyzed decarboxylation of 6-NBIC in aqueous solution

Polysoap
Cross-linkingagenta

(%, w/w) CAC� 103 (M) CACq/CAC0
b kd� 103 (sÿ1)c,d kd

q/kd
0e

CopolC1-12-Cl 0.00 1.26 1.00 10.70 1.00
CL-CopolC1-12-Cl 0.20 0.83 0.66 11.60 1.08
CL-CopolC1-12-Cl 0.40 1.12 0.89 10.50 0.98
CL-CopolC1-12-Cl 0.80 1.58 1.25 9.83 0.92
CopolC1-12-Br 0.00 1.74 1.00 4.30 1.00
CL-CopolC1-12-Br 0.10 1.65 0.95 4.94 1.15
CL-CopolC1-12-Br 0.20 0.91 0.52 5.55 1.29
CL-CopolC1-12-Br 0.40 1.54 0.89 5.04 1.17
CL-CopolC1-12-Br 0.80 2.18 1.25 3.43 0.80
CopolC1-10-Br 0.00 6.76 1.00 2.86 1.00
CL-CopolC1-10-Br 0.20 4.16 0.61 3.11 1.09
CL-CopolC1-10-Br 0.40 5.37 0.79 2.80 0.98
CL-CopolC1-10-Br 0.80 10.20 1.51 2.56 0.89

a N,N'-Methylenebisacrylamide.
b CACq andCAC0, for cross-linkedandnon-cross-linkedpolysoaps,respectively.
c kd, first-orderrateconstantsfor thepolysoap-catalyzeddecarboxylationof 6-NBIC in aqueoussolutionat pH 11.3and30°C.
d (CL)-CopolC1-12-Cland(CL)-CopolC1-12-Br,5.0� 10ÿ2 unit mol lÿ1; (CL)-CopolC1-10-Br,1.0� 10ÿ1 unit mol lÿ1.
e kd

q andkd
0, first-orderrateconstantsin thepresenceof cross-linkedandnon-cross-linkedpolysoaps,respectively.

Scheme 3.
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side-chain length. The kinetic data at high polymer
concentrationsfor all non-cross-linkedandcross-linked
(co)polymersaregiven in Table2. (CL)-PolC-1-Cland
(CL)-PolC-1-Bronly showeda small rateenhancement,
in conformity with the absenceof hydrophobicmicro-
domains.Earlier,weconcludedthatbothCopolC1-12-Cl
andCopolC1-12-Brhavea similar aggregationbehavior
in aqueoussolution due to similar intramolecularand
intermolecularinteractionsby the n-dodecyl groupsin
the macromolecules.Surprisingly, CopolC1-12-Clwas
foundto exhibitamuchhighercatalyticefficiencyfor the
decarboxylation of 6-NBIC than the corresponding
CopolC1-12-Br (Fig. 4).28,29 The increasedcatalytic
effectsare attributedto the smallerchloride counterion
binding to the cationic groups as comparedwith the
bromidecounterionat the peripheryof the hydrophobic
microdomainsleadingto increasedinitial statedestabi-
lization.29 CopolC1-10-Br also exhibited remarkable
catalyticefficiency.However,modestrateenhancements
wereobtainedfor CopolC1-8-Brwhenthecontentof the
n-octyl groupwasincreasedto 40%(mol/mol), in accord
with the notion that no extensivehydrophobicmicro-
domainsare formed in aqueoussolution.CopolC1-6-Br
inducedonly small rateenhancementsin the concentra-
tion rangestudied,indicativeof theabsenceof formation
of hydrophobicmicrodomains.30 Weconcludethatin the
seriesof non-cross-linkedandcross-linkedcopolymers,
the rateaccelerationfor the decarboxylationof 6-NBIC

increases in the order (CL)-CopolC1-12-Cl> (CL)-
CopolC1-12-Br> (CL)-CopolC1-10-Br> (CL)-Copol
C1-8-Br> (CL)-CopolC1-6-Br.

Effects of cross-linking agent content on the
decarboxylation of 6-NBIC28±30

Theresultsin Table3 revealthat thecross-linkingagent
contentsignificantlyaffectstherateof decarboxylationof
6-NBIC. Theratio of kd

q to kd
0, which arefirst-orderrate

constantsfor the polysoapswith and without cross-
linking agent, respectively,can indicate the effect of
macromolecularflexibility on the decarboxylationof 6-
NBIC. (CL)-CopolC1-12-Cl,(CL)-CopolC1-12-Br and
(CL)-CopolC1-10-Brwere all found to exhibit a maxi-
mumrateconstantfor thedecarboxylationof 6-NBIC at
0.20%(w/w) cross-linkingagent,consistentwith earlier
conclusionsregarding the effects of macromolecular
flexibility on the aggregationtendencyof cross-linked
polysoaps.Theincreasedcatalyticeffectsthatresultfrom
an increasein the cross-linkingagentcontentmay be
ascribedto anincreasein intramolecularmicellizationin
the macromolecules.Consistentwith the notion that the
three-dimensionalmacromolecularstructuresof these
cross-linked copolymers permit more efficient intra-
molecular micellization than that of non-cross-linked
copolymers, we also found that CL-CopolC1-8-Br
exhibits a slight rate maximum at about 0.4% (w/w)
cross-linkingagent.30 This is consistentwith theideathat
hydrophobicinteractionsarefavoredby thegeometryof
the three-dimentionalstructureswith appropriatecross-
linking in macromolecularsystems.36

AGGREGATE FORMATION OF CATIONIC
POLYSOAPS BELOW THEIR CAC INDUCED BY
LOW CONCENTRATIONS OF ORGANIC ADDI-
TIVES31

Foranumberof years,ionic surfactantshavebeenknown
to interact strongly with oppositely chargedpolyelec-
trolytes and to form mixed micelles at surfactant
concentrationsmuch lower than thecmc of the surfac-
tant.96 Although the polyelectrolyte–surfactantcomplex
is stabilizedmainly by electrostaticattractions,hydro-
phobicinteractionsbetweenthe surfactantalkyl tail and
polymerbackboneappearto playanimportantrole.Fora
numberof anionicpolyelectrolytes,it hasbeenfoundthat
the interaction is cooperative and that its strength
increasesmuch with the surfactantchain length and
hydrophobicity of the polymers.96,97 Shimizu et al.98

reportedthat an increasedhydrophobicityof the poly-
mersstrengthensthe polyelectrolyte–surfactant interac-
tion but at the sametime decreasesthe cooperativityof
thebindingprocess.Moreover,theflexibility andcharge
density of the polyelectrolytechain also influence the

Figure 4. Rate constants for the unimolecular decarboxyla-
tion of 6-NBIC catalyzed by non-cross-linked copolymers in
aqueous solution as a function of the counterion and the
alkyl chain length at pH 11.3 and 30°C: *, CopolC1-12-Cl
(x /y, 89/11); ~, CopolC1-12-Br (x /y, 88/12); !, CopolC1-
10-Br (x /y, 89/11); ~, CopolC1-8-Br (x /y, 60/40); &,
CopolC1-6-Br (x /y, 60/40). (Taken from Ref. 28, 29, 30.)
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association.In 1991, Iliopoulos et al.99 found that
polyelectrolytes containing a small fraction of very
hydrophobicgroups,e.g.octadecylchains,canassociate
evenwith surfactantsof thesamecharge.In this casethe
attractivehydrophobicinteractionsovercomethe unfa-
vorable electrostatic repulsions between the polymer
backbone and the surfactant ionic heads. Recently,
Magnyet al.100 determinedthetotal aggregationnumber
and the number of polymer alkyl groups per mixed
micelle formed by hydrophobicallymodified poly(so-
dium acrylate)with cationic surfactantsby steady-state
andtime-resolvedfluorescencemethods.Theyfoundthat
thereis an extensiveintramolecularcontributionof the
alkyl groups to mixed micelle formation.100 Another
importantconsequenceof the surfactantbinding to the
oppositelychargedpolyelectrolyteis the occurrenceof
associativephaseseparationasdescribedby Piculell and
Lindman.101 A concentratedphasecontainingpolyelec-
trolyte and surfactantis in equilibrium with a dilute
solutionwith excesspolymeror surfactant.

Earlier, the striking spectralshifts (�max) of Methyl
Orangethat occur at low polysoapconcentrations(ca
1.0� 10ÿ4 unit mol lÿ1) (Fig. 2) were attributed to
aggregateformation of cationic polysoapsinduced by
low concentrationsof anionic Methyl Orange.These
results warrant more detailed studies. As indicated
earlier, reducedviscosities and fluorescencedata for
pyrenemay provide further insight into the conforma-
tional transitionsof polysoapsinducedby interactions
with theadditives.We havemadeanattemptto measure
the reducedviscosity and the ratio I1/I3 of pyrene in
aqueoussolutionof cationicpolysoapsin thepresenceof
low concentrationsof organicadditives,with particular
emphasison the chargetype and the alkyl side-chain
lengthof organicadditives.

Measurements of reduced viscosity31

Wedeterminedthereducedviscosityof CL-CopolC1-12-
Br in the presenceof anionic, cationic and non-ionic
additivesand the resultsare shownin Figure 5. Large
reductionsof the reducedviscosity were found in the
presenceof Methyl Orange,indicatingthatcompactcoils
arealreadypresentataconcentrationof CL-CopolC1-12-
Br far below its CAC. Consistentwith the UV–visible
spectroscopicresults,at higher polysoapconcentrations
the preferredpolysoapconformationchangedinto that
characteristicof pure water and the specific effect of
Methyl Orange was completely diminished. Cetyltri-
methylammoniumbromide (CTAB) and n-dodecyltri-
methylammoniumbromide (DTAB) did not affect the
reduced viscosity whereas the non-ionic surfactant
heptaethyleneglycol n-dodecylether(HEGDE) exerted
only a minor effect.31 By contrast, a low reduced
viscositywasobservedin thepresenceof sodiumdodecyl
sulfate(SDS),while a modestreductionof the reduced

viscositywasfound in the presenceof sodiumbenzene-
sulfonate(SBS)andsodiumhexylsulfate(SHS).Sodium
methyl sulfate (SMS) had no effect on the reduced
viscosityof CL-CopolC1-12-Br.31 We concludethat the
induction of aggregationof cationic polysoapsbelow
their CAC is governed by both electrostatic and
hydrophobicinteractions.The formation of a compact
coil becomes more favorable in the order SMS<
SHS<Methyl Orange< SDS.

Fluorescence spectroscopic studies31

In an aqueous solution of CL-CopolC1-12-Br at
2.0� 10ÿ4 unit mol lÿ1, the ratio I1/I3 of pyrenewas
found to be 1.90 (seeearlier).A similar value for I1/I3

was obtainedin 2.5� 10ÿ5 M solutionsof SDS, SHS,
SMS, DTAB and HEGDE, indicating the absenceof
hydrophobicassociation.However,in the samesolution
of CL-CopolC1-12-Br but in the presence of
2.5� 10ÿ5 M SDS, the ratio I1/I3 is reducedto 1.54,
revealingthatananionicsurfactantbelowits normalcmc
is able to induce the formation of hydrophobicmicro-
domainswhich providebinding sitesfor hostmolecules
suchaspyrene.Consistentwith theobservationsbasedon
the reducedviscosity, a modestdecreasein I1/I3 was
observedfor SHS,whereassolutionsof SMS,DTAB and

Figure 5. Reduced viscosities (hsp /c) of CL-CopolC1-12-Br
(x /y, 90/10; q, 0.20%) in aqueous solutions in the absence
and presence of low concentrations of organic additives at
30°C: !, in water; ~, in the presence of CTAB
(2.5� 10ÿ5

M); &, in the presence of SBS (2.5� 10ÿ5
M);

~, in the presence of Methyl Orange (2.5� 10ÿ5
M); !, in

the presence of Methyl Orange (2.5� 10ÿ4
M). (Taken from

Ref. 33.)
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HEGDE exhibited the same I1/I3 as found for pure
water.31

Ion-Induced Hydrophobic Aggregates of Cross-
Linked Polysoaps below Their CAC37,38

It is well knownthattheconformationsof proteinscanbe
significantlyaffectedby addedsalts.Salt effectson the
association of small-molecule and macromolecular
amphiphilesare currently a topic of great interest.102–

106 Extensivestudieshave shown that an increasein
hydrophobicassociationeffectsonadditionof salting-out
agentsmayleadto changesin theaggregatemorphology
from spheresto rodsandto vesicles.102 Recently,Zhang
and Eisenberg107,108 reported that the stretching of
hydrophobicchainsof macromolecularamphiphilesis
greatestwhen they are locatedwithin sphericalaggre-
gates and it decreasesas the aggregatemorphology
changesfrom spheresto rods,and decreasesfurther as
vesiclesareformed.In view of theintensecurrentinterest
in salt effects on the conformation of amphiphilic
macromolecules,it seemeddesirable to improve our
understandingof this phenomenonby examining salt
effects on polysoap aggregation.These effects are
generally explainedby assumingthat the addition of
saltscausesa contractionof the expandedmacromole-
culesby suppressionof Coulombic repulsionsbetween
the ionic groupsin the main chain.3–5,12,13We suggest
that this interpretation may be oversimplified. We
proposethat a major influenceof addedsalts involves
salting-outeffectsthat increasehydrophobicassociation
of the polysoaps.Dissolutionof salts in water is often
accompaniedby a volume contractiondue to electro-

striction of water in the ionic hydrationspheres.109–116

Therefore,there is less empty spacefor hydrocarbon
speciesandlesswaterfor the formationof hydrophobic
hydration spheres. Both effects lead to increasing
hydrophobicassociation.109–116

Direct ¯uorescence spectroscopic evidence for
salting-out effects on the aggregation of cross-
linked polysoaps37

We examinedthe effects of salts on the solubility of
(CL)-CopolC1-12-Cl in water above the CAC. An
aqueoussolution of CL-CopolC1-12-Cl at 1.0� 10ÿ3

unit mol lÿ1 becomesturbid when the concentrationof
sodium chloride is increased above 1.0M.37 This
decreasein the solubility of the polysoapis consistent
with previousobservationsthat NaCl tendsto salt-out
proteinsandhydrophobicorganicsolutesin water.109–116

We examinedthe salting-outeffectsof NaCl on the
hydrophobicassociationof CL-CopolC1-12-Clbelowits
CAC in aqueoussolutionby measuringthe ratio I1/I3 of
pyrenefluorescence(Table 4). This ratio was found to
decreasesignificantly when the concentrationof NaCl
wasincreasedfrom 0 to 1.00M, revealingthat pyreneis
boundatbindingsiteslocatedin arelativelyhydrophobic
microenvironmentin aqueoussolution. Apparently the
formation of hydrophobic microdomains of CL-Co-
polC1-12-Clis inducedby NaCl below the CAC. These
specific hydrophobiceffects can be quantified by the
valuesof (I1/I3)0ÿ (I1/I3)s, for cross-linkedpolysoapsat

Table 4. Ratio I1/I3 of pyrene ¯uorescence in aqueous
solutions of CL-CopolC1-12-Cl (x/y, 79/21; q, 0.4% w/w) in
the absence and presence of sodium chloride at 25°C

Polysoap
concentration
(unit mol lÿ1)

[NaCl]
(M) I1/I3

a (I1/I3)0ÿ (I1/I3)s
b

2.0� 10ÿ5 0.00 1.89 0.00
0.01 1.86 0.03
0.10 1.80 0.09
1.00 1.71 0.18

4.0� 10ÿ5 0.00 1.89 0.00
0.01 1.86 0.03
0.10 1.80 0.09
1.00 1.71 0.18

8.0� 10ÿ5 0.00 1.86 0.00
0.01 1.84 0.02
0.10 1.77 0.09
1.00 1.69 0.17

1.6� 10ÿ4 0.00 1.74 0.00
0.01 1.72 0.02
0.10 1.67 0.07
1.00 1.59 0.15

a Pyrene,2.0� 10ÿ6 M.
b (I1/I3)0 and(I1/I3)s in theabsenceandpresenceof NaCl,respectively.

Figure 6. Values of (I1/I3)0ÿ (I1/I3)s of pyrene in aqueous
solutions of CL-CopolC1-10-Br (x /y, 79/21; q, 0.40%) at
4.0� 10ÿ5 unit mol lÿ1 as a function of NaBr concentration
at 25°C.
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a particularconcentrationin theabsenceandpresenceof
thesalting-outagent.37

Critical salt concentration (CSC) of cross-linked
polysoaps37,38

The control of aggregateformation of cross-linked
polysoapsby addedNaBr wasalsoestablishedfor both
CL-CopolC1-10-BrandCL-CopolC1-12-Brbelow their
CAC33,34 in aqueoussolution. The values of (I1/I3)0

ÿ (I1/I3)s for CL-CopolC1-10-Bras a function of NaBr
concentrationare plotted in Fig. 6 and show a sharp
increasein (I1/I3)0ÿ (I1/I3)s overanarrowrangeof NaBr
concentrations.The valuesof (I1/I3)0ÿ (I1/I3)s reacha
steadyvalueatasaltconcentrationwhichmaybetermed
the critical salt concentration (CSC). At the CSC,
hydrophobicmicrodomainsin aqueoussolutionsof CL-
CopolC1-10-Br are fully induced by added salt and
completelybind stronglyhydrophobiccosolutessuchas
pyrene. These results appear to suggest that salt-
controlledconformationchangesof proteinsmaybeakin
to the aggregationof the cross-linked polysoapsas
controlledby addedsalts.

Ion-induced reversed hydrophobic effects of
cross-linked polysoaps37,38

Values for I1/I3 of pyrenein aqueoussolution of CL-
CopolC1-12-Brand CL-CopolC1-10-Brat 4.0� 10ÿ5

unit mol lÿ1 in thepresenceof NaBrarepresentedin Fig.
7. Below 0.10M NaBr, CL-CopolC1-12-Brshoweda
larger increaseof hydrophobic associationthan CL-
CopolC1-10-Br,in accordwith the relativehydrophobi-
cities of the respectivealkyl side chains.Surprisingly,
CL-CopolC1-10-Br was found to exhibit lower I1/I3

values than CL-CopolC1-12-Br at [NaBr]� 0.10M,
indicating that under theseconditionsCL-CopolC1-10-
Br providesa morehydrophobicmicroenvironmentthan
CL-CopolC1-12-Brfor pyrenebinding.Apparentlythere
is an inversevariation of hydrophobicassociationwith
the hydrophobicityof the alkyl side-chainin the cross-
linked polysoaps.The samereversehydrophobiceffects
werealsoobtainedat8.0� 10ÿ5 unit mol lÿ1 whenmore
than 0.10M NaBr was added.37 We contendthat the
reversehydrophobiceffectsat [NaBr]� 0.10M originate
from differences in the structural characteristicsof
hydrophobicmicrodomainsformedby CL-CopolC1-10-
Br andCL-CopolC1-12-Brasinducedby thepresenceof
NaBr. Presumably,specific NaBr-induced salting-out
effects, in combination with side chain-independent
changesin counterionbinding, lead to changesin the
compactconformationwith concomitantalterationof the
hydrophobicity of the binding sites for the apolar
fluorescentprobe.

CONCLUSIONS

This review has attemptedto summarizesome recent
resultspertainingto the aggregationof non-cross-linked
and cross-linkedpoly(alkylmethyldiallylammonium ha-
lides) in aqueoussolution.The aggregationbehaviorof
these(co)polymershasbeencharacterizedextensivelyby
a range of techniques.The formation of hydrophobic
microdomainsby cross-linked polysoapsinduced by
organic additivesand salts below their CAC provides
further evidencefor the versatility which is offered by
aqueoussolutions of cross-linkedpolysoaps.The first
ion-inducedreversedhydrophobiceffectsof cross-linked
polysoapswith the hydrophobicity of the amphphilic
macromoleculeshavenowbeenidentified.Polysoapsare
expectedto attract much further attention,particularly
becausethese macromolecularamphiphilesappearto
provide interestingpossibilities for detailed molecular
design.
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