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Vesicles formed from synthetic, double-tailed amphiphiles are often used as mimics for biological membranes.
However, biological membranes are a complex mixture of various compounds. In the present paper we describe
a first attempt to study the importance of additives on vesicular catalysis. The rate-determining deprotonation
of 5-nitrobenzisoxazole (Kemp elimination) by hydroxide ion is efficiently catalysed by vesicles formed from
dimethyldi-n-octadecylammonium chloride (C18C18

�) as a result of (partial) dehydration of the reactants (especially
the hydroxide ion) at the vesicular binding sites. Gradual addition of linear alcohols, such as n-decanol (C10OH),
n-octadecanol (C18OH) and batyl alcohol (C18GlyOH) leads to a decrease in the observed catalysis. By contrast,
gradual addition of oleyl alcohol, n-dodecyl-β-glucoside (C12Glu) and n-dodecyl-β-maltoside (C12Mal) leads to
an increase in the observed catalysis. A detailed kinetic analysis, taking into account substrate binding site polarities,
counterion binding percentages and binding affinity of the kinetic probe, suggests that the catalytic changes depend
strongly on subtle changes in the structure of the additive. Whereas the C12Glu-induced effect can be explained by
an increase in the vesicular rate constant, the effect of C12Mal can only be explained by an increase in the binding
constant of the kinetic probe. However, for these pyranoside-containing vesicles others factors, such as a more
extensive dehydration of the hydroxide ion, and micelle formation have to be considered. For the linear alcohols,
besides a decrease in the counterion binding, changes in the vesicular rate constant and the binding constant
should be taken into account. These two parameters change to a different extent for the different alcohols. The
kinetic analysis is supported by differential scanning calorimetry (DSC), ET(30) absorbance data and Nile Red,
Laurdan, ANS and pyrene fluorescence measurements.

The overall kinetic results are illustrative for the highly complex mix of factors which determines catalytic effects
on reactions occurring in biological cell membranes.

Introduction
Micelles have been extensively studied with respect to their
catalytic properties towards a variety of organic reactions.1–4

Studies on vesicular catalysis 5–8 have been less frequent and are
generally more complex since, contrary to micelles, vesicles are
usually not thermodynamically stable and experiments yield
more scattering in the data.

In general, two effects lead to catalysis of bimolecular
reactions in micellar and vesicular aggregates.2 The first effect
comes from substrate–aggregate binding. Charged micelles
and vesicles provide a good environment for hydrophobic and
oppositely charged molecules to bind, thereby increasing the
chances of two substrates to meet and react because the
effective reaction volume is reduced. Particularly when one of
the two reactants can bind as a counterion to the aggregate,
efficient catalysis is found. The second effect comes from the
modified reaction environment after binding of both reactants
to the surfactant aggregate.

In the past 20 years reactions between counterions and
organic substrates have been extensively studied in micelles with
and without additives such as low molecular weight alcohols
and/or alkanes,9–19 or non-ionic cosurfactants.20–24 To our
knowledge no catalytic studies have been performed with

† Electronic supplementary information (ESI) available: Further
experimental details and figures. See http://www.rsc.org/suppdata/ob/
b4/b403237c/

vesicles in the presence of additives, such as linear alcohols or
alkyl pyranosides.

Vesicles can be used as mimics for aspects of the chemistry
of the much more complicated biological membranes. The
structural diversity of lipid molecules in biomembranes is
very large and consists of over 1000 different structures. These
structural differences are not only expressed in the head group,
but also by a large variety in hydrophobic tails and in the
linker between head group and tails.25,26 Selective degradation
of lipids plays an important role in signalling as second
messenger or bioregulator. For example, in the brain phos-
pholipase A1, A2, C and D generate among other molecules
sn-1,2-diacylglycerol as second messenger.27 In addition, during
every one or two cell divisions half of the phospholipids have
been degraded in order to maintain cell viability.28 Therefore
in most cell membranes it is very likely that several different
alcohols are present to a certain extent.

A special class of alcohols are the (synthetic) alkyl pyrano-
sides.29 Nature makes abundant use of these types of sugar
amphiphiles (glycolipid; GL). Instead of a PC or PE moiety, an
oligosaccharide acts as the head group. The outer leaflet of
almost all animal cell plasma membranes contains up to ca.
25% of glycolipids.30 Therefore it is believed that GLs play an
important role in the interaction of cells with their environ-
ment. Especially since there are many possible structures, there
can be a large variety of functions. For example, GLs can act as
receptor for recognition or as protection against harsh condi-
tions (low pH, degradative enzymes). Also dehydration of theD
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interfacial region might become important at high local GL
content.31

In recent years it has been found that synthetic nonionic
sugar-based amphiphiles are able to “adsorb” hydroxide
ions.32–36 However, the adsorption mechanism has not yet been
revealed, although the structure of the first hydration shell
of the polar–apolar interface might be important.37 The
adsorption of hydroxide ions has not yet been observed in
biological (GL containing) membranes.

Based on the above-mentioned properties of linear alcohols
and GLs we decided to exploit the catalytic properties of
cationic vesicles formed from dimethyldi-n-octadecyl-
ammonium chloride (C18C18

�) in the presence of linear alcohols
(Scheme 1). n-Decanol (C10OH) and n-octadecanol (C18OH)
were selected since they have a considerable mismatch and
match, respectively, with the chain length of the amphiphile.
Oleyl alcohol (C18:1OH) and batyl alcohol (C18GlyOH) were
chosen in order to study the influence of the unsaturation in
the tail and of the presence of additional hydroxly groups,
respectively. Two synthetic alkyl pyranosides were chosen:
n-dodecyl-β-glucoside (C12Glu) and n-dodecyl-β-maltoside
(C12Mal). The first is a monosaccharide, the second a di-
saccharide. These additives were selected not so much to mimic
the overall properties of cell membranes, but rather in an
attempt to identify the factors that play a role in determining
the properties of cell membranes as reaction media.

The bimolecular base-catalysed deprotonation reaction of
5-nitrobenzisoxazole (Scheme 2) has been studied in some
detail.38 The reaction is sensitive to the local reaction environ-
ment and the local hydroxide-ion concentration. In apolar
environments the second-order rate constant is much higher
than in polar environments. This makes it an ideal kinetic probe
reaction to study the influence of the alcohols and pyranosides
mentioned above. In a previous paper we have shown its
sensitivity towards the addition of negatively charged
amphiphiles to cationic vesicles.8

Results and discussion

Outline

In this section we will first describe the effects of the structure
and mole fraction of the various additives on the observed rate
constants of the cationic-vesicle catalysed Kemp elimination
reaction. Then the equations used to fit the observed rate

Scheme 1 C18C18
� (1); C10OH (2); C18:1OH (3); C18OH (4); C18GlyOH

(5); C12Glu (6); C12Mal (7).

Scheme 2 Kemp elimination reaction.

constants will be introduced. Particular attention is paid to
parameter compensation. Subsequently, different methods of
fitting the experimental data are discussed, and the data is fitted
using the most appropriate method. For clarity of the discus-
sion of the effects of the additives on the fitted parameters, the
additives are divided into two groups: (1) mono- and dihydric
alcohols and (2) polyhydric alcohols (pyranosides). The trends
in the fitted parameters are compared with literature observ-
ations. The possibility of specific or preferential binding of
hydroxide ions to cationic vesicles containing the polyhydric
alcohols is examined. Differential scanning microcalorimetry
(DSC) is used to study the phase of the tails. In order to quan-
tify the sensitivity of the rate constant as a function of the local
polarity at the vesicular binding sites, rate constants in mixtures
of water and organic solvents have been measured. Then,
changes in membrane polarity are addressed using five different
dyes that are sensitive towards changes in polarity. Finally, the
results of the various techniques are combined and discussed.

Vesicular catalysis

Cationic vesicles formed from dimethyldi-n-octadecyl-
ammonium chloride (C18C18

�) efficiently catalyse the Kemp
elimination reaction.8 At 15 �C and in the presence of 2.25 mM
NaOH the observed catalysis (ratio of the maximum observed
rate constant to the observed rate constant in water) amounts
to ca. 1000. A more detailed kinetic analysis, taking into
account the distribution of the kinetic probe over the aqueous
and vesicular phase and the vesicular reaction volume
(vide infra), revealed that the bimolecular vesicular rate
constant is about 50 times higher than the bimolecular aqueous
rate constant. The 50-fold increase in rate constant upon
binding to the vesicular surface is largely a result of reduced
hydration of the hydroxide ion.39–41 Both the initial state and
transition state are destabilised, but due to the charge delocalis-
ation in the transition state to a smaller extent relative to the
initial state. Hence the rate constant increases.

The addition of up to 66 mol% of saturated linear alcohols,
like C10OH, C18OH and C18GlyOH, to vesicles of C18C18

� leads
in all ratios to a decrease in the catalysis by these membranes
(Fig. 1A–C). However, the extent of the decrease depends on
both the length of the tail and the nature of the “head group”,
although the effect of the tail is more important. For example,
addition of 50 mol% of C10OH leads to a modest decrease of
8% in the maximum observed rate constant whereas addition of
50 mol% of C18OH and C18GlyOH leads to a lowering with
62% and 36%, respectively. Strikingly, the addition of 35 mol%
of C18:1OH leads to an increase of the maximum observed rate
constant by 140% (Fig. 1D). An even stronger catalysis is found
when C12Mal or C12Glu are present in 50 mol% in the mem-
brane, since their presence leads to an increase in the maximum
observed rate constant by a factor of 400% and 700% (Fig. 1E
and F), respectively.

The observed rate constants for 20 mol% of C18OH are
higher than those for 10 mol% of C18OH. This result is odd, but
reproducible. We speculate that it might be related to a different
packing at 20 mol% of C18OH compared to 10 mol%.

Kinetic analysis

The observed rate constants were analysed using a slightly
modified version of the pseudophase model with ion exchange
developed by Menger 9 and Romsted 42 and which we used in a
previous study on the catalytic efficiency of C18C18

� mixed with
an anionic co-amphiphile.8 Since we have in the present study
no charge compensation we can rewrite the previously used
equations to afford eqns. (1) and (2).

(1)
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Fig. 1 Kinetic curves for C18C18
� vesicles with C10OH (A), C18OH (B), C18GlyOH (C), C18:1OH (D), C12Mal (E) and C12Glu (F), where the additive

is present in 0 mol% (�), 10 mol% (�), 20 mol% (�), 35 mol% (�), 50 mol% (�) and 66 mol% (×). C12Mal and C12Glu are not present in 20 mol%,
but in 25 mol% (�). Solid lines are fits allowing kves and KS to vary, dotted lines are fits allowing KS to vary, dashed lines are fits allowing kves to vary
and dash-dotted lines are fits allowing β to vary. In A to D β was varied as described in the text.

In these equations kobs, kw and kves are the observed, aqueous
and vesicular rate constant, respectively. KS is the binding
constant of the kinetic probe to the bilayer (amphiphile and
additives). KOH

Cl is the exchange constant for binding of
hydroxide and chloride ions to the bilayer and β is the
total counterion binding to the bilayers. [OH�]tot is the total
hydroxide ion concentration and mOH is the ratio of concen-
trations of bound hydroxide ions and cationic amphiphiles.

(2)

[C18C18
�] and [amph]tot are the concentration of C18C18

� and the
concentration of C18C18

� plus the concentration of additive,
respectively.

The binding constant of the kinetic probe is given by eqn. (3).
In this equation [P]ves and [P]w are the concentration of kinetic
probe in the vesicular and aqueous pseudophase, respectively. 

In eqns. (1) and (2) there are four parameters that are,
in principle, unknown (kves, KS, KOH

Cl and β). However, in the
literature one can usually find reasonable values for these
parameters when systems are involved that only contain a few

(3)
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well-studied components (e.g. water and amphiphiles). In the
case of a more complex mixture the data analysis becomes
more difficult. If one compares two of these kinetic curves with
each other it is usually possible to fit both curves reasonably
well by adjusting just randomly one of the four parameters. This
means that although the parameters have different physical
meaning they compensate each other to a large extent.43–48

In order to get a better insight into the meaning of the fitted
values of the parameters we calculated the error in these
parameters by calculating χ2. 

In this equation n is the number of data points, ki
calc the

calculated rate constant for the ith data point and σi
kobs

 is the
estimated experimental error for that data point. If now one
parameter in eqn. (1) or (2) is systematically slightly varied, and
χ2 is minimised by allowing a second parameter to vary, one
obtains a new value for χ2. If for a certain variation in the
systematically varied parameter, the new value of χ2 is exactly
equal to the original value then the parameter that was allowed
to vary can perfectly compensate the parameter that was
systematically varied. If the new value of χ2 is just slightly
higher, then the second parameter can just partially compensate
the first parameter. In an ideal case the new value of χ2 is much
larger than the original value and then parameter compensation
is nearly absent.

By systematically changing one parameter the parabola as
shown in Fig. 2 is obtained and hence the error as a function of
another parameter can be calculated by calculating the width
of the parabola at a value of χ2 � 1. In this way the error in
a parameter can be calculated as a function of any other
parameter in the equations. The χ2 values do not necessarily
form a parabola, but usually this is quite a reasonable
approximation.

As can be seen in Table 1 the mutual dependence of the
different parameters is in certain cases quite large. This problem
has been observed before 43,45–48 and indicates that for this
model, parameter compensation is quite significant. For
example, an increase in kves can be quite well compensated by
a decrease in counterion binding, since the error in this case
is 42%. Likewise a change in KS or β, respectively, can be
compensated by changes in kves (27% and 32%). In this analysis
the absolute error depends on the experimental error. If the
experimental error is twice as small, the absolute errors will be
twice as well, but the dependence of the parameters on each
other is not affected. In our example of the addition of 50 mol%

(4)

Fig. 2 Example of calculating the error of a parameter as a function
of another parameter (50 mol% of C18OH).

of C18OH we estimated the experimental error to be 0.5 s�1 for
all data points (except for the first three data points where the
error was estimated to be 1). Most data points are within 0.5 s�1

from the fitted curve justifying our choice of 0.5 s�1.
Considering both the parameter compensation and the

complexity of the solution, we decided to fit the data in four
different ways. In the first case (method I) we fixed KOH

Cl, kves

and KS as for 100% C18C18
� and allowed β to vary. In the other

cases (method II, III and IV) β was systematically changed
assuming that four alcohol molecules have the same area as
one molecule C10C10

� (sodium didecylphosphate 8) and one
molecule C18C18

�. In vesicles composed of these two
amphiphiles these two molecules form a neutral (catanionic)
area in the bilayer, thereby causing a decrease in the local
charge density and therefore leading to a decrease in the excess
counterion binding.8 This approach leads, for example, to a
counterion binding of 0.77 when 50% alcohol is added to cat-
ionic vesicles. In method II KS was varied, in method III kves was
varied, and in method IV both kves and KS were varied. The ion
exchange constant was fixed at 1.6 and not expected to change,
in agreement with literature data and our own observations
(supplementary information †).18 In Fig. 1A and B it can be seen
that these different approaches do not lead to substantially
different fits of the data, although in general method IV seems
to give slightly better fits. However, it should be stressed that the
values of the different parameters are quite different for the
different fits.

In Fig. 1C and D the difference in fits for the different
methods is larger. The data of vesicles with C18:1OH could not
be fitted with method I, since this would lead to a β larger than
1. Method II gives only bad fits, but method III gives fits that
are acceptable. Much better agreement is obtained with method
IV. For C18GlyOH with methods I–III acceptable fits are found,
whereas method IV gives a good fit with the experimental data.

In the case of the pyranosides it is interesting to note that the
maximum observed rate constants are 4 (50 mol% of C12Mal)
and 7 (50 mol% of C12Glu) times higher than in the absence of
the pyranosides. In addition, the differences between the fitting
methods are much clearer (Fig. 1E and F). For C12Mal and
C12Glu the curves could not be fitted with method I since this
would require a counterion binding larger than 1. Method III
gives poor fits, whereas the best fits were obtained with method
IV. For 10 mol% and 26 mol% of C12Glu method III and IV
give similar results, whereas for 50 mol% only method IV can fit
the data satisfactorily.

In Fig. 3A and B the fitted parameters are shown for the best
fits (method IV), and only these fits will be discussed here. The
results for method II and III will not be discussed since the
differences between the methods are too small to allow a
meaningful interpretation. However, the differences between
vesicles with and without added alcohol are significant.

The difference between C10OH and C18OH is particularly
remarkable. The vesicular rate constants of both series do not
change to a large extent, but the binding constant of the kinetic
probe moves in opposite directions; for C18OH KS becomes less
favourable, while for C10OH KS becomes more favourable.

For both C18GlyOH and C18:1OH the binding constant of the
kinetic probe decreases upon the addition of alcohol, whereas
at the same time the vesicular rate constant initially increases,
and then decreases slightly. Although the trends for these two
alcohols are similar the maximum observed rate constants are

Table 1 Errors in the parameters as a function of the other parameters
for 50 mol% of C18OH

 Value Errorkves
ErrorKS

Errorβ

kves 240 — 46 (19%) 101 (42%)
KS 16.8 4.6 (27%) — 3.0 (18%)
β 0.81 0.26 (32%) 0.10 (12%) —
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very different, since the extent of the increase or decrease
determines whether there occurs an increase or a decrease in the
maximum observed rate constant compared to the vesicles
without added alcohol.

For SN2 reactions in mixed micelles of CTAB and short-
tailed alcohols KS decreases relative to CTAB micelles, whereas
the micellar rate constant does not usually change.15,17–22,49 The
decrease in KS can be attributed to a relative stabilisation of
the kinetic probes due to the presence of the alcohols in the
aqueous phase. However, in our system the concentration of
alcohol in the aqueous phase is expected to be extremely low,
considering the hydrophobicity of the alcohols.

We choose not to correct kves for the change in molar volume
of the amphiphiles and alcohols, since molar volumes are not
known for some of the alcohols used in this study. However, we
stress that the molar volumes of the alcohols with 18 carbons
in the chain will not be significantly different since the molar
volume is mainly determined by the number of carbon atoms in
the alcohol, rather than the exact structure of the molecule.49

In principle a reduced counterion binding can be used to fit
our data for C10OH, C18OH and C18GlyOH, as was done for the
mixed micelles of CTAB and short-tailed alcohols.15,17–22,49

However, since the different alcohols would then have a differ-
ent effect on the counterion binding, we anticipate that, in view
of existing literature evidence, this is unlikely.50 In addition,
data for vesicles containing C18:1OH cannot be fitted by
changing the counterion binding. Therefore it is more likely
that changes in the observed rate constants mainly originate
from a change in KS and/or kves.

Also for the pyranosides only the fits using method IV will
be discussed. The different results for C12Mal and C12Glu are
obvious. Whereas for C12Glu the increase in the maximum

Fig. 3 Plot of ln (kves/kves,0%) (A) and ln (KS/KS,0%) (B) versus the
mol% of the added alcohol. Fits were obtained by allowing both kves

and KS to vary. C10OH (�); C18OH (�); C18GlyOH (�); C18:1OH (	).
Lines are only drawn to guide the eye.

observed rate constant mainly comes from an increase in kves,
for C12Mal this effect mainly originates from an increase in
KS. In fact for C12Mal kves decreases upon addition of more
pyranoside. It should be noted that C10Mal is often used as a
membrane solubilising agent 51 and that therefore our vesicles
can be (partially) solubilised as well, depending on the relative
amount of incorporated C12Mal. However, dynamic light
scattering experiments (at 0.5 mM C18C18

�) show that there are
still large aggregates present in solution (supplementary
information†), although the decreased scattered intensity
indicates that there is also significant (worm-like) micelle
formation. The relative amount of amphiphile in vesicles and
micelles depends on the total concentration of both amphiphile
and single-tailed surfactant.

The solutions containing C12Mal behaved somewhat
unusually in their macroscopic behaviour. The solutions
containing 25 mol% of C12Mal became slightly turbid upon
standing, but gentle shaking made the solutions transparent
with a bluish colour. After about 5 min. it became turbid again.
This process was repeatable. After addition of 2.25 mM NaOH
from a 1 M stock solution a white precipitate was observed,
which disappeared upon vigorous shaking, leading to a trans-
parent bluish solution that was stable overnight and similar
in size distribution as before NaOH addition as shown by
dynamic light scattering (supplementary information †). The
precipitation was also observed for solutions with 50 mol% of
C12Mal. However, this solution was also very viscous, which is
indicative of worm-like micelles.

These observations make the kinetic analysis more complex.
The model we use only takes into account two pseudophases;
an aqueous one and a vesicular one. Addition of a micellar one
would lead to more variables, making it impossible to obtain
any meaningful number for the fitted parameters. Therefore
we do not perform this analysis quantitatively, but only
qualitatively. The Kemp elimination is slower in micelles than
in vesicles,52 since these aggregates contain more water in their
Stern region. Upon increasing amounts of C12Mal (worm-like)
micelle formation increases as well (supplementary inform-
ation†), and therefore the micellar rate constant will be more
pronounced in the fitted value of kves at higher mole fractions of
C12Mal. This effect can be seen in Fig. 4 where kves decreases
again after an initial increase. This decrease is not seen for
C12Glu which is not able to solubilise vesicles.

Although the (extrapolated) CMC of C12Glu (80–200 µM)
has been reported,32,51,53,54 we were not able to solubilise C12Glu
in pure water. The binding constant of C12Glu to phos-
phatidylcholine membranes is estimated to be around 2 × 104

M�1 (above 0.9 mM amphiphile more than 95% is bound).51

Therefore we can safely assume that the amount of C12Glu in
the aqueous phase is negligible. The CMC of C12Mal (150–200
µM) is similar to that of C12Glu.32,51,55,56 However, its binding
constant (5 × 103 M�1) is smaller, only leading to full binding
(>95%) to the membrane above 3.5 mM amphiphile.51

The large increase in KS for the C12Mal containing solutions
is striking, whereas for C12Glu the increase in KS amounts to
only a factor of 2 after an initial decrease. Apparently, despite
the structural similarity, the effect of both additives on the
fitted parameters is quite different.

In the fitting procedures, specific or preferential binding of
hydroxide ions to the sugar-surfactants was not taken into
account. Therefore we did control experiments to see whether
such binding can actually be neglected, since certain non-ionic
sugar-derived surfactants are able to bind hydroxide ions.32–36 In
a first control experiment we compared the observed rate
constants in a system with DOPC and DOPC with 25 mol% of
C12Glu. As can be seen in Fig. 6 both types of vesicles show
inhibition with respect to the rate constant in pure water
(dashed line). As a reference we measured also the rate constant
for a nonionic sugar-based gemini surfactant (GS4; Scheme 3)
synthesised in our laboratory,35,36 that has proven to bind
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hydroxide ions. As can been seen, this surfactant catalyses the
Kemp deprotonation reaction. Therefore we can exclude that
there is specific hydroxide binding by C12Glu. However, it might
still be possible that the presence of the sugar units in the Stern
region might favour binding of hydroxide ions over the binding
of chloride ions. The reasonable value we obtained for KOH

Cl

(supplementary information†) doesn’t indicate such a process.
However, considering that each sugar unit has five hydrogen
bond donors and six acceptors, we anticipate that these might
increase the binding of hydroxide ions relative to chloride
through (multiple) hydrogen bonds. Therefore in a second
experiment (Fig. 5) we compared four different vesicular solu-

Fig. 4 Plot of ln (kves/kves,0%) (A) and ln (KS/KS,0%) (B) versus the
mol% of the added pyranoside. Fits were obtained by allowing both kves

and KS vary. C12Glu (�); C12Mal (�). Lines are drawn to guide the eye.

Fig. 5 Observed rate constant of vesicles with different degrees of
counterion binding with and without C12Glu. Left axis: C18C18

� :
C10C10

� : C12Glu 65 : 35 : 0 (
) and 61 : 33 : 7 (�). Right axis: 100 : 0 : 0
(�) and 90 : 0 : 10 (�). Lines are best fits using the Langmuir isotherm
of ion adsorption and a constant value for KS and kves.

tions. Solution A contained 100 mol% of C18C18
�, and solution

B 35 mol% of C10C10
� (C18C18

� : C10C10
� : C12Glu = 65 : 35 : 0).

The maximum observed rate constants of these solutions differ
by a factor of about ten, due to a reduced counterion binding
(27%) to the excess C18C18

� in solution B.8 Then about 10 mol%
of C12Glu was added to solutions A and B, which gave
solutions C (90 : 0 : 10) and D (61 : 33 : 7), respectively. The
maximum observed rate constants increased by a factor of
3 and 5 going from solution A to C and B to D, respectively. In
an attempt to fit the data of solution C and D by only changing
the counterion binding and the ion exchange constant KOH

Cl

(keeping KS and kves constant) we only found a fit for solution
D. It was not possible to fit the data of solution C. Not even
when only hydroxide ions were considered as counterions, since
there is only 2.25 mM hydroxide ions in solution. Above this
concentration the two reagents are diluted within the vesicular
pseudophase. In addition, in both cases the value of KOH

Cl was
just slightly above the mathematically and chemically accept-
able lower limit of 1 (compare eqn. (2)). Therefore we decided
to fit the data again, but use the Langmuir isotherm and mass
balance to calculate the vesicular hydroxide concentration (mOH

eqn. (1)) instead of using eqn. (2).45 The advantage is that
instead of a relative binding constant for hydroxide and
chloride ions, KOH

Cl, and a fixed counterion binding β, the
Langmuir isotherm uses separate binding constants for these
ions, KOH and KCl, respectively. The disadvantage is that the
vesicular ion concentrations have to be calculated iteratively.
For moderate salt concentrations and the presence of at least
one counterion with a binding constant that is not too small,
the concentration of vesicular-bound hydroxide ions in both
models is comparable to that obtained from the ion exchange
model,57 except that the ion exchange model has a higher
concentration of bound hydroxide ions at amphiphile concen-
trations below 2 mM.

For obvious reasons the data of solution C could still not be
fitted, but it was possible to fit the data of solution D with a
binding constant KOH that was 7.5 times larger than that for the
data of solution B.58 These results indicate that preferential
binding might play a role in systems containing alkyl pyrano-
sides, but that probably additional effects play a role leading to
changes in KS and kves as well. This latter observation is reason-

Fig. 6 Observed rate constant for DOPC (�), DOPC with 25 mol% of
C12Glu (�) and GS4 35,36 (�). Dashed line represents the rate constant
in water.

Scheme 3 Structure of GS4.
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able since the addition of linear alcohols (which are just alkyl
pyranosides without the sugar part) induce changes in kves and
KS (vide supra).

Differential scanning microcalorimetry

Differential scanning microcalorimetry was used to further
characterise the modified vesicles used in the kinetic
experiments. As can be seen below, all the main phase transition
temperatures remained well above 15 �C, the temperature at
which the kinetic experiments were performed (Fig. 7).

Addition of small amounts (<20 mol%) of saturated
n-octadecyl alcohols to cationic vesicles of C18C18

� leads to a
decrease of maximum 5 degrees in the main phase transition
temperature. At higher mole fractions the main phase transition
temperature increases, but much more rapidly and to a higher
temperature for C18OH than for C18GlyOH. At 50 mol% the
main phase transition temperature is 60 �C and 45 �C for
C18OH and C18GlyOH, respectively. Addition of C10OH leads
to a decrease to 30 �C at 30 mol% and it only increases again
above 50 mol% to reach a temperature of 33 �C at 66 mol%.59

Addition of C18:1OH leads to a similar pattern as for C10OH,
except that the peaks are becoming much broader (data not
shown), indicating that the transition becomes much less
cooperative. This is reasonable since the unsaturation in
C18:1OH leads to less efficient packing of the tails. These results
are in agreement with literature reports where n-alcohols behave
like amphiphiles leading to changes in the phase transition
temperature that are linearly correlated with the melting point
of the alcohols. This means a decrease in the phase transition
temperature upon the addition of alcohols with a short (≤C8)

Fig. 7 Phase transitions of C18C18
� vesicles with added alcohols (A)

and alkyl pyranosides (B). Closed symbols are the major peak and open
symbols are minor peaks. A: C10OH (�); C18OH (�); C18GlyOH (�);
C18:1OH (�). B: C12Glu (�); C12Mal (�). Lines are only drawn to guide
the eye.

chain and an increase for alcohols with a long (≥C12) chain.60–65

Also broadening of peaks has been observed.61,62,64 Experi-
ments with linear carboxylic acids show similar trends.61,63

Finally, addition of C12Glu and C12Mal leads to a decrease in
the main phase transition temperature. In fact, the additives can
be regarded as single-tailed nonionic surfactants, especially in
the case of C12Mal, since the packing-parameter is lowered
from >1 to ∼1

3– with respect to linear alcohols. When single-tailed
surfactants are incorporated into bilayers, due to the curvature
difference with the double-tailed amphiphiles the local bilayer
structure is disturbed. Since the main phase transition temper-
ature for a great deal reflects the packing efficiency of the tails,
a decrease in the main phase transition temperature is not sur-
prising. A decrease in the main phase transition temperature
was also observed for cationic vesicles with a cationic single-
tailed surfactant 66 and for phospholipid vesicles with C12Glu or
C12Mal.67

Several control experiments were performed to check the
reproducibility of the DSC scans. Unfortunately, the repro-
ducibility in certain mixtures is not too high, indicating that the
vesicles are metastable and that their exact structure depends on
the time between preparation and experiment, the procedure
that was followed to make the vesicles, and probably some more
parameters. Also, the fact that many scans show more than one
peak indicates that there is either more than one transition or
that the alcohol and amphiphile are not homogeneously mixed,
or both. Similar effects were seen of alcohol/phospholipids
mixtures.60 This is especially the case for the mixtures with
C18OH and C18:1OH, and to a much lesser extent for C10OH and
C18GlyOH. The reason for this multiple phase formation might
come from the high melting point of C18OH and C18GlyOH. In
combination with the unfavourable packing parameter of
C18OH (>1), this leads to a situation where C18OH dissolution
in membranes of C18C18

� is rather unfavourable. Crystallisation
of small domains rich in C18OH within the membrane might
occur. C18GlyOH has a larger hydrophilic moiety, leading to a
more favourable packing parameter and therefore it might lead
to a better dissolution in the membrane making crystallisation
in the membrane less favourable. The large increase in the phase
transition temperature in the presence of C18OH is in agree-
ment with the observation that there is an increase in ordering
in the bilayer.65 Phospholipids with unsaturation in the tails
usually have a phase transition temperature below 0 �C, since
these unsaturations disrupt the bilayer and make efficient
packing difficult. Likewise, in the dry state phospholipids with
unsaturation are usually more wax-like than their saturated
analogues. Therefore it is a bit surprising to notice that addition
of C18:1OH does not lead to a larger decrease in phase transition
temperature than observed here.

The DSC heating scans for all additives are shown in the
supplementary information. †

Influence of polarity on the Kemp elimination

In order to get a better understanding of the influence of
medium polarity on the rate constant of the Kemp elimination
the kinetics were followed in 1,4-dioxane/water and acetonitrile/
water mixtures. 1,4-Dioxane and acetonitrile were chosen since
they are known to have little or no preferential solvation. Nile
Red fluorescence and ET(30) absorbance (Scheme 4 A � C) are
sensitive to the polarity of the solvent or solvent mixtures.68 In
addition both probes are sensitive for hydrogen bonding,
whereas the ET(30) probe is more sensitive towards hydrogen
bonding than Nile Red. The wavelength of maximum absorb-
ance or fluorescence was used to calculate the normalised
polarity Pw/d via eqn. (5): 

(5)
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This equation is analogous to the equation used by Reichardt
to calculate the normalised ET(30) (ET

N).68 We normalised it in
such a way that the polarity of 1,4-dioxane equals zero, and
water one.

In Fig. 8 the normalised polarity was measured as a function
of the water concentration by both Nile Red and Reichardt’s
ET(30) probe. In the range of 56 to 20 M water Nile Red
measures a polarity which does not distinguish between the use
of 1,4-dioxane or acetonitrile, whereas ET(30) reports different
values for both solvents at constant water concentration.
However, in Fig. 9 it can be seen that the polarity measured by
ET(30) scales linearly and independent of solvent with the
natural logarithm of the observed rate constant in the solvent
mixture. From the slope (�11.7 ± 1.1) and the intercept (13.2 ±

Scheme 4 Fluorescent probes employed: Nile Red (A), 1,8-ANS (B),
ET(30) (C), pyrene (D) and Laurdan (E).

Fig. 8 Normalised polarity as a function of water concentration in
water/1,4-dioxane (closed symbols) and water/acetonitrile (open
symbols) as measured by ET(30) (�) and Nile Red (�). The line
represents linear behaviour between water concentration and
normalised polarity.

Fig. 9 Natural logarithm of the observed rate constant for the Kemp
elimination as a function of normalised polarity in water/1,4-dioxane
(closed symbols) and water/acetonitrile (open symbols) as measured by
ET(30) (�) and Nile Red (�). The line is a linear fit of the rate constant
versus polarity measured be ET(30).

0.9) the rate constants in pure 1,4-dioxane and acetonitrile were
estimated to be 5 × 105 s�1 and 9 × 103 s�1 respectively.

As for vesicles, the large rate increase is mainly an effect of
dehydration of the reactants. Likewise, partial dehydration
of the hydroxide ion is more important in the rate increase than
dehydration of the kinetic probe. The linear dependence of
ln (kmixt) with the normalised polarity measured with ET(30)
means that the reaction is sensitive to a similar extent to
polarity and hydrogen bonding as the ET(30) probe. Therefore
the ET(30) probe was used to measure the polarity in vesicles
with different amounts of alcohols and pyranosides (Fig. 10A).
Unfortunately, the experiments showed to be not very
reproducible. This is probably due to structural changes in the
aggregate structure induced by the size and charges of the
ET(30) probe. However, the initial experiments (closed symbols)
show that the polarity is not very sensitive for the composition,
as is also shown by Nile Red fluorescence (Fig. 10B). The trends
are independent of the excitation wavelength between 490 nm
and 590 nm. For the vesicles with C12Mal, or C12Glu the
polarity slightly decreases, whereas for C10OH it slightly
increases. The decrease for C12Mal and C12Glu could originate
from a decrease in local water concentration, which would be in
line with our kinetic observations.

To further characterise the polarity of the bilayer we
employed the fluorescent dyes ANS, Laurdan and pyrene
(Scheme 4 B � D � E; supplementary information†). ANS is
sensitive towards changes in polarity of the Stern region,69,70

showing a blue shift in the fluorescence maximum upon a

Fig. 10 Normalised polarity as measured by ET(30) absorbance (A)
and Nile Red fluorescence (B) versus the mol% of the additive. Nile Red
was excited at 590 nm. A: C10OH (�, �); C18OH (�, ∆); C18GlyOH
(�); C18:1OH (�); C12Glu (�); C12Mal (�). B: C10OH (�); C18OH
(�); C18GlyOH (�); C18:1OH (�); C12Glu (�); C12Mal (�).
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polarity decrease of the Stern region. In water the fluorescence
is quenched. This quenching is absent for pyrene, since it does
not contain a hydrogen-bond accepting or donating group.
Pyrene senses a change in polarity via a relative change in the
intensity of the first and third vibronic peak in the spectrum.
The ratio of the first and third peak can be used as a measure of
polarity.71 Laurdan fluorescence is sensitive for the phase of the
tails via the relative intensity of the two peaks that are observed
in the emission spectrum.72 Below the phase transition
temperature the peak at lower wavelength is larger than the
peak at higher wavelengths leading to a positive value for
GP (generalised polarisation). Above the phase transition
temperature the relative intensity is inversed, leading to a
negative value for GP.

In vesicles containing alcohols and pyranosides the GP value
is positive and no significant change in the value is observed
(supplementary information). Also pyrene and ANS fluor-
escence (supplementary information) show no significant
change upon the addition of alcohols or pyranosides.

Consequences for the kinetic analysis

All kinetic experiments were performed at 15 �C, which is well
below the main phase transition temperature of the vesicles
with additives (vide supra). This is confirmed by the constant
positive GP value as sensed by Laurdan. The experiments
performed to reveal the change in (normalised) polarity in the
bilayer upon the addition of linear alcohols and alkyl pyrano-
sides show that the polarity changes only slightly. The slight
changes are fluorescent- and absorbance-dye dependent. This is
reasonable since the probes are sensitive towards different
intermolecular interactions. For example, the ET(30) dye is
particularly sensitive towards hydrogen-bond donation,
whereas pyrene is not. The differences between the fitted
parameters for the alcohols are relatively small, although the
differences between the observed rate constants are more
pronounced. In addition, parameter compensation has to be
taken into account. Despite these mathematical consequences,
the small changes in the fitted parameters are in agreement with
the small changes in the measured normalised polarity.

Strikingly, the changes in kves and KS for vesicular solutions
containing alkyl pyranosides are not apparent from the changes
in measured normalised polarity, or by a transition of the tails
from gel-like to liquid-crystalline. Since the vesicular rate
constant scales with the normalised polarity, the vesicular rate
constant should not change too much. However, nonionic
micelles containing C12Mal or C12Glu have an interface that is
“aqueous-like” in nature,55 i.e. the effective dielectric constant
is larger than that for nonionic micelles with an oligo-ethylene
oxide head group. C12Glu and C12Mal retain their hydration
cospheres, and as a result, anions present in the same region are
less hydrated similar to what was observed for mixed micelles of
CTAB and a nonionic cosurfactant,21,22 leading to an increase
in kves.

39–41 This observation is also found for mixed micelles
of SDS and dodecylmalono-bis-N-methylglucamide. Below
a mole fraction SDS of 0.3 the head group region is com-
pletely dehydrated, since the sugar units have replaced all
the water molecules in the interfacial region.31 However, at this
stage the counterion binding is still about 40%. The probes
used to measure the local polarity are not sensitive towards
these changes, and hence they report a constant
polarity upon increasing amounts of C12Mal and C12Glu. In the
organic solvent/water mixtures a change in dehydration of
the hydroxide ion is automatically coupled to a change in
polarity.

Based on these observations, it seems reasonable to assume
that the hydroxide ions in the Stern region of vesicles formed
from C18C18

� in the presence of C12Mal or C12Glu are more
dehydrated compared to vesicles with no alkyl pyranosides.
This increases the reactivity of the hydroxide ion and in

turn kves increases without the normalised polarity changing
significantly. Finally, we note that the decrease in kves above
10 mol% of C12Mal is probably due to micelle-formation.52

Conclusions
Cationic vesicles of C18C18

� catalyse the Kemp elimination ca.
50 times relative to the second-order rate constant in water.8

This effect is mainly attributed to a change in polarity
going from water to the aqueous pseudophase, where partial
dehydration of the hydroxide ion is the main contribution to the
rate enhancement.

The observed catalysis of the Kemp elimination is decreased
upon the addition of C10OH, C18OH and C18GlyOH to the
C18C18

� vesicles, although the extent of the decrease depends on
the exact structure of the additive. By contrast, the catalysis is
increased upon the addition of C18:1OH, C12Mal and C12Glu,
reaching a maximum at 35 mol% of C18:1OH. No maximum is
reached in the observed catalysis up to 50 mol% of C12Glu and
C12Mal. The data can be fitted using a decreasing counterion
binding with increasing additive content and an ion exchange
constant fixed at 1.6, leading to realistic values for kves and
KS. The analysis shows that for C10OH, C18OH and C18:1OH,
kves and KS only change slightly (at most a factor of around
two). For C18GlyOH, C12Glu and C12Mal, the situation is dif-
ferent. The vesicular rate constant in C18C18

� vesicles with
C18GlyOH is over a factor of two larger than in the absence of
additive, whereas C12Glu has a kves that is 5 times higher. At low
mole percentage, C12Mal also shows an increase in kves, but due
to the formation of (worm-like) micelles kves decreases again.
The binding constant in vesicles with C18GlyOH decreases,
whereas for 50 mol% of C12Mal KS is almost ten fold larger.
After a decrease of KS in C18C18

� vesicles with a low C12Glu
content, an increase is also observed at higher C12Glu
content.

The main phase transition temperatures for the mixtures
were measured with differential scanning microcalorimetry.
All alcohols showed initially a decrease in the main phase
transition temperature, and then, above a certain mole fraction
an increase. The extent of the increase or decrease depends
on both the structure of the additive and the amount that is
present in the bilayer. Addition of alkyl pyranosides leads to
a linear decrease of the phase transition temperature with about
15 �C at 50 mol% alkyl pyranoside.

The natural logarithm of the rate constant of the Kemp
elimination shows a linear increase with a decreasing ET(30)
value in water/1,4-dioxane and water/acetonitrile mixtures. Nile
Red fluorescence is not linearly related to the natural logarithm
of the rate constant. However, Nile Red is not as sensitive as
ET(30) to hydrogen bonding, indicating that hydrogen bonding
plays a major role in the reaction. The large increase in kves

for C12Glu, without a significant change in the measured
normalised polarity, as measured by ET(30), Nile Red, ANS,
pyrene and Laurdan, indicates that the hydroxide ion is more
dehydrated than when the alkyl pyranosides are absent. This
observation is consistent with literature evidence that
sugar-based surfactants dehydrate the interfacial region,
without destroying its “aqueous-like” nature.

The complex change in observed rate constants as a function
of the structure of the additives on the catalysis of the Kemp
elimination indicates that subtle changes in the structure of
the additive can lead to significant changes in the interfacial
structure of vesicles. However, these changes do not originate
from a change in polarity, indicating that other factors
(e.g. water concentration, bilayer packing, domain formation
etc.) play a more important role. This is further exemplified by
the large dependence of the DSC scans on the structure
and concentration of the additive. Unfortunately, the exact
molecular nature of these changes of the properties of vesicles
is experimentally difficult to determine. If the observations
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described in this paper are translated to biological membranes
it seems clear that subtle changes in the structure and relative
amounts of the lipids, steroids and proteins will strongly
influence the interfacial properties of biological membranes
and, consequently, reactions occurring at this interface. Special
attention should be paid to glycolipids since they seem to have
unexpected behaviour on the interfacial properties.

Experimental

Materials

Dimethyldi-n-octadecylammonium chloride (>97%; Fluka),
n-decanol (99%; Aldrich), n-octadecanol (95%; Acros), oleyl
alcohol (Aldrich), batyl alcohol (99%; Aldrich), n-dodecyl-β-
glucoside (>99%; Fluka), n-dodecyl-β-maltoside (>99.5%;
Glycon), sodium hydroxide (titrisol; Merck), pyrene (>99%;
Aldrich), 8-anilino-1-naphthalenesulfonic acid ammonium salt
(ANS; Sigma), 6-dodecanol-2-dimethylaminonaphthalene
(Laurdan; >99%; Molecular Probes), 9-diethylamino-5H-
benzo[a]phenoxazine-5-one (Nile Red; 99%; Acros), sodium
hydroxide (Titrisol) and dioleylphosphatidylcholine (DOPC;
99%; Avanti) were used as received. The ET(30)-probe (2,6-di-
phenyl-4-(2,4,6-triphenyl-1-pyridinio)phenolate) was kindly
provided by Prof. Ch. Reichardt (University of Marburg).
5-Nitrobenzisoxazole (1) was a generous gift from
Dr. F. Hollfelder and Prof. A.J. Kirby of the University
Chemical Laboratory (Cambridge, UK). GS4 and sodium
didecylphosphate were synthesized as described previously.36,73

Doubly distilled water was used for all solutions.

Measurements

Vesicles were prepared as described before,8 using two different
procedures. In the first procedure amphiphile and additive were
cosonicated in water. In the second procedure amphiphile and
additive were homogeneously dissolved in a small amount of
chloroform, followed by removal of the organic solvent under
a stream of nitrogen and subsequent removal of residual
organic solvent under vacuum. Then the film was hydrated and
sonicated. Both procedures end with several extrusions of the
transparent bluish solutions through a membrane with a pore
size of 200 or 400 nm. In all cases the obtained vesicles have a
size of around 80 to 100 nm (data not shown) unless stated
otherwise.

Kinetic experiments, DSC scans, ET(30) measurements and
pyrene fluorescence were performed as described before.8 Nile
Red and 1,8-ANS fluorescence experiments were performed in
a similar way as pyrene fluorescence except that the excitation
wavelength was changed to 490 nm and 590 nm for Nile
Red and 380 nm for 1,8 ANS. The wavelength of maximum
fluorescence was fitted from a scan with a step size of 4 nm
starting well before and ending well after the peak. Laurdan
emission spectra were recorded as a function of the excitation at
440 nm and 490 nm. The recorded peaks were deconvoluted
and the intensities from the fit were used to calculate the GP
value: 

in which Iblue,exc and Ired,exc are the fitted intensities of the peak
on the blue and red side of the spectrum, respectively.

All experiments were performed at 15.0 ± 0.1 �C.
It is assumed that the Kemp elimination reaction takes place

both at the inner and outer leaflet of the vesicles with equal rate
constants, since hydroxide ions are known to cross the bilayer
fast on the time scale of the reaction (and therefore OH�

crossing is not the rate-limiting step).74–77 This is in agreement
with observations in the literature on kinetics in solutions

(6)

containing C18C18
�.6,78 Different rate constants have been found

for the endo- and exovesicular leaflet for other reactions.79,80

Distribution of 1 is considered to be fast since 1 is small,
hydrophobic and nonionic.
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