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Abstract

Cyclodextrins are able to act as host moleculesupramolecular chemistry with
applications ranging from pharmaceutics to detergerAmong guest molecules
surfactants play an important role with both funeatal and practical applications. The
formation of cyclodextrin/surfactant host-guest pmunds leads to an increase in the
critical micelle concentration and in the solulgiliof surfactants. The possibility of
changing the balance between several intermoletulees, and thus allowing the study
of, e.g., dehydration and steric hindrance effegten association, makes surfactants
ideal guest molecules for fundamental studies. &fioee, these systems allow for
obtaining a deep insight into the host-guest aasioci mechanism. In this paper, we
review the influence on the thermodynamic properGeCD-surfactant association by
highlighting the effect of different surfactant hitectures (single tail, double-tailed,
gemini and bolaform), with special emphasis on orati surfactants. This is
complemented with an assessment of the most conanalytical techniques used to
follow the association process. The applied metHodsomputation of the association
stoichiometry and stability constants are also ewed and discussed; this is an
important point since there are significant diserepes and scattered data for similar
systems in the literature.

In general, the surfactant-cyclodextrin associai®rreated without reference to the
kinetics of the process. However, there are sewed@amples where the kinetics of the
process can be investigated, in particular thoseravivolumes of the CD cavity and
surfactant (either the tail or in special caseshad group) are similar in magnitude.

This will also be critically reviewed.
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1. An introduction to cyclodextrins and surfactants

Cyclodextrins CDs) are a series of cyclic oligosaccharides fornmedugha(1-4) ether
linkages of glucopyranose units [1,2]. The most c@wnly usedCDs are thex-, 3- and

y- cyclodextrins, having six, seven and eight glis®sunities, respectively. Among
them,[3-CD is the most commonly used, due to relative easymhesis, low price and
also to the size of its internal cavity into whigharge number of guest molecules will
fit. However,3-CD has a major drawback: the low solubility in watdren compared
with a- andy-CDs. This is often discussed in terms of the relftisgrong binding of3-
CD molecules in the crystal state [3] and intramadl@ctiydrogen bond within thg-
CD ring, preventing their hydrogen bond formationhagiurrounding water molecules
[4,5]. CDs have the shape of a truncated cone with inteanaties ranging from 5 to 8
A. The C-H bonds on the ring point inward produciaghydrophobic cavity. The
nonbonding electron pairs of the glycosidic oxyd®eidges are directed toward the
inside of the cavity, producing a high electron siBnand lending it some Lewis base
character. The primary and the secondary hydroxylijgs are located on the narrow
and wide rims, respectively, of the truncated c@le As a result of this spatial
arrangement of the functional groups in the cycktdie molecules, the cavity shows a
relatively hydrophobic character while the extemaffaces are hydrophilic.

Although the synthesis of cyclodextrins was inijiaeported in 1891 by Villiers [7], it
was only after the works of Schardinger [8], in flist decade of the 30century, and
of Szejtli, in the 1970s [9], that these molecudesome popular among the scientific
community. The number of publications dealing witlrious aspects of cyclodextrins
have increased ca. 40 % in the last decade (2002)2@hen compared with the
previous decadeWeb of Scienfe accessed at 20.12.2012). Such attractiveness
justified by the ability of cyclodextrins’ cavityotinclude a large range of guest
molecules, such as drugs [10-17], surfactants PI8-@yes [23-28], polymers [29-31]
and inorganic salts [32-37], while the hydrophiiterior render<CDs water soluble
[38].

Cyclodextrin host-guest complexes may impart berafi modifications of the
properties of guest molecules such as solubilityaeeement [39-41], stabilization of
labile guests [42-44], physical isolation of incaatiple compounds and control of
volatility and sublimation [45-47]. These propesticcomplemented with their non-

toxicity toward humans, make these molecules highlitable for a large range of
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applications [48], including food technology [49]5Ppharmaceutical and biomedicals
[5,29,51-55], cosmetics [56,57], textile [58-62hadytical chemistry [63-65], chemical
synthesis and catalysis [66-72], waste water aidireatment [73-79], and corrosion
coatings [80-82].

Cyclodextrins are also important in the context tbé control of thickening of
hydrophobically modified polymers, e.g., ethyl(hgxyl ethyl) cellulose and modified
poly(ethylene glycol) in water, by decoupling hypihobic-hydrophobic intermolecular
interactions [83-85].

Recently, Lindman et al. have shown tifat[86], 2-hydroxypropylB- [87], anda-
cyclodextrins [88] can be efficiently used for deyqmaction of DNA-cationic surfactant
complexes [89], on account of the high strengthhef specific surfactant-cyclodextrin
interactions, when compared with surfactant-DNAeiattions. Similar studies were
then carried out withCD-DNA-lipid systems [90,91]. The formation of inclos
compounds betwee@D and lipids allows one to control lipids self-as®&dynand,
consequently, the DNA compaction/decompaction gece

The formation of the host-guest supramolecular dergs involving an amphiphilic
compound and a cyclodextrin is driven by non-cavaleteractions, including van der
Waals, hydrophobic, electrostatic and charge teansiteractions, metal coordination,
hydrogen bonding and steric effects [92,93]. Themfation of these host-guest
complexes allows one, by tunning the amphiphiliatyguest molecules, to control the
assembly and disassembly of the supramoleculactatau[93]. In aqueous solutions,
the inclusion of the (dehydrated) guest into then-polar cavity of theCD is
accompanied by the release of water fromQ@ecavity. The latter process is strongly
dependent on the interactions between water-watdrveater-cyclodextrin occurring
inside the cyclodextrin cavity [94-96], and it aldepends on other factors, including
the size of both the cyclodextrin cavity and guesivell as the structure (geometry) of
guest molecules [97,98].

Another factor that may influence the formationhafst-guest compounds is the self-
aggregation o€D in water [99-101]. It is however unclear how lafgection of theCD
that takes part in the aggregation. Some papewstraegss contributions of aggregates
in a-, B- or y-CD aqueous solution of 0.001 %, 0.0011 % and 0.020%irfitial
concentrations of 12, 10 and 12 mM, respective2[103]. These low fractions of
aggregatedCD could explain why there are no evidences of aggesgas seen By
NMR self-diffusion [104] or intermolecular diffusip since these methods monitor the
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entireCD population [105-107]. I€D aggregation occurs, the evaluation of the binding
constants in cyclodextrin-containing supramoleculstructures becomes rather
complicated.

Although much of the discussion on the host-guesstoaation is based on the
interactions between the guest and cyclodextrinityathe role of the hydrophilic part
of cyclodextrin cannot be neglected [108]. For eglaninteractions between gemini
surfactants ang-cyclodextrin appears to be affected by the hydit@plpart of the
cyclodextrin [19]; on the other hand, the hydratghell of the highly soluble calcium
lactate decreases in the presence of cyclodexfti®9], suggesting thaCD has a
structure-making effect on water [4].

Surfactants are of particular interest as gueseoubés due to the balance of several
intermolecular forces: the hydrophobic effect whiehds to protect the tail from the
aqueous environment, the requirement of dehydraifotails and head groups during
complex formation, as well as effects due to steincrances. Surfactants also allow for
carrying out systematic studies on the associgtimding) process, by changing the
surfactant structure and thus achieving a necedsagnce between hydrophilic and
hydrophobic contributions. This generally leadsctanges in the physicochemical
properties of surfactants, such as, e.g., thecatitinicelle concentration, of crucial
importance for commercial formulatior}$10,111], from detergents and cleaners to
cosmetics including detergency and personal camuots [112,113].

The effect of CDs in micelle-containing amphiphilic solutions or isurfactant
muticomponent systems (e.g., cationic/anionic stafa-cyclodextrin mixed systems
[114-118]), normally characterized by multiple caatipve equilibria, is outside the
scope of the present review; however, severalastarg and significant works in this
area have recently been published [21,119,120].

In this review we will focus on several aspectated to surfactant-cyclodextrin host-
guest association including fundamentals, drawbakd advantages of techniques
commonly used to obtain insights on the structaral bulk solutions changes resulting
from host-guest association mechanism, and cormespg methods for binding
guantification, as well as to carry out a criticmsessment on different systems

involving surfactants and natural cyclodextrins.

2. Techniques for measuring association between dgdextrins and surfactants



Mixed cyclodextrin-surfactant systems have beenlistl from the point of view of
fundamental issues but also on account of thedr iropractical applications. Host-guest
interactions lead to measurable changes in physkeahistry properties of the
corresponding systems and thus, depending on tieitpies used, structural and
thermodynamic information on the binding procesa t® obtained. According to
Mwakibete et al. [121], and recently reviewed by Broces al. [122], the available
experimental techniques can be subdivided into tategories, labeled as | and II.
Methods from group I, which includes electrical daativity and isothermal titration
calorimetry (ITC), take advantage of the existerafeany physically observable
properties that are proportional in some way todkient of binding, while those from
group Il (e.g.,"H NMR spectroscopy) rely on direct measurementshef free and
bound ligand in a solution containing a known antooh the cyclodextrin and
surfactant. They also claim that only techniquesoriging to group II, with the
exception of ITC [122], are able to produce rekabhd accurate binding constants.
Such a division must be carefully considered faresal reasons. One of them is the
number of experimental data points used for theprgation of binding constants. It is
often found that, even for Group Il techniques afiént initial conditions can lead to
different binding constants [123-125].

Here we present a critical assessment on the noostnon techniques used to follow
cyclodextrin-surfactant association by giving aures of their background and
drawbacks.

NMR has been used to determine association cosdtamoigh the use of chemical shift
changes [126,127], which is limited to substraked induce a significant chemical shift
on cyclodextrin upon complexation (or vice versadl an the absence of host and guest
overlapping resonances. Changes in relaxation timage also been measured
[128,129], but the interpretation of the data isdeladependent and less straightforward
than data from self-diffusion measurements, whigh @nceptually easier and often
nowadays experimentally easy to obtain. NMR diffustry has been used to study
inclusion complexes between cyclodextrin and déffeérsubstrates [130-133]. The self-
diffusion measurements are in principle applicableny systems as long as the free
and complexed guests (please note that on accouihé sapid exchange on the NMR
time scale, average diffusion coefficients for bibth guest and for tHeD are obtained)
are soluble to an extent that allows for a goodiaigo-noise ratio. The method relies

on the fact that the self-diffusion coefficientstb&é uncomplexed guest are smaller than
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the self-diffusion of the host—guest complex (retlaat the self-diffusion scales with
inverse size). Clearly, the method works better iwliee guest and host differ
significantly in size. The change in self-diffusiocoefficient of the CD upon
complexation is often small since the complex igemfof the same size as t®D
molecule, and the information from tkxD self-diffusion is rather limited. On the other
hand, the change of the self-diffusion of the sttdat is often large, and it is here that
the main informations about the complexation amdlinig constant are conveyed [134].
Electrical conductivity is a simple routine techuég leading to quick and reliable data
that provide information on the structure of iomiglutions, including solvated ionic
radii, solvation enthalpy and the degree of coundardissociation [135-137]. In the
case of ionic surfactant-based solutions, eledtdoaductivity has been successfully
used for determination of critical micelle concetibn and degree of counter ion
dissociation of micelles [138-140], or in the cadanulticomponent systems, such as
polymer-surfactant or multivalent salt-surfactgmblymer saturation points [141] and
critical aggregation concentrations (see, e.g.2][l4rhat is, even in systems where the
interpretation becomes rather complicated as aetpmsice of multiple contributions
for the overall ionic conductance, electrical coctddity measurements may
discriminate between structural or configuratiotiznges as a consequence of counter-
ions release (or charge neutralization followedslrpictural re-arrangements) or by
significant changes in the size of ionic species.eample of the latter includes the
formation of host-guest supramolecular structur&g5[143,144] involving ionic
surfactants and cyclodextrins. The application luf ttechnique is limited to non-
associated surfactants and to systems with relgtivégh binding constants.
Furthermore, the application of models for quacdifion of binding constants relies on
a number of assumptions, such as the neglect ofathiagtion of dissociation degree as a
function of concentration and ion pair formation.

Calorimetry is a useful and accurate technique dilatvs the direct determination of
thermodynamic properties (binding constant, bindstmgchiometry, enthalpy, entropy
and heat capacities of complex formation). In fasgthermal titration calorimetry
(ITC) is the most direct method to measure the bkahge on formation of a complex
at constant temperature [145]. The experiment ip®ed by titrating a small volume
of cyclodextrin (surfactant) with small aliquots afsurfactant (cyclodextrin) solution.
After each addition, the heat released or absombélde sample cell is measured with

respect to a reference cell. As a consequenceaxperimental procedure, the heat of
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dilution of surfactant or cyclodextrin must be sabted from the experimental heat
measured in order to obtain accurate values oh#da related to the binding process
[146].

Figure 1 shows the raw data of an ITC experimedttae corresponding heat released
upon addition of dodecane-1,12-bis(trimethylammonioromide) to g3-cyclodextrin
solution [98]. The profile of the thermal powerag$unction of injection number is of
importance since reliable thermodynamic parametansonly be computed if there is a
well defined inflection point in the binding cury&47]. This point can be found by
tuning host and guest concentrations and/or thpe¢eature [98].

These techniques are commonly used to obtain irgftbom concerning the formation of
host-guest surfactant-cyclodextrin complexes; h@muevhere is a number of other
techniques used to get static and dynamic infoonatibout these interactions, which
will be described below.

The speed of sound in a liquid solution dependtherperturbation of medium particles
to the ultrasound waves, and can be related tsiteeand shape of molecules [148].
From this principle, several surfactant-cyclodextri systems, including
decyltrimethylammonium bromide-, SDS- and dodeaykthylammonium bromid@-
CD [149-151] have been studied. Later, speed of soueasurements has been coupled
to density measurements [152-155] allowing the wdaton of thermodynamic
properties, such as molar apparent and partiainveduand adiabatic compressibilities,
which are sensitive to the degree and nature of dblete hydration, and thus
information about the nature of the complex, tlmcsiometry, and the effect that the
CD has on the surfactant micellization can be obthine

Ultrasonic relaxation technique is based on theliegpon of ultrasound to a given
solution, with a frequency ranging from 20 kHz teveral GHz, and subsequently
measuring the molecular structural relaxation. Télaxation is sensitive to molecular
volume changes [156] and, therefore, may conveyrimétion on the stability constants
of host-guest complexes [157]. Furthermore, theaise large frequency range allows
one to follow processes with relaxation times i& tange from 20 ps to 26 [158-160]
and thus the kinetics @D-surfactant association can be investigated [1&i¢hrt et al.
studied the effect of surfactant unimer-micelle fexuge for decyltrimethylammonium
bromide (DTAB) [161] or sodium perfluorooctanoalé?] micelles in the presence of

B-CD/surfactant complexes; they found that in both sdake unimer-micelle exchange



is unaffected by the presence®ECD or 3-CD:surfactant complexes. However, Haller
and Kaatze, showed that the dynamics of unimerdilei@xchange, in a sugar-based
surfactant (octylglucopyranoside) [20] or DTAB [15Xan be quantified in the
presence ofi-CD.

Potentiometric techniques, especially those invgvsurfactant selective electrodes
[163], have also been used to study the stabifityyolodextrin-surfactants complexes.
The drawbacks of this technique derive from praperdf the selective electrode itself,
since the response of these electrodes is depeonéin¢ presence of interfering species
and also the need of a Nernstian-like behaviowe.,(ia linear relationship of the
measured EMF as a function of the logarithmic catreg¢ion) for the quantification of
free surfactant in solutions. This is normally @sad by adding an electrolyte (e.g.,
NaBr) to maintain a constant ionic strength [16@he study of the complexation
between alkyltrimethylammonium acetates @D has been reported by Jezequel et
al. by using a surfactant concentration range betw@01 and 0.1 mM [165]. Other
studies using potentiometric techniques to invastighe surfactant-cyclodextrin host-
guest formation can be found [123,124,166-171].

The use of spectrophotometric techniques to follwd quantify the complexation
betweenCD and a surfactant depends on the use of a UV, leigib fluorescent
sensitive probe [172-180]. In order to obtain thedynamic parameters with a
satisfactory accuracy it is necessary to choosmbepthat exhibits a large absorbance
or emission intensity that changes upon the additba small amount o€D to a
surfactant solution; this implies that the assammtonstant oCD:probe cannot be too
low [181,182]. Another important issue that mustthken into consideration is the
balance between association constantsCBtprobe andCD:surfactant, since two
competitive equilibria are occurring, the differescof association constants should be
high enough to allow for the incorporation of setént in theCD cavity. These
techniques have also been applied to study comjpbexaetween cyclodextrins and
fluorophoric surfactants [183,184].

The formation of host-guest complexes influences kimetics of different reactions
[28]. When the reaction rate decreases due tordeepce oCDs, these can be used as
stabilisers; however, of more interest are theasibms in whichCDs accelerate
reactions or may even participate directly in gusstrolysis [185,186]. Following this

principle, the Kkinetic analysis of competing reacs involving surfactants,
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cyclodextrins and a third species allows one taiokinformation about the complexed
and uncomplexed concentration of cyclodextrinstid to calculate the corresponding
binding constants [187-191]. Garcia-Rio and cowmskieave developed models that
allow the computation of stability constants f@D-S host-guest association by
measuring the rate constants of solvolysis of cbhahprobes, such as, crystal violet
[28], 4-methoxybenzenesulfonil chloride [192], beylz chlorides [193], N-
nitrososulfonamide [194] and-nitrophenyl acetate [195].

Surface tension has also been used to follow thectefof cyclodextrins on the
aggregation and interfacial properties of surfast§??,196-198] as well as the effect of
different additives€.g. NaBr) on the critical micelle concentratiozn{g of surfactants
(e.g, TTAB and CTAB) inCD-surfactant-containing solutions [199]. There areesal
cases, where surface tension measurements haveugegno assess the stoichiometry
and stability constants of host-guest complexe§,pd0-207].

There are other techniques for studying surfaatgokedextrin complexation. For
example, polypyridyl ruthenium(ll) and cobalt(llitomplexes were chosen as
electroactive probes to study surfactant-cyclodex€D) complexation by means of
cyclic voltammetry [208]. Alamiet al. [197] were the first ones to use small-angle
neutron scattering to obtain information on thedtre of complexes formed between a
non-ionic hetero-gemini surfactant and a seriesyafodextrins. Also, intermolecular
diffusion coefficients have been measured to ctiarae the mass transport of SDS in

aqueous solutions with and without the presende®@b [209].

3. Assessment of the methods for computation of lding constants

A quantitative analysis of the host-guest assamiais a key issue for a complete
assessment on the supramolecular compound prapeH@vever, the estimation of
binding constants is a difficult task and very oftbinding constant for the same system
are reported in literature differing by one, or e, orders of magnitude
[122,125,144].

As discussed in the previous section the bindirnggss can be quantitatively followed
by changes in the magnitude of any physical prgpiet is proportional to the extent
of binding and/or rely on direct measurements e€& for bound cyclodextrin or guest

molecule.
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An important point that must be addressed pridh&calculation of binding constants
is the binding stoichiometry. The method of contins variation or Job’s method
[210,211] has been used to determine the stoichignoé the CD:surfactant host-guest
supramolecular association. The method is basedhenanalysis of a measurable
physical parameterY}, e.g. 'H NMR chemical shifts or UV-visible maximum
absorbances, proportional to the complex formationa series ofCD:S mixtures, in
which the total concentration of the two specielseist constant, and the mole fractions
of each componenki( with i=S or CD) vary from 0 to 1. This analysis is based on the
assumption that the quantiyYq{CD] (or AYqS), where AY=Y(mixture)-Y(free) is
proportional to the complex concentration [212] @sdmaximum, as a function afp

(or xg), corresponds to the stoichiometry of tbB:Sassociation.

An evaluation of the stoichiometric ratio betweeguest molecule and th@D (host)
can also be given by plotting changes in some phypropertyAY, of the mixedCD/S
solution as a function of cyclodextrin concentrafiby keeping constant the surfactant
concentration (or vice-versa). At o@D concentrations, a linear change of the physical
property with increasin@€D concentration is expected. Upon further additiorCb a
rather smoothly changing slope of the curve appeati a plateau is reached at high
concentrations o€D. The intersection of a straight line, obtainedfittyng the initial
decrease of\Y as a function of@D], and the constant value &Y (reached for an
excess of cyclodextrin or surfactant) can been usedive an estimation o€D:S
stoichiometry [213]. However, such a proceduredpahdent on the magnitude of the
association constant, and for I&dwalues only gives a rough stoichiometric ratidod
CD:S association, since it is experimentally diffictdt obtain two well defined linear
regions (Figure 2-A); again, this can be overcomelotting the resulting Job’s plot
(see Figure 2-B).

In general, the formation of the host-guest suptaoubar structure is a reversible
process that can be described through the followmgation:

mcD+ nsSEF R cn- s (1)
wherem andn are stoichiometry coefficients akg,  is the binding constant.

The large majority of reported cases involael andn=1, andm=2 andn=1 (or m=1
and n=2). Here, we focus on these cases. For more canmgigchiometries, the

computational treatment of the resulting equatigrwé shown) is not straightforward as

a consequence of multi-collinearity [214]. Multiloearity causes larger standard
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errors in the quantities calculated and lower stiafll significance of the results In

limiting cases, several local minima may be obtaibg iteration; these correspond to
noticeably different combinations of the quantitezdculated, and may be the reason
why differentK values are reported for the same host-guest sgstem

The stability of the inclusion complexéSD-SandCD,-S, can be described in terms of

the association constat; ; andKj i:
<. =[co-s]/([c,[4,) @
K,.=[cD,-8]/([ cd], [ cD- §) (3)

where [CD] and [S] are the concentration of uncomplexed (free) sgeoi¢he system.

Conservation of mass gives:

[s], =[9, -[cD- $-[ cp- | @)
and
[co], =[cD], -[cp-§-2[ co- § ©)

where Bt and [CD]r are the total concentration of surfactant and agjextrin,

respectively.

3.1 Modelling CD: S association at pre-micelle concentrations
On the assumption that a 1:1 compl@€b¢S is formed, the association constant (Eq. 2)
can be re-written as
K, = f (6)
117
@-£)(CD]; - [+
wheref is the fraction of surfactant complexed with cytdatrin.

If the binding process is monitored B NMR shift data, and assuming that the
condition of fast exchange on the NMR time-scalgliap, the observed chemical shift
for a host molecule is expressed as

Oups =1~ 1)0¢p ¢+ FOcp ¢ (7)
where J., ; and Jd,_g, represent the chemical shift of a given nuclebemwfree and

complexedrespectively.
The chemical shift change of a given nucleus ofdy@odextrin, in the presence and

absence of a guest molecud®,,= dobs— dcp, Can be expressed as
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A 5 — A5CD—S

obs — [CD]T [CD_ S] (8)

which, after some algebraic manipulation and sifigaliion, results in [215,216],
CD S / 9
00~ {[[ S fetf+ - [([s} R cm] } ©

Eq.(9) is then fitted to the experimental data gsimon-linear least-squares algorithm,

to obtain the fitting parameteks, ; and Ad.,_g. This and similar approaches for other

physical properties have been used with some ssidoeshe determination of large

stability constants, frequently in conjunction witoichiometric ratios extracted from

Job plots. However, for low values @&D]r and §+, or/and low values oK the use

of these equations may pose some problems, whiclilugtrate for the simpler 1:1

case. Similar results can be obtained for the fhitlsometry. Whery is sufficiently
small x—/x* - y= y/ 2 x, and Eq. (9) reduces to
Aa-CD S

w3 )

where W=[CD], +[ §,. If M is kept constant in the experiments, as is common

AQ,

obs

(10)

practice when Job plots are used to obtain stawéides, the observed displacement
varies linearly with[§t or [CD], but the fitting parameters are present in thenfof a
ratio that generates an infinite number of accdptaolutions. Consequently, it is
suggested thatV should be chosen in such a way that its value ldhoel of the same
order of magnitude thald, ; *[217,218].
A different approach for computation of associatmonstants, on the basis of, e.g.,
chemical shifts ofCD and/or S bound nuclei is based on the assumption that the
interaction betweelCD surfactants ané leads to a 2:1 complexation, in a two step
mechanism. Assuming fast-exchange on the NMR ticades[219], the observed
chemical shif,,s of CD is given by:
5. [oD18s +[CD- S, +2[ OO~ $0cy .
[cp]+[cD-9g+2[CcD~ ¢
where dcp, Ocp.s and dcpy.s are the chemical shifts of the fr&D, 1:1 and 2:1CD:S
complexes, with concentration€ID], [CD-S and [CD.-S, respectively. As above, Eq.

(11)
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(11) is based on the assumption that the obserwts sare population weighed
averages of the different species present. Takihg account the mass balance and
mass action laws, the concentrations of the diffespecies can be given as a function
of the free cyclodextrin concentratioi;[P], through a cubic polynominal equation (for
a mathematical background see, for example, réB])2

[CD]H(%M—[CD]T +2[ S]TJ[ cg’ +[L-@+[Ki];}[ cn}—ﬂ:o (12)

Kl,lK 21 K 21 K l.IJ.< 21

The free cyclodextrins concentration can be es@ch#ttrough an analytical solution of
the real solution of a third-degree equation, usiregCardin-Tartaglia formulae [220].
The number of experimental data points used tcEds. (11) and (12) affects the
computation of stability constants, as it will besalissed. The fitting parameters
computed from those equations and using the expetaH NMR chemical shifts of
Hs and H B-CD nuclei [129], located inside théD cavity, for mixed solutions with
different [B-CDJ]/[12-6-12] molar ratios, and keepind3-CD] constant — titration
method, are giving in the Table 1. The computedribal shift fitting parameters show
that despite a low imprecision (below 3 %), therfgtconvergence has been reached for
3'co=0"co-s (no fitting constrains have been applied); theefatesult means that ti@D
internal protons (kland H) are not affected by the incorporation of the actdint into
the CD cavity, which has no physical meaning. Carvathal. overcome this drawback
by increasing the number of points used for thtprocess, by performing a global
fit [19,221] of the chemical shifts of thezknd H B-CD nuclei, obtained from the
methods of titration and continuous variation. Fa(-CD:12-6-12 system we have 2
association constants and a total of 12 shifts fepecies in 4 different experiments).
Their approach was based on: i) shift values feef€D can be obtained from
independent experiments and, consequently, thégessaan be locked in the fit; and ii)
the assumption that the variation in t8® shift is due to the fact that the gemini
threads the€D. Furthermore, it was also argued that the shdinge should be the same
for the 1:1 and for the 2:1 complexes (Bep-s=0cp2-9. With that, the number of fitting
parameters has been reduced to 6 (2 binding cdestama 1 shift for each proton).
Additionally, the number of fitting parameters wasther reduced to 4, by noting that
the shift for the complexes should indeed be inddpat of the method. The calculated
binding constants and other fitting parameters,ubing this approach, are given in

Table 1. By increasing the accuracy of the fittedapeters, it was concluded that: a)
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the applied model predicts quite similar chemidaifts for the same protons using
different sets of results, showing the reliabiliythe used fitting procedure; and k),
is one order of magnitude higher thi&su, which is characteristic of an anti-cooperative
binding mechanism, in agreement with previous figdi from a conductometric
technique, for identical systems [213].
It is also important to stress that the use ofaball fit by using experiments carried out
with different initial concentrations of cyclodeixis (or surfactants) gives higher quality
in the obtained results.
Finally, it can be expected that the standard dieviaof the binding constants increases
by increasing the number of fitting parameters [222hd normally increases for
increasing values df [134].
Another common approach for simultaneous computatid stoichiometry and
association constants of host-guest complexes yengby the modified Benesi-
Hildebrand treatment [223] for any physical parananeasurements, although the
most used are UV-visible absorbances [224] or earis$luorescence intensities
[225,226]. For this reason this approach is raneded for surfactant-cyclodextrin
association processes [227,228]. The relation issed

R _1, 1
F-F, A AK,[cD]

(13)

whereFo andF are the initial fluorescence of the guest in theemce and presence of
cyclodextrin, respectively, andl is a constant. The application of Eq. (13) wiloal
the simultaneous determination of the stoichiométjyand the corresponding overall
association constanK§) for the association process. ldual. [229] point out that for
systems with weak or strong interactions the appba of Eqg. (13) can lead to
misleading fitting parameters; furthermore, theseai necessary but not sufficient
condition that must be at hand to ensure accuratld fitting procedure, namely that
1/( Ko[CD])>10.

3.2 Modelling CD:S association at surfactant concentrations below and above the
cmc

In general, the addition of surfactant to a cyckide solution results in three distinct
regions (see, for example, Figure 3), which canddsxribed as follows: a) at surfactant

concentrations lower tha@D concentrations, a complexation equilibrium betwéen
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surfactant and the cyclodextrin is established aamsequently only complexes and
free excess cyclodextrins exist in solution (reghon Figure 3); b) when the surfactant
concentration exceeds the stoichiometric ratio Wilbs, the concentration of surfactant
unimers increases until ¢) surfactant micellizatacurs (region C-Figure 3). The self-
aggregation concentrationgc) of a surfactant system in the presence of cycivofeis
equivalent to the combined concentrations of staf#cmonomers complexed to the
CD and of free dissolved monomer in equilibrium wille micellized surfactant (i.e.,
for am:n (CD:S) complexationcac=(m/n)[CD]++cm¢g wherecmcis the critical micelle
concentration of the surfactant) [134,219,230,281fhould be stressed that this has
been used by different authors [151,172] as anrative strategy to determine the
stoichiometry of th€CD:S complex.

This complex behavior of three distinct regions aleping on the surfactant
concentration has been developed to describe stl&idn coefficients of cyclodextrin
and surfactant, in the whole surfactant concemmatange. The established procedure
to interpret concentration dependent NMR diffusidata in systems where the
surfactants are present in two or more distindestas to make use ofrasite exchange
model, in which the number and nature of sites@antified and the observed diffusion
coefficient is expressed as a population weighesteage between the various sites. In
the present case assuming a 1:1 complexation, wadwatify three different sites: free
surfactantCD-S complexes and micellized surfactants. The experaieself-diffusion
coefficient of the surfactanBs, is then

Ds =Dcp-s (fcp-9)+ Dst (fs) + Dsm (fu) (14)

whereDcp.s, Dss andDs v are the complex, surfactant unimer, and surfaatsioelle
diffusion coefficients, respectivelys, fcp.s andfy are the fractions of free, complexed
and micellized surfactant, respectively, as given b

fs= ([ - [CD-S]) / B+ (15)

feo-s= [CD-Skac/ [I1 (16)

fw= ([Sr-cag /[Ir 17

where CD-Yc4c is the concentration of the complex at tae, which can be assumed
as constant at surfactant concentrations higherttecac

In a similar way, the observe@D self-diffusion coefficient,Dcp, can be defined
through

Dcp = Dbyt (fep) + Dep-s (1-fep) (18)
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whereDcp; is the self-diffusion coefficient of free (non-cphaxed) cyclodextrin, and
fcp is given by

feo= (ICD]v — [CD-Skad) / [CD]t 19)

Egs. (14) and (18) have been successfully apptieiti¢ study of association between
cyclodextrins and alkyltrimethylammonium bromidds34], and alkyl(3-D-glucoside
surfactants and cyclodextrins. However, it was tbtimat at surfactant concentrations
higher than theac, the model predicts values D§p that deviate from the experimental
data. This was explained as being caused by amuctieh effect between th€D-
complexes and the surfactant micelles. A simpletrabson model, based on the

assumption that the particles interact as hardreghgives [232]

DR(lg(lLRU (20)

where @is the volume fraction of obstructing particlesiddDy is the diffusion of the
particle of radiug in the presence/absence of obstructing partidi@adi R. Equating
1/2(1+/R)® with a constark, Eq. (18) can be re-written as

Dco =[Depif (fep) + Dep-s (1fep)] / (1+k @) (21)

The obstruction effect experienced by the surfastatan be neglected since its
contribution cannot be separated from the decréasthe surfactant diffusion on

account of the micellization process [233].

4. Effect of surfactant's chain and headgroup on th association process with

cyclodextrins

A large number of studies on host-guest cyclodesdtirfactant interactions treats salts
of alkyltrimethylammonium or alkyl sulfates. Ofterdodecyltrimethylammonium

bromide (G2TAB), or sodium dodecyl sulfate (SDS), are usededsrence systems in

the analysis of more complex systems. Recentlyelavant and extensive review
treating SDS-cyclodextrin interactions was publésh#&22]. Therefore, we focus this
overview on cationic surfactants including a varietf surfactant architectures

(monomeric, double-tailed, gemini and bolaform aaténts).

4.1 Cationic single chain surfactants
Tables 2 to 4 show an extensive set of publishé¢a dia the thermodynamic properties

of alkyltrimethylammonium bromide ¢TAB), and -, a- andy-cyclodextrins mixed
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solutions, respectively, at different temperatutess clear that the binding constants,
for a given surfactant, vary considerable withefiéinces typically larger than one order
of magnitude. The values obtained depend on therarpntal method and/or model
used to interpret the data. Nevertheless, an attsngven below to extract information
of the influence of the surfactant chain lengtradwoup and counter ion, as well as the
effect of cyclodextrin size and functionalizati&ffects due to temperature and solvent
on the binding are also discussed. Unless stateehwise, the discussion is based on
interactions between surfactants and cyclodexgirie pre-micelle concentrations.
Starting with the effect of alkyl chain length dretinteraction between,CAB and 3-
CD, the large majority of K values indicate that from hexyl to
dodecyltrimethylammonium bromides, 1:1 complexes #&rmed with increasing
binding constants as the surfactant tail lengtheiases. For example, Cabaleiro-L&go
al. [134], by using™H NMR self-diffusion, showed that the experimentta for
CsTAB to Ci4TAB can be fitted by a 1:1 complexation model, gyK values ranging
from 66¢2) to 23¢5)x1C M, respectively. However, the standard free enerfgy o
binding 4G’, decrease up to :6TAB and levels off for GTAB. Taking the inner
volume of theB-CD cavity as equal to 270%Aand the volume of a methylene group as
27 A3, it may be estimated that 8 to 10 -Eigroups can be accommodated inside the
cavity. The exposure to water of some methylenegsaf G4TAB allows the second
binding of CD although in just a partial way. Such view is cetet withK;1<Kj 1
predicting a preferential 1:1 complex [144].

For the case of £TAB there are experimental evidences for 2:1 comgtlen, with
K11 of order 10 M while the second binding constal,; has a value between 100
and 300 M* [134], indicating a non-cooperative binding medkan

Often authors claim the occurrence of stoichiorestother than 1:1, although typically
they only repori; 1 values which, we believe, is a consequence odliffieulty behind
the computation of values for higher stoichiometrie

Based on surfacta@D NMR diffusion data and cmc values for
alkyltrimethylammonium bromides fromg¢TAB up to G4TAB, the free energy of
transfer of a methylene group, from the aqueousr@mwent to a micellec@. —-1.7 kJ
(mol of -CH-)™), is less energetically than the gain resultiranfrthe association of
with CD (ca. -2.3 kJ (mol of -Ck)™). This is the reason why the complexation
processes wittCD shift the cmc of the surfactant to higher “apparentinc values
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[134,234], in such a way that the onset of micilenation occurs at a total surfactant
concentration equal to the sum of tracvalue and the (total) concentration@b (for

a 1:1 stoichiometry). Conversely, if one adild to a micellar system above theng
the micelles will be broken up, the extent of whveitl depend on the concentration of
CD relative to the concentration of micellized sutéant [134,235].

Based on the law of mass action, the relative ptapoof the different species in a
solution of CD and a surfactant can be computed from Eqg. (1 mib=1, and the

corresponding equation describing the micellizapoocess:

NSUEE S (22)

with the equilibrium constantsy,c, given by

K o=3Sn o She (23)
me s NS

where Syic denotes the concentration of micellized surfactAie also have the

following mass balances:

[col, =[co], +[cD- § @4)

18], =[9,+[ §..+ c& § @5)

Given values for the two involved equilibrium caasts K 1 andKy,c), these equations
can be solved and the concentrations of the vasgpesies as a function of the total
surfactant concentration can be calculated. is experimentally obtained afG. can

be calculated from the following equation

1\ (26)
1+
K . :i N
™ N?2| cmc

where thecmcis given in M units. Eq. (26) is based on the agsion thatcmcis the
concentration where addition of one surfactant3@$6 probability of ending up in a
micelle (0Snid/dS)=(dSd$)=0.5)). For G,TAB with acmcvalue of 15.34 mM and an
aggregation number of 55 [140], we obtain Kg()=95 and, consequently, the
concentrations of various species present can mpueted and are presented in Figure
4.

From studies of8-CD and hexadecyltrimethylammonium chloride;dCAC) mixtures

[236], it is concluded that neither CD nor its cdaxes participate in the formation of
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the micelles, and the host-guest complexes havdigitdg effect on the micelles
properties after they are formed [237].

From the data in Table 2 we can also conclude ttatGibbs free energy and the
enthalpy of binding are both negative. Howeverrehs no consensus on the algebraic
contribution of the entropy changAS) to the Gibbs free energy of binding. From
calorimetric experiments, a positis’ is obtained which, combined with the binding
exothermicity, characterizes a hydrophobic-contiihteraction.

The effect of alkyl chain length on the associatidnC,TAB follows the same trend
when the association occurs with andy-CDs. However, there are several relevant
differences

For a-CD host-guest complexes, the binding constants gieehi everything else equal,
than those observed for tifleCD complex and the entropy change is negative. The
former observation can be justified by a highebititg caused by a stronger interaction
(due to a smaller diameter of theCD cavity). In general, by increasing the alkyl chain
length both the enthalpy and the entropy tend twredese (i.e. increasing in absolute
value): the release of water molecules from alkdins and th€D cavity [238], is an
entropy increasing process; on the other hand,famation of the complex itself
should cause an entropy decrease since the sunfacél can sample less
conformations. If the two previously mentioned @asthave more influence than the
hydrophobic interaction, they determine the algebvalue of the entropy change (see
section 4.4 for a more detailed discussion), and the entropy decrease by increasing
the length of the hydrophobic tail.

In the case of-CD systems, two important observations can be male.fifst one is
that theCD cavity can be threaded by two tails of surfactaleading to a 1:2GD:S)
complex. Indeed, if thg-CD cavity has an inner diameter of 8.0 A or morshibuld be
expected that two independent methylene groupsocanpy the cavity The second
observation is that, contrary to the previous systethe second binding indicates a
cooperative process; i.&; >Kj ;.

The interaction of photosurfactants (ZTAB) basedaonazo compound with an ionic
head group and an alkyl chain: 2-[4-(4-ethylpheng)ahenoxy]ethyltrimethyl and 2-
[4-(4-butylphenylazo)phenoxy]ethyltrimethyl ammomu bromides (EZTAB and
BZTAB, respectively) witha-, 3- and y-CDs has been studied by Shirarat al.

[183,239]. The mechanism of interaction @f and 3-CDs with these surfactants is
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dependent on their isomer conformations. For stafdas in a trans-conformation, the
association witha-CD is more stable K3 ,;=37000 M* (EZTAB), K;,;=50000 M*
(BZTAB)) than withB-CD (K1,=6600 M* (EZTAB), K1 =25000 M* (BZTAB)) and,

for eachCD, Kj ; increases by increasing the alkyl chain lengthwédwer, forcis- and
transZTAB no interaction witha-CD has been detected, and weaker interactions were
found with3-CD (K1,,=3100 M* (EZTAB), K1 1=13000 M* (BZTAB)). This has been
discussed in terms of the steric hindrance effeaised by the folded molecular
structure of thecis-ZTAB. The interaction oftransZTAB with y-CD suggests the
formation not only of 1.1 WCD:EZTAB:), or 2:2 {-CD:BZTAB), but also 1:2
complexes, which means that €D is threaded by two ZTAB chains. These studies
show that, only interactions witk-CD are enthalpy- and entropically-driven. For
complexation of ZTAB with3- andy-CD the mechanism is, in general, enthalpy-driven
but entropically controlled (i.eTAS’|>| AHY)).

Up to now, we have described and reviewed systehreyevl:1 and/or 2:1 (or 1:2)
complexes are formed; however, there are some aagalsing surfactants where high
order stoichiometry complexes can be formed; oreargle is the case of a cationic
surfactant based on 3H-indole: the iodotrimethypAiexylaminophenyl)-3,3-dimethyl-
5-carboethoxy-3H-indole ammonium, which at basicfpkHns a 3:3 complex witf-

CD [184].

4.1.1 Counter ion effects

An interesting issue that deserves attention isetifiect of counter ion on th€D-S
association constants. Table 5 shdtwalues for a set of alkyltrimethylammonium
chlorides (GTAC)-cyclodextrin complexes. Although there is sosumatter in the data
(see, for example, Table 2) it is possible by tgkaata from the same source to
conclude that the interaction depends little ondbenter ion (either Clor Br). We
note in passing that studies carried out by Jurageesl. [240] showed that bromide
ions, from G,TAB, also participate in the association procesdiogling to-CD and

to hydroxypropylB-cyclodextrin (HPB-CD) with binding constants close to unity: 0.6
(+ 0.5) Mt and 1.1 0.9) M, respectively.

4.1.2 Effect of3-cyclodextrin derivatives
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Results for the interaction of dodecyltrimethylammuon salts with 3-CD and
hydroxypropylg-cyclodextrin (HPB-CD), a more water solubl€D, is contradictory.
While data shown in Table 5 demonstrate that tise@ation constant decreases when
B-CD is replaced by HB-CD by ca. one order of magnitude, studies by usiagtetal
conductivity show thak; ; for C;,TAB/HP-3-CD is just slightly higher (2900+{50)
M™), than that found foB-CD (2400 ¢&600) M™Y. Although the difference appears not
to be statistically significant, these results weiscussed in terms of a higher solubility
of the hydroxypropylate@D in water [240].

The interaction betweenETAB and the 2,89-dimethyl{3-cyclodextrin (DMf-CD)
leads to a formation of a 1:1 complex with a magerstructure than the corresponding
host alone; this is contrary to what happens @HBD, confirming that the modifiefl-

CD possesses less intramolecular binding sites thasdCD [241]. However, studies
using speed of sound [149] show that neither thitiad of two methylene groups to
the surfactant chain (¢TAB to Ci2TAB) nor the partial methylation of the glucose
rings of B-CD leading to DMB-CD, has a marked effect on the stoichiometry of the
inclusion complex or influence on the parallel nilization process. This conclusion
appoints to similakK values for the GTAB/HP-3-CD and G2TAB/B-CD association.
However, the complexation ofi¢TAB with an anionic cyclodextrinGaptisol- SBE{-
CD) leads to a higheK value (62 £1)x1C) [230] when compared with that obtained
for B-CD (K=49.5 ¢0.5)x10), clearly suggesting that here the ionic intemctalso

play a role in the interaction mechanism.

4.1.3 Effect of surfactant headgroup

We now turn to the effect of the surfactant heamligr There are several studies where
the effect of headgroup polarity on the complexatiaith CDs is evaluated. Studies
involving dodecyldimethylethylammonium bromide (Tab) showed that there is no
significant effect on the association with cyclotigs, when compared with;eTAB.

The complexation of alkylpyridinium chlorides {@C) with 3-CD (Table 6)[242] is
characterized by negative enthalpies and the fnreegg of complexation decreases with
increasing alkyl chain length. However, the entr@pygnge increases with increasing
alkyl chain length, indicating that desolvation tise major key process in the
complexation mechanism. It is also worth noticihgttfor G,PC the complexation is

not entropically favored (i.eAS’<0). Comparing the effect of pyridinium with those

23



trimethylammonium, the former does not contribute @& stronger hydrophobic
interaction, since the enthalpy change is lesshexotic, which can be attributed to the
fact that the positive charge is located betweenatomatic ring and the alkyl chain
length and thus the charge is less shielded byCibe cavity. On the other hand, the
contribution to the entropy change for the compliexais more favorable for, e.g.,
C1oPC than for @TAB. C,PBs also show a higher stability withCD than withp-CD,

in agreement with the trends foTAB [242].

A comparison between association constants forctimplexation betweef-CD and
C12TAB, and lauryl sulfobetaine (LSB), was carried bytGokturket al. [202]. They
have found, by surface tension measurements,it@arhphoteric LSB is more strongly
bound K1,;=2900 ¢300) M) to B-CD than is the case for6TAB (K1:1=1900 ¢400)
M™). This is explained in terms of an additional entite head group that contributes to
alterations in the balance of polar-apolar and apapolar interactions. The highi€r
value for LSB indicates that hydrogen bonds cafobmed between the sulfonate group
and the hydroxyl groups on the rims of BB cavity.

Interactions between a- and [-cyclodextrins and 3-alkoxyl-2-
hydroxypropyltrimethylammonium bromides {fIBr) were studied by Suet al. (Table

7) [243,244]. They showed that the stoichiomettiorahanges from 1:1 to 2:1 with the
increase of methylene groups from 8 to 12. All¢benplexation processes are shown to
be enthalpy driven. Fop-CD complexes there is a positive contribution frone th
entropy changeAS), which in the case ofi-CD complexes the entropy change is
unfavorable, in a similar way to the situation toHCD/C,TAB and a-CD/C,MegBr;
complexes. The absolute value of enthalpH®) increases, while entropyA®)
decreases, by increasing the number of methylen¢hen hydrophobic chain. In
conclusion, the exchange of trimethylammonium fquyadinium headgroup, does not

significantly change the thermodynamics of the fgustst complexation.

4.1.4 Effect of solvent polarity

The effect of solvent polarity on the interactidretween @G TAB and 3-CD has been

investigated, by using different volume fractiowy ¢f water/butanol mixtures. Taking
the temperature of 30 °C as reference, an incrieatiee volume fraction of butanol
(Xguton) from O to a maximum of 4 %, leads to a decread€ inandK; ;, resulting in a

significant decrease of the free energy of associdgtom —27.64 to —20.05 kJ md|
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and from —18.87 to —10.50 kJ mblrespectively. A thermodynamic analysis shows that
in both systems the association is an enthalpyrolbedt! process; however, in the
butanol/water mixture solvent, the entropy changeomes significantly negative,
which prevent the complex formatioxson =0 [166],AH’=-23.37 kJ mof, TAS=4.2

kJ mol™; Xguor=4 % [245],AH%=-107.08 kJ mot, TAS=-87.03 kJ motf). The effect
of ethanol/water and N-methylacetamide/water migeldents on the complexation of
C16TAB/B-CD was also studied, and by increasing the fractioarganic solvent, the
association constant decreas&s2000 M (EtOH, 1M); K=450 M* (EtOH, 4 M))
[246]. This may be mainly justified by the stalaliion of the surfactant tail by the
organic solvent and, consequently, hydrophobiaatt#gons between surfactant a6
are weakened. A similar effect was also reportedstodies on the effect of iso-
propanol/water mixtures on the association/dissimcia of B-CD/C,TAB
complexes.[247] From the latter study, it was ghessible to conclude that, in the
solvent mixtures, interactions betweprCD and the medium are not fundamentally
modified by ion inclusion in the hydrophobic cavifgven so, it is worth noticing that
the complexation of an ion-pair is characterizedahyhighelK when compared with a

non-associated ionic surfactant [248].

4.2 Double-tailed surfactants

Double tailed quaternary ammonium saltsndilkyl-dimethylammonium, have been
investigated for their surface and solution behaj249] with particular emphasis on
their possible applications as biocides [250], phaansfer catalysts and in the context
of ionic liquids [251]. It is expected that thesafactants can form different types of
complexes withCDs, than the corresponding single chain surfactamse they have
two binding sites. Binding constants for the compteon of NN
didecyldimethylammonium bromide (DDAB) witbDs (Table 8), reported by Funasaki
and Neya [169], show that DDAB forms 1:1 and 2:Inptexes witha- and 3-CD,
while y-CD form 1:1 complexes The magnitudekof; changes in the order 8tCD >
0a-CD > y-CD, and forK;; the interaction witto-CD is more stable than witR-CD.
These authors concluded that the first and secording constantsKi, 1(dcy andKz,1dc)
for a given alkyl chain length, are comparable wfté stability constants for the single
chain surfactants,Ky1scy and Kziscy When using the following relationships:

K116sc7K1,1def2 andKz 1sc2 Ko,1acy The analysis of data forCD-DDAB indicates
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that there is no second binding oD to DDAB because both tails of DDAB are
incorporated in the-CD cavity [252]. Also, the effect of alkyl chain lethgon the
interaction with o-CD was studied by comparing DDAB withN,N-
dioctyldimethylammonium bromide (DOAB). For bothriactants, the two alkyl chains
are able to interact withi-CD forming a 2:1 complex; however, for the DOAB the
second binding is clearly cooperative, while for BB K; 1>K5 3; this finding suggests
that by increasing the alkyl chain length the stemindrance caused by the first
association interfere with the second binding.

More recently, a study involving the complexation etieeen N,N-
didecyldimethylammonium chloride (DDAC) and a sénatural and substitute@Ds
was published [249]. By usingd NMR spectroscopy and molecular dynamic studies it
was concluded thgB-CD, and its derivatives, can be threaded by two ieddpnt
surfactant tails, making the enthalpy change of fhibcess fo-CD more exothermic
(AH = -26 kcal mat') than the formation of a 1:1 complex, but justdlving one
surfactant tail 4H = =20 kcal mot"). These enthalpy results were computed based on
PM3/COSMO calculation (RHF, MOPAC2009.

4.3 Gemini surfactants

Gemini G) surfactants are made up of two amphiphilic megtonnected at the level
of the head group [253-256]. Compared with conwerai single-chain, single head
group, surfactants, gemini surfactants typically vehalower critical micelle
concentrationsomg, better wetting properties, lower limiting surdatensions, higher
surface activity, stronger interaction with oppebit charged surfactants, unusual
viscosity changes with an increase in surfactamicentration and unusual micellar
structures and aggregation behaviors or morphadd@i®4,257-261]. The properties of
gemini surfactants are influenced by the lengttihef spacer group [262], headgroup
hydrophilicity [263], hydrophobic chain length amlssymmetry [264]. For a fixed
length of both hydrophobic tails tleencincreases with the spacer length until it reaches
a maximum value, and then the value decreases2@6266]. Furthermore, gemini
surfactants with different headgroups — so-calletetogemini [267-269]- show very
interesting properties; among these geminis we fimdtterionic surfactants which

present an intermediate nature between ionic andiaric surfactants, and depending

26



on the type of the head groups they may show pHioidgnt properties [270]. Aqueous
solutions of some dimeric surfactants with shodcgpss show a very high viscosity at
relative low concentrations and/or display viscettity and shear induced
viscoelasticity [271]. The ability of geminis to ke organic compounds soluble in
water makes them useful for applications in differBelds such as drug formulations
[272] and waste water treatment [231]. Other irdéng and promising applications
involve skin care [273], gene delivery vectors [27%], antimicrobial effect [276], skin
permeation enhancers [277], analytical methods ,@Z&, and synthesis of gold
nanoparticles with tunable longitudinal surfacespian resonance [280,281].

There are several reasons for studying interactlmetsveen gemini surfactants and
cyclodextrins. The most straightforward one beihg presence oED has a strong
influence on the surfactant self-assembly by stgftihecmcto higher values [213].
Other reasons are, e.g., the abilityGD-gemini-based formulations for solubilization
of drugs [17,172,282] in aqueous media, and contzantly showing excellent cellular
selectivity [17].CD-gemini complexes have also shown efficient abiiity controlling
DNA compaction/decompaction [283] and protein folgl{284], and for gene therapy
[285].

Despite the potential applications 6D:G complexes, studies on the complexation
mechanism and corresponding complex propertiescee.

Abrahmsén-Alami et al. [197,286] were the first ¢tudy the interactions between
cyclodextrins (hydroxypropyl-cyclodextrins, HED) and a gemini surfactant; the
gemini used was a non-ionic heterogemini (labelHG750) containing two
hydrophobic and two hydrophilic groups: (GHQH,)7-CH[OH]-
CH[O(CH,CH;0)16CHz]-(CH2);CN. They found that HED interacts mainly with the
hydrophobic part of NIHG750 (methylene groups) hiasg in the formation of rod-like
complexes, which fact also indicates that the stafst molecule takes an extended
conformation in the complex. An important findirgythat the complex is formed also
by interactions between the hydrophilic part of shefactant (EO-groups) and the HP-
CD.

The first report on stability constants for G:CDrfation was due to Suet al. [287]
They studied the complexation betweerCD and bis(alkyl dimethylammonium)-2-
hydroxypropyl dichloride ((N)Cl,, i=12,14,16). The stoichiometry and the overall
binding constants were determined by ITC measur&ndheir findings of high order
stoichiometries €D:G) ranging from 2:1 Ko= 5.1x13° M™®) and 1:4 Ko=1.0x10°
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M~ for (C1oN)Cl, to 1:6 Ko=1.4x13° M) have not been confirmed in later studies.
Guerrero-Martinez et al. [288] studied the interaction between the gemini
(dodecyldimethylammonium)diethyl ether dibromide2{®#0;-12) and 3-CD. They
found that the complex stoichiometfy-CD:G) is 2:1 at high3-CD concentrations with
the first equilibrium constant K¢;=8(* 5)x10° M) lower than the second
(K21=2.8¢0.9)x1d M), as seen by chemical shifts analysis, indicatirm-operative
process. These values have also been confirmedlbgiBusion analysis, resulting in
the following binding constantsKy =1(0.5)x1G¢ M™ and Kz:=5@#3)x10" M™)
[289,290]. A structural analysis of the complex bagn done by rotating frame nuclear
Overhauser effect spectroscopy; it is suggested tthen second binding induces a
transfer to a deeper position (closer to the heagyrof the first associat€tD whereas
the secondD is positioned at the ended of the remaining tail.

Similar structures have been described on the ammapbn of geminis, alkyt,w-
bis(dodecyldimethylammonium bromide), &322 (s = 2, 4, 6, 8 and 10) witRB-CD.
For these systems, the binding stoichiometry rarfgesm 1.6:1 for 12-2-1ZD to
around 2:1 for 12-2-12D, depending on the method used. Assuming a two-step
mechanism, binding constants were computed andafeegiven in Table 4.1. It is clear
that the interaction between 22 and(3-CD follows a non-cooperative mechanism
which is contrary to what was observed for the jmmew discussed system. It was also
found thatK; ; is 5-10 times smaller than the corresponding véduehe single chain
dodecyltrimethylammonium bromidé<; ;=18600¢4000) M* or K;:=17300¢1500)
M™%, as calculated from NMR self-diffusion or elecaicconductivity experiments
[134], respectively. The difference was explained the basis of hydrophobic
interactions between the two chains of the gemliat is, from the ratio of the
association constants for the gemini and the cporeding single chain surfactant, it is
straightforward to estimate a change in free endrgjween the two cases, of roughly
30 %. This value should be very similar to the ddfece in area exposed to water
before and after association [213]. The importamdethe interactions between
hydrophobic chains of geminis has been highlightétth the studies on interactions
between 12-EQ12 (s=1,5) andy-CD [291]. This association is characterized by a 1:1
stoichiometry, with binding constants that do nepend on the spacer chain length —
see Table 9. As is discussed above (see Sectignthel diameter of an alkyl chain

allows two chains to reside inside €D cavity.
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The non-cooperative interaction shown for tP2 systems, on the other hand, was
justified by steric constraints and electrostaffeats; in fact, once on€D molecule
has associated with the gemini, the available sfriacthe secon®D to associate with
the free chain is limited. Concerning the effecelsctrostatic origin, it is expected that
when both chains are complexed @D molecules, the charges located at the
ammonium groups will be surrounded by an envirortnieh in methyl groups, which
is unfavorable from an electrostatic point of viednother important finding, for this
set of systems, is that by increasing the spacamclength both tails approach a
situation where they are independent of each ottgch is reflected in an increase of
K21, the value of which approachkKg; values for the longest spacer [19,213].

The study of gemini:cyclodextrin interactions addies another interesting issue: the
possibility of complexation on the spacer, i.e.imdmg of aCD-molecule between the
two charged headgroups. Taking into account thatddpth of theCD cavity is the
same fora- andp-CD, it is reasonable to expect that a molecul€bfassociates to the
alkylchain spacer between the headgroups for 12-8sd 12-10-12, although with a
weak association constant. Indeed, a stoichiomedtio of 2.5:1 for-CD:12-10-12
was found by self-diffusion measurements. Thisifigdvas supported by the study of
Cabaleiro-Lagoet al [292], who reported the complexation with a bslafactant
having 12 carbons between the two charged gromp$hé nomenclature used here, the
bola surfactant would be designated 1-12-1). Alttothat high stoichiometric ratio has
not been confirmed by Job’s plots, frdid NMR chemical shift displacement studies,
Carvalho et al. have found two distinct resonarfoegshe ammonium methyl protons
only for 12-10-12-containing systems, strongly aading that theCD complexes with
the surfactant's spacer, and it is also consisteith the occurrence of different
complexes in solution in slow exchange. There e®@siderable energy barrier for the
process of pushing a charge trough the intericghefCD in order to form the complex
with the CD positioned on the spacer, which explains the dimstics. The life time of
the spacer complex can be estimated from the diffiérence of the two peaks for high
B-CD:G ratios to be in excess of 150 ms. Another impadrpaint observed is that the
splitting is accompanied by the steady increasthénlinewidths of both resonances,
which are dependent on the gemini concentratioe. Situation was further supported
by a ROESY-based analysis, which showed that thescpeak volumes between the

inner cavity’s protons of-CD and those of methylene protons (of tails and spaife

29



gemini are reduced to less than 50 % when compartdtinose for 12-8-12. This
reduction was explained by a less pronounced ictierabetween aliphatic tail protons
andf-CD, as a result of an increase in the number of poédle to interact witR-CD,

as should be the case if the insertion Bf@D molecule in the spacer is considered.
More recently, interactions betweprCD and a dimeric cystine-derived urea surfactant
((CgCys)) [293] were reported. These anionic geminis witlors hydrocarbon chains
form a predominant 1:1 complex with stability cams ranging from 1200 to 13100
M™ (see Table 9), depending on the experimental tquknused. Such an order of
magnitude disagreement, although not unusualenaliire, suggests that the formation

of high order complexes cannot be neglected.

4.4 Bolaform surfactants

In the previous section, hypothetical evidence weessented in favor of a situation
where cyclodextrins thread the spacer of the gesniriis suggests the investigation of
CD and bolaform surfactant interactions. Bolaforme aurface active agents having
two water-soluble heads connected by a hydrophspécer [294-296]. These type of
surfactants have weaker surface activities, highgical micelle concentrations and
smaller micelle sizes than the conventional hommlsgsurfactants [297-299]. The
dimeric features of these surfactants make thenfuluss coatings on smooth solid
materials, where one end is attached to the sumd&cdectrodes, polyelectrolyte, or
nanoparticles, whereas the other headgroup is fmsesblubilization in water and for

interactions with solutes [300]. The developmensyfthetic routes for novel bolaform
surfactants [301-305] makes it possible to obtaverde surfactant architectures and
self-assembled structures. Those structures shalivease range of morphologies,
ranging from nanofibers [306,307] and nanotubes$ [309] to vesicles [310,311].

The use of bolaform surfactants for the synthebisesv catalysts is a promising field.

For example, quaternary ammonium-based bolaformfactants have been used as
directing agents in the shape-controlled synthekigold nanostructures [312], and of
metallosurfactants [313]. Bolaform surfactants al& used in template synthesis for
the production of micro- and meso-porous silica4[315], and hydrophobic nano-

calcium carbonate [316].
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Other applications include antifoaming agent imfentation processes [317], metal and
dye removal, either acting as an anchor [318-320by micellar extraction [321],
formation of photosensitive structures [322-324[d ahe development of stimulus
responsive gels [325,326]. Furthermore, bolaformfastants are also relevant for
biochemistry and pharmaceutical applications, byletiag lipid membranes [327-329],
as permeability enhancers [330] or to be used fargsl encapsulation [331],
respectively.

As pointed out before, surfactants are ideal guestsallow for the systematic study of
CD complexation, since both hydrophobic and hydrophimoieties can be
systematically varied. Bolaform surfactants arespécial interest as guest molecules
due to the balance of several intermolecular forttes hydrophobic effect which tends
to protect the alkyl chain from the aqueous envitent, the requirement of dehydration
of the head groups during complex formation, ad agkffects due to steric hindrances
[153]. Bolaform amphiphiles also show inclusion dgmics significantly different from
those of homologous univalent surfactants [332f thuthe need of an ionic group to
pass through the hydrophob@D cavity and, consequently, depends on the size of
cyclodextrin cavity, the surfactant end-groups dredsize of alkyl chain.

Although the formation of pseudorotaxanes (comperewhich a linear chain rapidly
and reversely threads through a cyclic moleculaadpebetween cyclodextrins and
ligands with a structure similar to bolaform sutfatds or surfactants [333,334] have
been reported, we focus on systems involving bafafsurfactants.

The complexation between docosane 1,22-bis(trintettiynonium)bromide
(C22MegBr2) and3-CD has been studied by speed of sound and densitgurezaents
and'H NMR [153]. The presence @-CD is shifting the surfactantmc to higher
values, justified by the higher affinity of surfant unimer for the cyclodextrin than for
the micelle; however, the volume of the micellenad affected by the presence @D,

in agreement with what happens for surfactants wittingle headgroup [152,335]. By
analyzing thecmc shift and the'H NMR chemical shifts (especially for inn€@D
protons: H and H), a predominant 2:10D:C,;MegBr,) complex stoichiometry was
suggested. Taking the depth of the cavitB@D as equal to 7.8 and the length of a
methylene group as equal to 14&7[336], 22 methylene groups will allow a maximum
number of thre€Ds to thread the alky chain. Thus, the obtainedktoimetry suggests

that both end-groups are located well outside e0bs cavity.
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A fully systematic studies on the interaction oblr chain bolaform surfactants (with
12 methylene groups or less) with cyclodextrinsem&ported by Macartney [332] and
Soderman [98,292]. Starting wiliCD-containing systems, the interaction of dodecane
1,12-bis(trimethylammonium bromide),;MesBr,, with B-cyclodextrin leads to the
formation of a 1:1 complex with binding constant$3600 and 2500 M (Table 10) as
obtained by *H NMR self-diffusion and electrical conductivity,t &298.15 K,
respectively [292]. The resulting complex showsza similar to that of a bar€D as
seen by NMR diffusometry. Considering the intermalume of the cavity (27@3), it
follows that theCD molecules can accommodate a chain with 10 methytgoups
[337]. Therefore, in a crude picture, the carborichwould be hidden inside theD
cavity to avoid unfavorable interactions with waltert in a conformation which allows
the bulky head groups to protrude out of the caaitgd remain in the external aqueous
environment. A thermodynamic study on the intemtti between alkanesi,
bis(trimethylammonium bromide), MesBr, (s=8,10,12), andx-, - and y-CD were
reported [98]. In general, it was found that fogigen chain length, the binding is
stronger fora-CD than for(3-CD (in a 1:1 stoichiometry), and no interaction was
observed fo-CD. On the other hand the binding constant in@eédsy increasing the
surfactant alkyl chain length (Tables 10 and 1imil&r conclusion had previously
been reached by studying the binding of alkamsesis(trimethylammonium bromide),
CsMegBr, (s=8-12) with a-CD by analysing théH NMR chemical shifts deviations
upon complexation [332]. The binding constants ioleta by different techniques are in
good agreement (Table 10). An important issue & #ithough it was found that
complexes are mainly in a 1:1 stoichiometry, Lyeinal. found by electrospray mass
spectrometry, an occurrence in gas phase of ar@0nélt of complexes with a 2:1
(CD:9) stoichiometry.

Comparing the thermodynamics of complexation betweeand3-CDs, the binding is
exothermic for botlCDs, more so fon- than for3-CD, whilst the entropy change is
negative fora- and positive fof3-CD. Thus the strength of interaction clearly depends
on the width ofCD cavity. While the enthalpy change can be justifigda process
dominated by hydrophobic interactions, resemblirigette formation, the explanation
of the observed entropy changes is less trivial. 6D, an increase aiS’ is justified

by the release of water molecules, upon associafiom theCD cavity and from the

hydrocarbon chain; the binding process also caumie for a decrease in the
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hydrophobic hydration that has a structure-makiffgcé on the water [338]. The
negative entropy change forCD complex formation indicates that the situation for
water molecules inside the cavity is differentwits suggested that the effect was due to
the inability of water molecules to develop a fijldrogen bonded network inside the
CD cavity leading to an increased disorder, probadbiy to the high curvature inside of
the cavity.When the water molecules are released, the hydrbgeds reform, which
leads to an increased order and release of he#dcinthe heat capacitCf) per HO
molecule ina-CD, is just 59 JR'mol™, while for - andy-CD it is ca. 70 JK'mol™,
much closer taC, for liquid water (75 JR'mol™) [339]. Another contribution to the
entropy change is the conformational entropy of ligdrocarbon chain in the cavity.
The two charges at the ends must reside outsideatvity and this leads to a stretching
of the hydrocarbon chain when it enters the cawtlyich leads to a lowering of the
conformational entropy. This effect is expectedéolarger for the narrower cavity of
o-CD compared t@-CD.

5. Kinetic controlled association complexes

As discussed in section 4.2 it is possible thatadenule ofCD associates to the alkyl
chain spacer between the headgroups for 12-10t®yugh with a weak association
constant, on account of steric and electrostafiecef [19]. Also, one would expect a
considerable activation barrier, for the formatiminsuch a complex since the bulky
polar head group has to go through the hydrophoaity of the cyclodextrin [340].
Bolaform surfactants are ideal guest molecules ttmlys the kinetics of host-guest
interactions as a consequence of its architectwhere both ends are constituted by
polar heads).

Following previous work on the kinetics afCD with 1,1"-(a,w-alkanediyl)bis(4,4'-
bipyridinium) [341,342], Macartnegt al. studied the kinetics of complexation, Hy
NMR, of some bolaform surfactants with quaternamymenium (GMegBr,, s=8-12,
and GoEt:Me4Br;) and phosphonium (@Mesl,) head groups witha-CD [332].
Assuming a 1:1 binding stoichiometry between sudiaic and cyclodextrin, the rate
constants for the formation “onk.,,, and dissociation “off’ k., processes can be

represented by the following equation
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S+ CDQ@@» S- CD (27)

Several aspects must be considered in the Kkimgiddysis. As pointed out by Park
[343] the rate constantl,, and ko in fact each depends on two microscopic rate
constants. This follows since ti&D molecule has the shape of a truncated cone with
one opening smaller than the other, and threadimtfy de-threading of the bolaform
surfactant on theCD will be different depending on in which directidhe process
occurs. However, these microscopic rate constartaat be determined separately. On
the other hand, bolaform surfactants discussedhis review are centrosymmetric
meaning that there is only one complex formed. 8élgp it has been suggested that the
desolvation kinetics of the head group, precednggihcorporation into the CD cavity
can modify, by several orders of magnitude, the @nstants for theoti’ and “off’
processes [344,345].

From the analysis of rate constants (Table 12rtlze concluded that values ki, are
very dependent on the size of the end group, deirg by two and four orders of
magnitude when one or both trimethyl ammonium gsowgre substituted by
ethylmethyl ammonium and trimethyl phosphonium gyurespectively. Furthermore,
kon decreases by increasing the ionic strength=0.215 M's* (no salt added) to
ko=0.138 M?'s™ for (I=1.0 M, NaCl) [343]. Howeverko,, shows only a weak
dependence on the number of methylene groups isulfactant. These results were
confirmed by the analysis of the complexation kiggtfor similar systems, based on
ITC and'H NMR measurements (see Table 12) [98]. The deperedefk,, on the head
group and surfactant chain length can be ratioedliby the fact that the barrier
presumably has a large contribution originatingnfrthe necessity to push a charge
through the non-polar cavity. In fact, the magn&uaf this barrier can be estimated
from the Born-equation. On the assumption thatsike of the charged N-(Ghi head
group is 100 A (giving a radius of 3 A if assumed spherical), &nak the permittivity

of the inside and outside are 4 (twice that of drbgarbon) and 80, respectively, one
arrives at a value of 50 kJ mblThis value is of the same order of magnitudehef t
reported activation energy for therf’ process: 55 to 92 kJ mbolfor CgMegBr; to
CioMesBr,, respectively [98]. This indicates that electrastaeffects contribute
considerably to the barrier. Other contributionsnstfrom the fact that only certain

configurations of the bolaform surfactant hydrocerizhain may get through the cavity.
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The rates of thedff’ process depend considerably more on the lengtheoburfactant,
also reflected in a larger variation of the acimatenergies (70 kJ miolfor CgMegBr»
and 144 kJ mot for CioMegBr,) [98]. This can be justified by considering thegess
as flow of charged head groups through a regiolowfconcentrations of head groups
inside the cavity. The flow rate will then depend the concentration gradient of
charged head groups outside @& cavity. The gradient will be smaller for, MegBr,
since its charged head groups have a larger aféeetilume to explore on either side of
the CD-cavity. In other words, the probability of a chedghead group exploring the
entry to theCD cavity is considerably larger forgiles than for G,Mes, and therefore

its “off’ rate is faster.
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6. Conclusions and outlook

A detailed and critical review on the effect of famgtant architecture, tail
hydrophobicity, headgroup, counter-ions and solveoh the association with
cyclodextrins, at different temperatures, with speemphasis on cationic surfactants
and natural cyclodextrins, is provided.

For the majority of the complexes the stoichiomédry:1 or 2:1 CD:S), depending on
the type of surfactant, tail chain length and dlsosize of the cyclodextrin cavity. For
example, for single tail surfactants, the stoictetnyis essentially 1:1 for tails up to 14
carbons, increasing to 2:1 for longer tails withh@n-cooperative mechanism (i.e.,
K21<Kii). However, there are exceptions: the interactionf, oe.g.,
alkyltrimethylammonium bromides withtCD leads to a 1:2 association since the CD
cavity can be threaded by two alkyl chains in apsvative process. For gemini
surfactants the stoichiometry of interactions diedepends on the spacer chain length
and ranges from 1.5:1 complexes for short spasass (vith 2 methylene groups) to 2:1
for spacers with more than 8 methylene groups.hEuamore, both tails become
independent of each other with longer spacer lengthis explains why a non-
cooperative 2:1 process for, e.§-CD:12-2-12 passes to a situation whéfe; is
approximately equal t&,; for 12-10-12. Indeed, double-chain surfactantsnsee be
more independent and flexible to interact with ogelxtrins than gemini surfactants.
This can be justified by steric constrains and tedstatic effects between surfactants
headgroups upon complexation. The interactions é&mbolaform (e.g., MegBr,,
8<n<12) surfactants witl-CD lead to a complex with a 1:1 stoichiometry.

The thermodynamic analysis of the binding revealseathalpy-driven process as
expected on account of interactions between thiactant tails and the cyclodextrin
cavity. Depending on both surfactant &b, the contribution of the entropy change to
the Gibbs free energy, shows different algebrailie@ For example, interactions
involving a-CD leads, generally speaking, to negative entropygés, which can be
related to the state of water (less hydrogen-bonihste the cavity.

A relevant issue that also arises from this reviewthe difficulty to investigate
correlations between different systems, when dat raeasured using different
techniques and the thermodynamic functions are otedpusing different methods. To
reach the goal of an accurate quantitative detextioin of stability constants and,

consequently, thermodynamic functions, it is imaott to carry out a precise
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stoichiometry determination and to obtain an adeguaumber of data points, in
particular in the molar ratio range below the dimmetric ratio. Moreover, one has to
be aware of the assumptions behind the measuradaddfor the fitting equations and
carry out an overall critical assessment of diinfit parameters.

Nowadays, the application of cyclodextrins is facirew challenges through the use of
CD-containing nanoparticles,CD aggregates or CD-grafted polymers and
macromolecules. However, some different fundamesgales remain veiled or are not
completely clarified as, for example, those invotyithe CD self-assembly, the
anomalous aqueous solubility BfCD, the structure of the water inside BB cavity,
the effect of non-centrosymmetric bolaform surfatdaon the interaction mechanism
with CDs or even the supramolecular structures formedhgallg by hydrogen bonds
instead of hydrophobic interactions. All these mahkis area a promising field with

plenty of challenges.
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FIGURE CAPTIONS

Figure 1. (A) Raw calorimetric data and (B) he&}, per injection versus the injection
number, at 308.20 K for injections of 4.6 of [C1,Mes]=0.116 mol/kg in 0.900 g of

B-CD solution at a concentration of 4.746 mmol'kd\dapted from ref. [98].

Figure 2. Effect of the binding constant on the measuregi@eameter ofCD-S
association by using titration (left) and a Jobist{right) methods. Data have been

obtained by using Eq. (9), withY=Ad, and assuming &Jr=0.5 mM, AY.,_¢=0.5 and
in the left-hand pané{ is equal to: 1) 5; 2) 10; 3) 100; 4) 500; and @) M.

Figure 3. Schematic representation of the solution compaositie seen byH NMR
self-diffusion measurements. a)g[&]/[ B-CD]=1; b) Critical aggregation concentration

(cac=cmcet+[CD]).

Figure 4. Evolution of concentration of different speciesaeing in a CD:S mixed
solution as a function of total concentration offactant. CD]t=5 mM andcmc15

mM.
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Table 1.Binding constants and other fitting parameterstiier inclusion complexef3-
CD (0.25 mM):12-6-12, at 25 °C.

d'co/ ppm 3'co-s/ ppm 3'coz-s/ ppm &cp-s/ ppm Kya/ (10'M7Y) Ka1/ (10 M7Y)
Hs 3.94 ¢0.01) 3.94+ (0.01) 3.440.1)
0.17 ¢0.04) 2.440.7)
Hs 3.84 ¢0.01) 3.94£0.01) 3.34£0.1)
H 3.86 ¢0.01) 3.83£0.03) 3.86£0.01)
: 3.7 ¢1.1) 7.5¢0.7)
Hs 3.70 ¢0.02) 3.69£0.03) 3.70£0.02)

H; and H are located inside the cavity near the wide andomarims of theCD, respectively. Superscripts J and T denote the

chemical shifts calculated by using experimentdahdaoints from Job’s plot and titration experimemtsspectively; the values
inside parentheses are the standard deviatioreofalues obtained from the fitting.
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Table 2. Thermodynamic parameters for interactions betwpe®D and salts of
alkyltrimethylammonium, at different temperatures.

Kii/ M2 Kot/ M7t AHC / (kJ molY) TAS / (kJ mol?) Obs.
25°C
CsTAB 66.2 (2) (1) [130]
CsTAB 7.7 ©0.3)x1G (1) [130]
3.56 (0.16)x16 (2) [162]
C.oTAB 4.0 #0.3)x10 (1) [130]
3.843x16 -74.85* -54.38 (3) [140]
1.2 @0.3)x10 -7.2 £0.2) 10.4 (4) [230]
4143 ¢ 27) (2) [162]
394 (80) (5) [146]
3981 <3 (6) [154]
C1,TAB 21 #3)x10 (1) [130]
13.81 ¢0.45)x16 (2) [162]
18.633 x1° -58.73 -34.3t (3)[14Q
1.1 @0.4)x10 -9.2 ¢0.4) 8.1 (4)[23(
1.9 @0.4)x10 (7)[192]
0.9x10 (8) [231]
2.4 ¢0.6)x1G (3) [232]
17783 <25 (6) [154]
23.7x1¢ -2.3 (4117
18.1x18 (6) [233]
22.1¢5.5)x16 52 ¢32) (9) [234]
1.45 ¢0.3)x16 (5) [235]
2.9 @0.75)x16 ™ (3)[232]
2.4 #0.5)x1G "™ (5) [235]
C1,TAB 23 #5)x10° (1) [130]
14.8 ¢0.4)x16 -12.4 ¢0.4) 11.4 (4) [230]
62.742x16 1.226x16 -54.41* -27.04 (3) [140]
49.5 ¢0.5)x10 (10) [220]
36050 1749) (2) [162]
39811 56 (6) [154]
10655 (3)[121]
39750 3060 (4) [117]
44 +6.5)x1G 118 ¢12) (9) [234]
51150 ** (6) [236]
64270 (:1680) 182£106) 1°' bind: -19.84 1% bind: 8.22 (6)[155]
2" bind: -96.06 2" bind: -90.14
CisTAB 54891 (1749) (2) [162]
CiTAB 455 ¢10.5)x10 76 ©40) (1) [130]
61.76x1¢ 50 (6)[119]
60733 (:11484) (2) [162]
67.7x18 9.6x10 (4)[117]
65.5x14 398 (7) [194]
70.795x18° 12€ (6)[154]
59.8 ¢15)x1G 390 (70) (9) [234]
20x16 (3) [139]
2.24x18 (3) [237]
30°C
Cy TAB 2.855 x18 ~74.85* -54.81 (3) [140]
C.,TAB 14.996 x16 -58.73* -34.50 (3) [140]
C.TAB 48.396 x16 0.964 x16 -54.41* -27.22 (3) [140]
54747 ¢1713) 124 £24) 1% bind: -19.84; 1% bind: 8.15; (6) [155]
2" bind: —96.06 2" bind: —89.46
35°C
Cy TAB 1.438x10 ~74.85* -56.24 (3) [140]
C.,TAB 11.180x18 -58.73* —34.85 (3) [140]
C.TAB 44.334x18 1.131x16 —-54.41* -26.99 (3) [140]
48.93 (1.06)x1G 107 ¢38) 1% bind: —19.84; 1% bind: 8.19; (6) [155]
2" bind: —96.0¢ 2" bind: —88.1¢
CicTAB 1.85x10 (3) [237]
40 °C
C,TAB 0.967x10 —74.85* -56.96 (3) [140]
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C.,TAB 5.794x10 -58.73* -36.17 (3) [140]
C.TAB 19.966x18 0.929 x16 -54.41* -28.62 (3) [140]
50.277 ¢0.963)x18 24 @4) 1°' bind: -19.84; 1% bind: 8.21; (6) [155]
2" bind: -96.06 2" bind: -90.59
45°C
CisTAB 1.56x16 (2) [237]

(1) ™H NMR diffusometry; (2) visible spectroscopy; (33erical conductivity; (4) ITC; (5) speed of sourtl) potentiometry; (7)
surface tension; (8H NMR chemical shifts; (9) fluorescence; (10) kinehethods. * Values obtained by using the van'tfHo
equation in a concentration range from 25 to 40v°@n average of several independent experimezds;ied out with different
initial concentrations of surfactant, has beenuated.™ HP$-CD. **** DM- B-CD;
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Table 3. Thermodynamic parameters for interactions betweerCD and
alkyltrimethylammonium bromide at different temperas.

Kp M7t Ko M AHO/ (kI mol)  TAS/ (kJ mor?) Obs.

C,TEB 268" -16.1 -11.0 (1) [238]
C1TAB 3.7 x1G 3.7 x16 (2) [151]
Ci,TAB 4.9 ¢0.3) x16 -51.8 £0.5) -13.6 (1) [230]
1.82x1d 3.5x16 (3) [239]

1.7 x1d 1.0 x16 (4) [233]
CuTAB 42975 * 3132 * (4) [236]
6.5 ¢0.3) x16 -66.1 ¢0.5) -27.2 (1) [230]

4500 (5) [121]

6.1 x1d 0.7 x1d (1) [117]

CisTAB 9.49 x1(* 3.06 x16 (4)[119]
1.11 x16 (5) [237]

9.92 x10 2.04 x10 (1) [117]

(1) ITC; (2) ultrasonic attenuation spectra; {@)NMR chemical shifts; (4) potentiometry; (5) elécal conductivity. * Average

values. * GTEB: hexyltryethylammonium bromid&. values are given in mdlkg;
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Table 4. Thermodynamic parameters for interactions betweeD and
alkyltrimethylammonium bromide at different temperas.

Ky M7t Kyd M7 AHC / (kJ mol?) TAS / (kJ mol?) Obs.
CioTAB 37.4 ¢0.3) 3.340.3)x16  -7.5 ¢0.4); -9.7 ¢0.3)" 16.5;10.4 (1) [230]
Ci,TAB  0.2@#0.1) x1G 33.9¢0.1) x1d  -3.8¢0.1); —-15.3¢0.2)" 9.4;10.5 (1) [230]
CuTAB  0.3@¢0.2)x1G  61.6 ¢0.2) x1¢ -7.3 ¢0.2)"; —15.6 ¢0.3)" 6.3;28.8 (1) [230]
2.3x1G (2) [121]
0.567x1( 5.57x1 (3 ** (3) [23€]

(1) ITC; (2)*H NMR diffusometry; (3) potentiometry. * Enthalphange for the Slsurfactant binding. ** Enthalpy change for the
2" surfactant binding. ** An average of several ipgadent experiments, carried out with differentiahconcentrations of
surfactant, has been calculated.
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Table 5. Stability constants for interactions between dlikylethylammonium chlorides
and dodecyldimethylethylammonium bromide &ids, at 25 °C.

CD K]_']/ M_l Obs.
C,TAC a 102 ¢0.08)™: 887 ¢50)©@ [224]
227( (1) [24q]
B 219 ¢0.06)™; 13391 ¢175)@ [224]
B 129( (3)[121]
HP 313 (¢0.07)"): 5544 ¢288)@ [224]
y 727 ¢0.27)Y; 20032 £350)@ [224]
CuTAC a 102 ¢0.08)™": 1116 ¢78) [224
B 219 ¢0.06)"; 13806 £200)? [224]
HP{ 313 ¢0.07)™: 9099 ¢312)@ [224]
y 727 ¢0.27)"; 36922 ¢£427)@ [224]
C16TAC a 2480 (1) [240]
C..DMEAB a 132 ¢0.8)Y; 707 ¢35)@ [229
B 210 ¢0.05)™: 13272 £155)@ [224]
B 2100 ¢ 400) (4) [235]
HPB 211 ¢0.07)™: 5248 ¢250)@ [224
320( (1)[247]
B-DM 2600 ¢ 500) (4) [235]
y 211 ¢0.07)Y: 14007 £345)@ [224]

(1) electrical conductivity; (2) fluorescence; (8) NMR diffusometry;(4) speed of soundC;,DMEAB:
dodecyldimethylethylammonium bromide.
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Table 6. Thermodynamic parameters for interactions betwefCD and
alkylpyridinium salts (bromide ((PB) and chloride (fPC)), at different temperatures.

Kui/ M~ Kaa/ M~ AH® / (kI mol®)  TAS’/ (kJ mol?) Obs.
20 °C
C.PC 78320 29 -16.43* 11.04 (1) [243]
C1PC 104948 919 -16.04* 12.13 (1) [243]
25 °C
CioPB 81190 £1040)* (2) [159]
3740 (50) (2) [159]
C1.PC 1722( -41.59° -17.4: (1) [247
2800¥ (1) [24Q
Ci,PB 44200 ¢2700)* 310 ¢280) (2) [159]
24900 £1300) (2) [159]
1870( -2.% (3)[117]
CiPB 99700 £660)* 1600 ¢460) (2) [15¢]
66300 £9020) 830£420) (2) [159]
C.PC 67518 94 -16.43* 11.14 (1) [243]
C1PC 93749 356 -16.04* 12.33 (1) [243]
4.88 (0.18)x1d 265 (95) (4) [194]
5x10 (1) [139]
C.PB 4x10 (1) [139]
110070 £970)* 1600 460) (2) [159]
88850 (250) 1.5 £0.6) (2) [159]
30°C
C1.PC 13731 -41.59* -15.58 (1) [243]
CwPC 60588 61 -16.43* 11.33 (1) [243]
C1PC 82737 1523 -16.04* 12.50 (1) [243]
35°C
C1.PC 12238 -41.59* -17.48 (1) [243]
CuPC 55127 66 -16.43 11.5¢ (1) [247
C1PC 76664 920 -16.04* 12.77 (1) [243]
40 °C
C.PC 7302 -41.59* -18.43 (1) [243]
CuPC 50664 83 -16.43* 11.78 (1) [243]
C1PC 57511 99 -16.04* 12.49 (1) [243]

(1) Electrical conductivity; (2) potentiometry; (BJC; (4) surface tensio.Experiments witu-CD. C,DEAB:
dodecyldimethylethylammonium bromide.* Values obéal by using the van’t Hoff equation in a conceigrarange from 20 to
40°C.
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Table 7. Thermodynamic parameters for interactions betwe@mlkoxyl-2-
hydroxypropyltrimethylammonium bromides {Br) andCDs, at 25 °C.

K/ M~ Kot M AH® / (kI moT?) TAS / (kJmol?)  Obs.

a-CD

CNBr  1.95x10 ~18.89 £0.53) -0.11 (1) [244]

CeNBr 2.62x10 -24.87 £0.32) -5.36 (1) [244]

Ci,NBr  0.02148 3.06x10  1x1("; -57.95¢0.45)" -20.93 (1) [244]

CiNBr  0.066¢ 13.75x1°  1x10"; -67.75¢0.49)" -27.02 (1) [244]
B-CD

CeNBr  1.08x18 -2.97 ¢0.36) 14.35 (D) [245]

CioNBr  34.85x18 ~12.65 ¢0. 60) 13.28 (1) [245]

CNBr 141.9x18™ -23.96(0.48) 5.44 (1) [245]

(1) ITC. * Enthalpy change for thé'$urfactant binding. ** Enthalpy change for tH8 Qurfactant binding. *** Value for overall
association constari{*K 1)
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Table 8. Stability constants for interactions between deuhiled surfactants ar@Ds,
at 25 °C.

K /(I°M™) Ky /(10°M ™) Obs.
a-CD
DOAB 3.6 17.16x16° (1) [252]
DDAB 17.1¢ 2.22x16 (1) [252]
DDAB 15.9 5.7 (2) [158]
DDAC 26 7.5x168 (1) [248]
HP-a-CD
DDAC 8.4 2.8x16 (1) [248]
B-CD
DDAB 16.1 0.73x16 (2) [158]
DDAC 9.7 2.9x1¢ (1) [248]
HP{3-CD
DDAC 26.1 n.d. (1) [249
CM-B-CD
DDAC 86.4 (1) [248]
y-CD
DDAB 4.44 1.8x1(° (2) [158]
DDAC 7.6 n.d. (1) [248]

(1) *H NMR chemical shifts; (2) potentiomet®OAB: N,N-dioctyldimethylammonium bromide; DDABY,N-
didecyldimethylammonium bromide; DDAGt,N-didecyldimethylammonium chloride; H&-CD: Hydroxypropyl-alpha-
cyclodextrin; HPB-CD: hydroxypropyl-beta-cyclodextrin; CIg-CD: carboxymethyl-beta-cyclodextrin; n.d.: notefzed,
Ki,>>Kz 1.
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Table 9. Binding constants and stoichiometry ratios f@D:gemini surfactants
interactions, at 298.15 K.

Stoichiometry Ky M7t Koo/ M2 Obs.
CD:S
(C12N),Cl, 3.80x16°® (1) [293]
(CuN).Cl, a-CD 2:1 4.20x16%
(C16N),Cl, 4.00x1@§?
CioN 2C|2 i 4.7x10?
§c14N§2<:|2 p-CD 21 0.98x1¢?
(C12N),Cl, 3.00x1("¥
(CuN),Cl,  y-CD 2:1 2.70x162
(C16N),Cl, 0.62x106°?
12-2-12 1.97¢:0.15)x16 0.6040.24)x10  (2) [203]
12-2-12 4.0@¢1.4)x1d 3.6¢0.5x16¢  (3) [19]
12-4-12 5.6@2.3)x1d 4.7¢0.6)x1G  (3) [19]
12-6-12 3.7@¢1.1)x1d 7.5¢0.7)x16  (3)[19]
12-8-12 oD o1 3.15¢0.53)x16 1.34¢0.27)x168  (2)[207]
12812 P ' 9.8@4.1)x1d 5.6¢0.6)x16  (3)[19]
12-10-12 3.13¢0.79)x16 2.12¢0.43)x16  (2) [203]
12-10-12 2.0¢0.7)x1d 8.3¢1.0)x16  (3) [19]
12-EQ-12 8(x2)x10° 2.8¢0.9)x1d  (3) [288]
12-EQ-12 1.060.5)x10 53)x10 (4) [288]
12-EG;-12 cD 11 2.9¢0.5)x1d (4)[29q
12E0s12 ¥ ' 2.0¢0.5)x1d (4)[29q
(CsCys) 13.1¢0.2)x10; 9.6(0.3)x1G (2) [161]
(CsCys) B-CD 11 8.2(#0.1)x1CG (5) [161]
(CsCysh ' 7.0¢0.6)x1G; 6.5¢0.7)x16; (3) [161]

1.2(40.3)x10; 4.5¢0.7)x1G »

(1) ITC; (2) electrical conductivity(3) *H NMR chemical shifts; (4'H NMR diffusometry; (5) UV-visible
spectroscopy® Overall binding constantsKo=K; 1*K,; in M2 P Different K values result from different
experimental initial conditions or measurements.
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Table 10. Stability constants for bolaform surfactants:cyartrins (1:1) interactions,
at 298.15 K.

Ky.1/(kg mol™) Obs.
Ci12Mes Br, B-CD 2.5 ¢0.1)x16 (1) [291]
] 3.0 ¢0.4)x16 (2) [291]
CgMee Brz 44 (3) [98]
44 (#5)? (4)[337]
CoMegBr, 240 ¢50)% (4)[337
CicMeg Br;, 1121% 3199
a-CD 4360 g290)? (4)[332]
CuiMeg Br, 3170 ¢970)? (4)[337]
C1,Meg Bry 690( (3) [98]
6760 (-850)% (4)[337

(1) electrical conductivity; (2JH NMR diffusometry; (3) ITC coupled td4 NMR chemical shifts; (4)H
NMR chemical shifts® Unities ofK; ; in (M™%); solutions were prepared inD, with a constant ionic
strength (=0.01 M NaCl).
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Table 11. Thermodyamic parameters for bolaform surfactaptéoclextrins (1:1)

interactions, at 308.15 K, as seen by ITC [98]
Kid(kgmol)  AH®/ (kJmol?)  ASY (JK'mol™)

CgMeg Br, 35 (1) -16.8 £0.1) -25.0 £0.4)
CioMesBr, a-CD 764 (¢100) -25 1) ~25 (3)
CioMeg Br, 3817 (340) -31 £1) =31 {2)
CyoMeg Br, B-CD 137 ¢100) -4.7 £0.1) 25.6 £0.2)
C;,Meg Br, 3817 (:340) -9.7 £0.1) 31.5 £0.5)
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Table 12. Kinetic parameters for the formatioh,, and dissociationk,, of a-

cyclodextrin:bolaform surfactants (1:1) complexes.

Kon/ (Mol dn’ s kott / (LO*S™) TR
298.15 K
CgMes Br, 0.16 ¢ 0.01)? 37.3 186
CoMesBr, 0.187 ¢ 0.015)” 5.23 ¢0.14) 1325
CioMesBr; 0.143 ¢ 0.001)” 1.27¢ 543;
0.164 ¢ 0.022)" 1.04 ¢0.01) 6665
C1iMegBr, 0.104 ¢ 0.011)” 0.341 (0.004) 20327
C12MeqBr; 0.126 ¢ 0.001)” 0.183 37877
0.121 ¢ 0.013)” 0.132 £0.004) 52511
CiEtMe,Br,  5.83 ¢ 0.38) x 10°" 0.54 ¢0.02)x10" 12836:
308.20 K
CsMe; Br; 0.30 (0.02)¥ 84.¢ 82
C1oMesBr, 0.322 ¢ 0.001)? 4.215 1644
Ci:MesBr, 0.349 ¢0.001)” 0.914 7584
348.15 k
C1PMegl, 7.9 ¢ 0.6)x10°" _ _

2 Unities of (mol* kg $%); values from ref. [98] Values from ref. [332] 1,,,=In(2)/k,; and
represents the half-life of the complex.
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Highlights

Surfactants form host-guest supramolecular strastwith cyclodextrins;

Values of stability constants depend on techniguesmethods of evaluation;
Cyclodextrin-surfactant interactions are exothermic

Disordered water inside the-cyclodextrin cavity leads, in general, to a negati

binding entropy change.
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