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Abstract: The rate-determining deprotonation of 5-nitrobenzisoxazole (Kemp elimination) by hydroxide is
efficiently catalyzed by vesicles formed from dimethyldioctadecylammonium chloride (C15C1s™). Gradual
addition of sodium didecyl phosphate (C10Ci07) leads to the formation of catanionic vesicles, which were
characterized by cryo-electron microscopy, and their main phase transition temperatures (DSC) and
C-potentials. Increasing percentages of C10Ci0~ in the vesicular bilayers decrease the catalysis of the Kemp
elimination. A detailed kinetic analysis, supported by consideration of substrate binding site polarities and
counterion binding percentages, suggest that the catalytic effects of C15C157/C10C10~ catanionic vesicles
are primarily determined by the binding of catalytically active hydroxide ions to the vesicular surface area.
The formation of neutral microdomains between 10 and 30 mol % of C1,C10™ in the bilayer, as revealed by
DSC, is not apparent from the catalytic effects found for these vesicles. Interestingly, the catalytic effects
observed for 50 mol % C10C1o in the catanionic vesicles indicate an asymmetric distribution of C15C1s™
and C1oC1o~ over the bilayer leaflets. The overall kinetic results illustrate the highly complex mix of factors
which determines catalytic effects on reactions occurring in biological cell membranes.

Introduction reaction volume is reduced. Particularly when one of the two
reactants can bind as a counterion to the aggregate, efficient
catalysis is found, because the concentration of headgroups in
the Stern layer of micelles is in the order of 3 to 5'%By
contrast, when only one of the two reactants binds to the
aggregate, inhibition is observed.

The second effect results from the decreased local polarity
at the micellar and vesicular binding sites compared to water.
Of course, the latter effect is only beneficial when the organic
reaction is accelerated in less polar environments.

Vesicles can be used as mimics for aspects of the chemistry
of the much more complicated biological membranes. Biological
membranes are extremely complex mixtures of mainly lipids,
steroids, and proteiri$:15 In addition to this complexity, both
leaflets of the membrane have different compositions. But also
Wlthln the leaflets the distribution of the different lipids over
the membrane is believed to be nonrand§ni?

Micelles have been extensively studied with respect to their
catalytic properties toward a variety of organic reactibrs.
Some reactions (for example, hydrolysis reactions of (activated)
esters) are inhibited by the presence of micellar aggredates.
Studies on vesicular cataly$ig? are generally more complex
because, contrary to micelles, vesicles are usually not thermo-
dynamically stable and experiments yield more scattering in the
data.

In general, two effects lead to the catalysis of bimolecular
reactions in micellar and vesicular aggregat&e first effect
comes from substrateaggregate 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
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Scheme 1. Kemp Elimination Reaction whether “aging” of the solution was a factor of importance, but no
oH HO. . B effect was found over a period of 15 h. Stock solutionslofere
¥ o prepared by dissolving 0.000331gn 100 mL of water (2x 1075 M).
ON OaN OaN cN For each stock solution the UWis spectra before and after reaction
\N . ‘x’N . \©: were recorded to check the concentration and purity.
o/ J o In all the kinetic runs the concentration of hydroxide was 2.25 mM
1 +H,0 and the concentration df was 1 x 107> M (please note that in the

stopped-flow apparatus one volume unit withis mixed with one

On the basis of these considerations, we decided to examinevolume unit of the alkaline vesicular solution).
the catalytic properties of catanionic vesicles prepared from  Differential Scanning Microcalorimetry. DSC scans were taken
structurally simple amphiphiles. The kinetic probe that we ©" @ YP-DSC apparatus (Microcal, Northhampton, MA) with a scan
employed is the bimolecular, base-catalyzed, rate determiningrate of 1°C min~L. Solutions were prepared similarly as described for
deprotonation of 5—nitr0benzi'soxazolla Kemp ’eliminationZ3 the kinetic experiments. The total amphiphile concentration was 2 mM

h h ial of thi ion f bing biochemi and the total concentration of sodium hydroxide was 4.5 mM. Five
Schemel). The potential of this reaction for probing biochemi- scans were performed betweerfG and 100°C. The reference cell

cally relevant reaction conditions has already been demonstratedyas filled with water. The solutions were allowed to equilibrate at 1
particularly by Kirby et aP* The reaction can also act as model  °c for 2 h between successive scans. A water scan was subtracted using
reaction for deprotonation reactions in biological membranes. Microcal Origin software. The first scan was neglected due to the
The rate of deprotonation is much faster in an apolar environ- thermal history of the machine, but the other scans were all identical.
ment than in a polar environment. &-Potentials. Mobilities were measured using a Malvern Zetasizer
Cationic vesicles in basic aqueous solutions catalyze the 5000 (Malvern, UK).¢-potentials were then calculated using the
deprotonation because not only the local polarity is decreased,Smoluchowsky limits. All solutions used contained 5 mM total

but also the local concentration of base is increddd.the amphiphile concentration and 2.25 mM NaOH and were prepared as

present study, particular focus was placed on the question howdescribed for the kinetic experiments, except that they were prepared

the catalysis is affected by gradually mixing cationic vesicles aLrsfoTn':lgr;(:Ot:s dsfg'ons were not extruded. All experiments were
with anionic bilayer forming amphiphiles and which factors P y

. . . - Cryo-Electron Microscopy. A small drop of the 20 mM amphiphile
determine the changes in catalytic efficiency. Our results may solution was deposited on a glow discharged holey carbon-coated grid.

have relevance for a better understanding of the chemistry ager piotting away the excess of amphiphile, the grids were plunged
occurring in the living cell, for example in the membrane of i, jiquid ethane. Frozen hydrated specimen were mounted in a GatAn
the mitochondriorf® (model 626) CRYG-STAGE and examined in a Philips CM 120 cryo
electron microscope operating at 120 kV.

E+(30)-Probe. All vesicular solutions were prepared as described

Materials. Dimethyldioctadecylammonium chloride 87%), sodium for the kinetic experiments. The concentration of sodium hydroxide
chloride (p.A.), sodium hydroxide (titrisol) and pyrene99%) were was 2.25 mM. 4ul of a saturated solution of thEr(30)-probe in
purchased from Fluka, Merck (2x) and Aldrich, respectively. The acetonitrile was added to a vesicular solution and the wavelength of
Er(30)-probe (2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridino) phenoxide) maximum absorption was measured on a Perkin-EliBespectropho-
was kindly provided by Prof. Ch. Reichardt (University of Marburg). tometer at least five minutes after mixing the solutions. Ea€80)
5-Nitrobenzisoxazolel) was a generous gift from Dr. F. Hollfelder  value was then calculated as descri8essing eq 1
and Prof. A. J. Kirby® of the University Chemical Laboratory
(Cambridge, UK). - 28591

All chemicals were used as received. Sodium didecyl phosphate was Er(30) = heVg,Na = 2 @
synthesized according to a literature procedtgoubly distilled water e
was used for all solutions.

Kinetic Experiments. Kinetic experiments were performed using
an Applied Photophysics SX-18MV Stopped-Flow Reaction Analyzer
(Leatherhead, UK) thermostated with a Neslab RT&E1 water bath. respectively
The deprotonation reaction was followed at 380 nm. The temperature : ' . .
was 15.0+ 0.1 °C unless stated otherwise. Stock solutions of .Vesu:le conc.entr.atlgns.were chosen such that did not change
approximately 30 mM total amphiphile concentration were prepared with concentration indicating that the probe Was fully pound.
by weighing the needed amounts of amphiphile. Water was added to Steady-State FluorescencePyrene was dissolved in water and

the appropriate volume and the solution was kept in a water bath at gofiltered at least 1 day after dissolution. This solution was then diluted
°C for at least 45 min. Then the solution was sonicated using a tip °NCe: No excimers were present since steady-state fluorescence showed

sonicator (Branson Sonifier B+#) at 50°C for 6 min (or longer if no peak near 450 nm, characteristic of pyrene excirffé?yrene was

not all solid material was solubilized). Subsequently, the stock solution Présent at concentrations lower thanpl. Steady-state fluorescence
was extruded 11 times through a 400 nm filter using a mini-extruder SPECtroscopic measurements were performed using a SLM SPF-500C
(Avanti Polar Lipids, Alabaster, AL) at 5C. Finally, the stock solution ~ SPectrofluorometer equipped with a thermostated cell holder and a
was diluted to the desired concentrations and sodium hydroxide from Magnetic stirring device. Measurements were initiated at least 15 min
a 1 M stock solution was added so that the total concentration of sodium &fter mixing the vesicular and pyrene solution. The instrument settings

hydroxide was 4.5 mM. Control experiments were performed to see Were as follows: excitation wavelength, 335 nm; slid width 5 nm. The
emission spectrum was recorded from 371 to 386 nm (slit width, 1

(23) Kemp, D. S.; Casey, M. L. Am. Chem. S0d.973 95, 6670-6680. nm; step size 0.20 nm; filter 2). The intensities of the first (around 372

(24) Hollfelder, F.; Kirby, A. J.; Tawfik, D. SNature 1996 383 60-63. nm) and third peak (around 385 nm) were determined.
(25) Demirel, Y.; Sandler, S. Biophys. Chem2002 97, 87—111.

(26) Hollfelder, F.; Kirby, A. J.; Tawfik, D. S.; Kikuchi, K.; Hilvert, DJ. Am.

Experimental Section

In this equatiorh, c, andNa are Planck’s constant, the speed of light
and Avogadro’s number, respectivelynax andvmax are the wavelength
(in nm) and frequency of the maximum absorption of B3€30) probe,

Chem. Soc200Q 122 1022-1029. (28) Reichardt, CChem. Re. 1994 94, 2319-2358.
(27) Wagenaar, A.; Rupert, L. A. M.; Engberts, J. B. F. N.; HoekstraJ.D. (29) Berlman, I. BHandbook of Fluorescence Spectra of Aromatic Molecules
Org. Chem.1989 54, 2638-2642. Academic Press: New York, 1965.
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[amph];e; (MM)

Figure 1. Experimental values fdopsas a function of the total amphiphile
concentration. The solid lines are least-squares fits of eqs 6 and 8 to the
data usingkon® = 2.4 andBexcess= 0.8. The dashed lines are least-squares
fits of egs 6 and 8 to the data usikKg = 23.4 M1 andk,es= 495 s1.The
following percentages denote the percentag€nfC10- as a function of

the total amphiphile concentratiorl 0 mol %; @) 10 mol %; @) 20

mol %; (v) 35 mol %.

Results and Discussion

Vesicular Catalysis. The Kemp elimination is efficiently
catalyzed by vesicles formed from dimethyldioctadecylammo-
nium chloride C1sC1g"). At 15 °C and in the presence of 2.25
mM of sodium hydroxide, the observed rate increase amounts
to a factor of ca. 100, consistent with our previous studfies.
more detailed kinetic analysis (vide infra) taking into account
the binding efficiency ofl to the vesicles and the vesicular  rigure 2. Cryo-EM pictures of mixtures o€:6C1s" and C1cCig-. The
reaction volume, reveals that the vesicular rate constant is 65letter denotes the percentagefCio as a function of the total amphiphile

times higher than the rate constant in water. concentration. (a) 0 mol %; (b) 10 mol %; (c) 40 mol %; (d) 50 mol %; (e)
. . 70 mol %. Explanation of numbers: (l) top view; (Il) side view; (lll) side
We have examined how the observed pseudo-first-order rateyiew where one “lens” has extra curvature; (IV) top view, but slightly tilted;

constant K.ps 1) for deprotonation ofl in vesicles formed (V) spherical vesicle; (V1) clustering of vesicles; (VII) angular vesicle. The
from C16C15™ responds to a gradual addition of anionic bilayer- bar represents 100 nm.

forming sodium didecyl phosphat€{,C10-). The combination

of a cationic amphiphile with long tails and an anionic
amphiphile with short tails was chosen to avoid precipitation
of the catanionic mixturé? Figure 1 shows plots d,psversus

the total amphiphile concentration ([amghJup to ca. 16 mM.

As anticipated on the basis of the decreasing positive surface
charge potential of the vesicldgys decreases with increasing
concentration of2;¢C10~. However, the observed rate profiles
are similar for all amphiphile mixtures. Upon increasing
[amph]et there is initially a sharp increase kf,sto a maximum
value depending on the percentageGafCio~ in the bilayer,
whereaskops then slowly decreases. This type of behavior is
characteristic for micellar and vesicular catalysis of bimolecular
reactions!

Cryo-Electron Microscopy. Before analyzing the kinetic data
obtained for the vesicles formed by th8;gC187/C10C10~
mixtures, we will further characterize these bilayer vesicles. In
Figure 2 cryo-EM pictures are shown for vesicles of different
composition. Figure 2a clearly shows only “lens-shaped”

vesicles®? i.e., vesicles that are round when looked from the
top, but that are strongly flattened when looked from aside. At
10 mol %C,¢C1o~ (Figure 2b) the cryo-EM picture shows more

or less the same structures, except that sometimes one of the
two “lenses” has extra curvature. At 40 mol@yC1o (Figure

2c¢) angular spherical vesicles are observed. This angularity has
been observed befofeand is due to the fact that the vesicles
are below theilT, when they are vitrified. This angularity is
also observed for 50 mol %,0C1o~ (Figure 2d), but now also
clustering is observed due to the absence of strong electrostatic
repulsion between the vesicles since the vesicles are almost
overall neutral. At 70 mol %,0C1¢~ (Figure 2e) only spherical
vesicles are observed.

Differential Scanning Microcalorimetry. An important
feature of vesicles is that alkyl tails of the amphiphiles can be
in two states: a highly ordered, rigid (gellike) state and a more
fluid (liquid-crystalline) state. The temperature for this mor-
phological change is typical for each amphiphile and is called
the main phase transition temperaturg)( Differential scanning
microcalorimetry (DSC) is a useful technique for measuring the

(30) Adding sodium dioctadecyl phosphate or sodium dioleyl phosphate to
C1C1s" leads to precipitation.

(31) Romsted, L. S. IMicellization, Solubilization and MicroemulsipMittal, (32) Andersson, M.; Hammarstrom, L.; Edwards,XPhys. Cheml995 99,
K. L., Ed.; Plenum Press: New York, 1977; pp 5@880. 14 531-14 538.
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k.
substrate + OH ——» products

75% OH-/CI
1
/\_/Y water pseudophase ‘T KS ‘T KSH
70% vesicle pseudophase vl vl

Cl-/ OH-

65% Figure 4. Schematic representation of the kinetic model us&gis the

binding constant of the organic substrate to vesicular pseudopkase,
50%

kves
substrate + OH- — products

the rate constant in watekyes iS the vesicular rate constant ak@x®' is
the binding constant of OHto the vesicular pseudophase.

45% In principle, the appearance of two peaks in the DSC scans

_/\Ja
//w/o

could also be due to the presence of two types of vesicles in
solution, but this option was ruled out because all cryo-EM
pictures show only one type of vesicle present. If there would
be two types of vesicles in solution, then one would expect to
see both cationic (“lens’-type vesicles; Figure 2a) and catanionic
vesicles (aggregates of spherical vesicles; Figure 2d) because
only the peaks corresponding to these type of bilayers are
observed in the DSC scans. Because this is not the case, the
peak in the DSC scan at 27C should belong to neutral
microdomains.

Kinetic Analysis. The rate profiles shown in Figure 1 can
be analyzed in terms of the pseudophase model with ion
exchange developed by Romsted éfgFigure 4). In this model
there are two phases; an aqueous phase and a vesicular phase.
In the apolar vesicular phase the rate constant is much higher
than in the aqueous phase. Becaudserefers to be in the
vesicular phase, and the base prefers to bind to the cationic
surface the two reagents are efficiently brought together.

The observed rate constamtdy can be described by eq 2

C, (JK7)

5 10 15 20 25 30 35 40 4
temperature (°C)
Figure 3. Heating scans for mixtures &@15C1s" and C10C10~ Vvesicles.

The number denotes the percentageCeiCio~ as a function of the total
amphiphile concentration. Lines have been elevated for clarity.

phase transition temperature. Tig for C1gC1g" vesicles is
40 °C (Figure 3) which agrees with the literatéteand for
C10C1o vesicles 8C.27 In Figure 3, the scans for pu@gCig"
and mixtures ofC1gC1g" with C10C10~ are shown. The decrease
of Ty, upon addition ofC;0C1¢~ is remarkable since the addition
of anionic single-tailed, micelle-forming amphiphiles is known ) .
to increase th@m.3* At 10 mol % of C1C1- a second peak N this equation [Ry;, [Plv, and [Ples are the total, aqueous
arises around 27C and this peak becomes more prominent and vesicular probe concentrations, respectively. The total probe
until it reaches a maximum at 50 mol @oC1o~. At the same concentration is equal to the sum of probe concentrations in
time, the peak at 40C decreases in size and slowly moves the agueous and vesicular phasg. and K\es are the rate
toward 30°C, disappearing at 30 mol % 6f,C1o~. Above 50 constants in the aqueous and the vesicular phase, respectively.
mol % C1oC10™, there is only one peak and upon increasing [OH]w and [OHles are the hydroxide concentrations in the
the amount of anionic amphiphile the peak shifts towaf€8 aqueous and the vesicular phase. The total hydroxide concentra-
Above 75 mol %C1oC107, it was impossible to perform DSC  tion is equal to the sum of hydroxide concentrations in the
scans since precipitation took place a few minutes after aqueous and vesicular phase. The binding con¥arfeq 3)
preparation of the vesicles. of the probe to the vesicles is expressed in terms of the total

These results can be explained in terms of the presence of@Mphiphile concentration ([amp#], i.e., the sum of the
neutral microdomains between 10 mol % and 30 mol % concentration of cationic and anionic amphiphiles
C10C10~. The peak arising in the range 227 °C must have a
1:1 cationic:anionic amphiphile ratio because it is the only peak K. — [Plies

°  [Pl,[amphl

kobs{P]tot = kw[OH]w[P]w + k’ves{OH]ves[P]ves (2)

®3)

that is observed at 50 mol %,¢C1o~. Therefore, we contend
that at 10 mol %C10C1o~ neutral microdomains are formed
besides a mainly cationic phase. At 30 molC#Cio™, these  combining and rewriting egs 2 and 3 with eqs 4 and 5 gives eq
microdomains resolve into one homogeneous phase again. Atg

the same time as the microdomains are formed, the cationic

domains possess an increasing amounCgfCio~ randomly K,oo= K .Jamph] 4
mixed-in because the peak in the DSC scans progressively e ve o

moves toward lower temperatures. Microdomain formation has [OH]

been observed before in single-tailed catanionic surfactant Mpy=——— (5)
mixtu res?5 [C 18C18+] excess

(33) Feitosa, E.; Barreleiro, P. C. A.; Olofsson, Ghem. Phys. Lipid200Q
105 201-213.
(34) Kacperska, AJ. Therm. Anal200Q 61, 63—73.
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_ Ku[OH]ior t (KeKs — KN)rnOH[C18018+]excess

1+ KJamph],, ©)

bs

[C18C18 excessiS the concentration of15C1g™ that is present
in the bilayer in excess to the amount of anionic amphiphile
and can be described by eq 7

[C18C18+] excess (1- za)[amphlot (7)
In this eqa is the ratio of anionic amphiphile to the total
amphiphile concentration.

Because one cannot measure the vesicular hydroxide con-

centration, it can be calculated using €4 8

[OH] i + Kng[CI] o B
(K&~ DICCas Tewcoss
BexcestOHl ot
(KSh — DIC16C1s Toxces

In this eqatiorKop is the ratio of hydroxide and chloride ions
bound to the bilayer (eq 9)

o _ [CllJOH],
OH ™ [CI ,[OH] s

mOH2 + Moy

=0 (8)

©)

PexcesdS the ratio of counterions that are bound to éxeesof
C1sC1g™ and is given by eq 10

ﬁ _ [OH]VES+ [CI] ves
excess -~ ~ +1

[018018+] excess
The total counterion binding i) includes the binding of

C10C10~ to the total amount of cationic amphiphiles and is given
by eq 11

(10)

_[OH]

tot

+ [Cl] es
[C1eCis']

ves

+ ofamph], o+t Pexceskl — 200)
N 1-a
(11)

An important assumption is that the counterion binding over

the amphiphile concentration range remains constant. This has

been proven for micelle¥,and we assume this is also true for
vesicular solutions.

Ruan et aP® calculated the binding constan€oC by
rewriting eqs 6 and 8 into a linear equation wherkyg/is a
function of the total chloride concentration (Figure 5). Then
Kon® can be calculated by taking the ratio of the slope to the
intercept (eq 12)

c _ slope

OH ™ intercept " (12)

[OH] o1
However, due to some mathematical assumpt®tisis linear
equation is only valid whenJ18C1g excessiS Smaller than 0.5
mM and the total chloride concentration is higher than 4.5 mM.

w0
35-
30-.
25

Qo

20

[Clit, (MM)

Figure 5. Linear plots used to calculatéos® (eq 12). The percentage
denotes the percentage 6ioCio~ as a function of the total amphiphile
concentration.l) 0 mol %; @) and ©) 20 mol %; @) 35 mol %.

0.45 T \ T T T T T T T T
0.40
0.354
0.301

~— 0.254

0.154
0.10

0.05

0.00 T T T T T T T T T T

[Clit. (MM)

Figure 6. Nonlinear plots used to calculat®“' (eq 12). The percentage
denotes the percentage GioCio~ as a function of the total amphiphile
concentration. ) 0 mol %; @) and ©) 20 mol %; @) 35 mol %.

Table 1. Values of Kon® Obtained from Linear and Non-linear Fits

solution linear fit nonlinear fit
100%C1gC15" 2.59+ 0.26 1.96+ 0.60
20%C10C10~ —14.174+ 4.80 9.04+ 16.06
20%C10C1o~ —4.01+ 3.52 3.52+4.10
35%C10C10~ 2.71+ 4.43 2.11+1.04

the small value of the intercept compared to the scattering. This
is the result of the extrapolation to zero chloride concentrations.

Especially, the negative intercept found for 20 moC®»Cio~
is worrying because this results in a negative valueigr©'.

Therefore, in Figure 6 the same data has been plotted, but instead
of fitting to a linear equation the data has been fitted to the

inverse of a linear equatioly & 1/(a + bx)). In this way, the

scattering in the data points at high chloride concentrations are
of less importance. The results are shown in Table 1. From the

As can be seen in Figure 5, the main problem with these fits is g|yes of 100 mol %C15C1gt and 35 mol %C1Cig- of both

(36) Garc¢a-Ro, L.; Herves, P.; Leis, J. R.; Mejuto, J. C.; Perez-Juste].J.
Phys. Org. Chem1998 11, 584-588.

(37) Keiper, J.; Romsted, L. S.; Yao, J.; Soldi, ®@olloids Surf., A2001, 176,
53—-67.

(38) Ruan, K.; Zhao, Z.; Ma, Xolloid Polym. Sci2001, 279, 813-818.

the linear and nonlinear fits, the weight-averaged valu&fpf!
was calculated to be 24 4.6. This value is somewhat smaller
than that found in the literature {411)36:3%-43 However, for

all but one studd? these values have been measured for micellar

J. AM. CHEM. SOC. = VOL. 125, NO. 7, 2003 1829



ARTICLES

Klijn and Engberts

00T T T T T T T T
0.18+
0.16 . .
0.14+
0.12 .
0.104 .

0.084

kobs (5_1)

0.06 b
0.04+

0.02+

0.00 T
6 8 10

[amph]y,; (MM)

20

Figure 7. Experimental values fdopsas a function of the total amphiphile

concentration. The solid line is the least-squares fit of eq 13 to the data.
The dashed line denotes the observed rate constant in pure water. The

number denotes the percentage @fyCi10~ as a function of the total
amphiphile concentration®() 45 mol %; @) 50 mol %; ©) 70 mol %.

systems. It is not too surprising that the value K is

independent of bilayer composition because this has also been

observed for mixed micelles of cetyltrimethylammonium bro-
mide (CTAB) and pentandt

Figures 1 and 7 show the plots of the observed rate constant
versus the total amphiphile concentration. The scattering in the
experimental data is large compared to the scattering observed

for micellar solutions, but this is quite common for vesicular
media364546 As can be seen clearly, the maximum observed
rate constant decreases with increasthgCio~ content. Re-

markably, the observed rate constant for the solution containing

50 mol % C10Cyo still shows anincreasewith increasing
amphiphile concentration. This indicates that the outer leaflet
must be slightly positive, since otherwise inhibition should
occur. This inhibition is shown for 70 mol %10C10~ (Figure

7) for which eq 6 simplifies to eq 13

Ku[OH]io1

= 15 Kamph], .

In principle, the increase in observed rate constant for 50%

0.000 T T T T T T T
0 2 4 6 8 10

[NaCl] (mM)

Figure 8. Experimental values fdi,nsas a function of concentration NaCl.
The dashed line is the observed rate constant in pure water.
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Figure 9. Plot of kyes (left axis) andKs (right axis) as a function of bilayer
composition. Closed symbols akg:s and open symbol&s. Up triangles
are from the fit withBexcess= 0.8 and down triangles are from the fit where

Bexcessncreases from 0.8 for 0 mol %1¢C1¢~ to 1 for 50 mol %C1¢Cio -
Error bars represent the error in the fit to eqs 6 and 8.

The data for 45 mol %1¢C10~ and 50 mol #C1¢C1o0~ Were
not fitted to eq 6, because the experimental profiles only show
the beginning of the rate profile, resulting in an unreliable fit.
Performing the kinetic experiments at higher amphiphile

C10C10™ could be a salt effect because we use the sodium saltconcentration was not possible because of solubility problems.

of C1oC10~ and the chloride salt a€15C15". However, the data

We fitted the data of 100 mol %1gC1s™, 10 mol %C1oC10,

in Figure 8 clearly shows that salt does not increase the observe®0 mol %C10C1g-, 35 mol %C;¢C10~ and 70 mol %C10C1o™

rate constant for the Kemp elimination.

using Kop© = 2.4. The fits are shown in Figures 1 and 7. A

Considering that the increase in observed rate constant forpiot of the binding constant and vesicular rate constant as a

50 mol % C1¢C10~ is modest compared to that for 45 mol %
C10C10 -, it appears that the asymmetric amphiphile distribution
is only in the range of 1 to 2 mol %.

(39) Chaimovich, H.; Bonilha, J. B. S.; Politi, M. J.; Quina, F.JdPhys. Chem.
1979 83, 1851-1854.
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function of theC1¢C10~ content is given in Figure 9. The data
have been fitted keepingexcessconstant at 0.8 or fitted with
PexcesdnNcreasing slowly from 0.8 to 1. The reason for the latter
fit is that upon increasing th€,0C10~ content the ratio of
chloride concentration to the concentration of excBss1s"
is also increasing, resulting in a higher counterion binding.
However, the influence of this increasing counterion binding
on the fits is only modest compared to the fits with constant
counterion binding and has no influence on the general trend.
At this stage we note that the formation of microdomains at
10—30 mol % ofC10C1o~ (as indicated by DSC, Figure 3) will
influence the composition-dependent rate constants shown in
Figure 9. However, we refrain from a further analysis of this
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effect in the absence of more detailed information about the 584 T T T T T T T 1.40
size of these domains. 5 "

Because the deprotonation reaction is general-base catalyzed, s74 ~ °© . o 0T
the phosphate headgroup might catalyze the reaction as well. . : o . o L1 30
However, this was ruled out for two reasons: (1) we do not & |
observe any catalysis by anionic vesicles; (2) the relatkg p = - 1.25
of water and dialkyl phosphate is 15 and 5 (rough estinfdte), £ 2
respectively. Given that the Brenstgdvalue for the kinetic 8 °] o (1205
probe in this study is 0.74this leads a factor of at least 10 = . . 115
in rate difference between the phosphate-catalyzed reaction andz 541
the hydroxide-catalyzed reaction. Thus, the phosphate catalyzed“ - - 1.10
reaction can be neglected compared to the hydroxide catalyzed 53
reaction. [ 105

To further support our kinetic analysis we have made an 5, ; , , . . . : 1.00

o+

10 20 30 40 50 60 70 80
percentage C,,Cyq- (%)

Figure 10. Plot of Er(30) (@; left axis) andl /13 (O; right axis) as function
of bilayer composition.

independent study of the polarity of the vesicular binding sites,
the counterion binding to the bilayers and twpotentials of
the bilayers.

Bilayer and Binding Site Polarity. The binding constant of
the kinetic probe between 0 mol %;0C10~ and 70 mol %
C10C10™ Stays about the same (considering the scattering in the value of approximately 3 kcal/mol going from cationic to anionic
data), whereas the vesicular rate constant decreases stronglyesicles is similar to the increase observed going from cationic
This is remarkable because the vesicular rate constant depend# anionic micelle$? Unfortunately, no quantitative explanation
mainly on the polarity of the vesicular reaction medium. We for this latter observation has been given.
expected that the polarity of the bilayer would change only  Upon increasing theéC;0C10~ content in the vesicles, the
modestly with increasing€10C1o~ content. I,/I3 value stays more or less constant. This suggests that that

Therefore we decided to use both pyrene and Reichdfgt's  the local polarity of the bilayer sensed by pyrene is about
(30)-probe to study the bilayer polarity. The ratio of the constant throughout the whole amphiphile composition range
intensities of the first and third vibronic peak in the emission used in the kinetic studies.
spectrum of pyrend{/l5) gives an indication of the local polarity Of course, the binding location of our kinetic probe is
that the probe sensé&Hydrocarbon solvents generally have important as well because the pseudophase model does not take
anly/ls-value around 0.6, aromatic solvents between 1.00 and different binding sites into account. However, we contend that
1.30 and simple polar solvents between 1.30 and £.00. due to the polar groups in the kinetic probe, it binds close to
Recently, evidence has been found that polyaromatic probesthe aqueous interface and does not change location upon going
might be in a fast equilibrium between the headgroup area andto more negatively charged bilayer compositions.
the inner core of cationic and nonionic micelfés>t Counterion Binding. Kinetic studies show that in cationic

TheEr(30)-probe has been used to measure the polarity of a micelles the micellar rate constant does not vary much upon
wide variety of solvents, solvent mixtures and aggreg&t&be the addition of butandi®54 pentandi* or CoE4.6 Instead, the
interactions with the environment are slightly more complex gecrease imbsewredrate constant is attributed to a decrease in
because it is not only sensitive to medium polarity, but also to -qunterion binding. This decrease in counterion binding is
hydrogen bond donation. Compared to pyrene, the probe confirmed for mixed micelles of anionic surfactants and
molecule is also larger, and therefore more bilayer disturbing. 5icohol§ and nonionic surfactanf§.However, care has to be

However, still valuable information on supramolecular ag- taken because certain nonionic amphiphiles increase the micellar
gregates can be obtained. Figure 10 shows the dependence ofate constari

both the Er(30)-value andl,/I3 as a function of bilayer
composition. For th&r(30) probe the increase in polarity can
be explained by the displacement of the probe out of the bilayer
with increasingC,0C10~ content. The positive charge in the
probe is relatively (sterically) hidden from its environment, while
the negative charge is readily accessible. This results in a
favorable interaction with positively charged vesicles, but with
an unfavorable interaction with negatively charged vesicles.
Therefore, at higiC;0C10~ content &30 mol %) the probe will

be (partly) expelled into the bulk water. The increas&(80)

On the basis of these results, we decided to fit the data again,
but keeping constant the vesicular rate constant and the binding
constant (using the data from the fit of 100 mol@sCis"),
thus allowingBexcesst0 Vary. Apart from the literature evidence,
this can be rationalized by the fact that the counterion binding
for aggregates with only one type of amphiphile (positive or
negative), is high, because there is a high local charge density.
When cationic and anionic amphiphiles are mixed in unequal
amounts, the overall local charge density is lowered and then a
high counterion binding is not needed.
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Figure 11. Plot of thetotal counterion binding @; left axis), theexcess
counterion bindingM; left axis) and charge péotal amphiphile concentra-
tion (a; right axis) as a function of bilayer composition. Lines are drawn
to guide the eye.

Figure 11 shows thexcesgounterion binding as a function
of theC1¢C10~ content. The calculatedtal counterion binding
(Brot; €q 11) is shown as well. Surprisingly, this total counterion
binding is only slightly affected by the addition &10C10.

By contrast, theexcesscounterion binding is significantly
decreased upon addition 6f¢C10-, and we contend that the
kinetic data shown in Figures 1 and 7 are primarily determined
by this factor. The excess counterion binding for 35 mol % of
C10C10~ is quite low (0.29), but reasonable compared to that
for mixed micelles of CTAB and nonionic amphiphifé$ or
butanol®3

Surface and{-Potential. The surface charge density (charge
per area;op) is given by eq 14 because bo@yoCio- and
C1sC1g" have comparable headgroup areas

_ ncharg(.e

= 14
namprao ( )

Op

In this equatiomeharge@ndnampnhare the number of charges and
the number of amphiphiles, respectivedyis the cross-sectional
headgroup area anelthe charge unit. The surface charge is
related to the charge per total amphiphile concentratgmy
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Figure 12. Plot of theg-potential as function of the bilayer composition.
The error bars denote the width of thgotential peak.

e.g., pH, salt concentration and particle $iZé our series of
bilayer compositions, the pH is kept constant, but the salt
concentration is increased going to higher percentages of
C10C10~ because we add the sodium salt®f;Cio~ to the
chloride salt 0fC1¢C;g". However, despite these difficulties and
complexities we assume that there is a relationship between the
C-potential and the charge per amphiphile (#ag. As can be
seen in Figure 12 thé&-potential only slightly decreases with
increasingC10C10~ content, which is consistent with the about
constant value of charge per amphiphile and the slightly
decreasing value @it

One might anticipate that ttiepotential should decrease more
strongly since the surface potential is decreased upon the
addition of moreC1¢C10-, but at the same time also the salt
concentration is increased, and therefore, ghgotential is
measured closer to the vesicular surface. Apparently, these two
effects compensate each other, andHpetential is only slightly
decreased.

Special attention should be drawn to thgotential for 50
mol % C;0Cio~. For this solution the¢-potential is ap-
proximately 30 mV indicating that the outer leaflet is positively
charged and the aggregates are colloidally stable. This is in
agreement with the catalytic effect found for this solution. In

eq 15) because the surface charge arises from cationic am-our system, catalysis should be shown only for positively
phiphiles that do not have a counterion or adjacent anionic charged aggregates and inhibition is anticipated for nonionic

amphiphile in their vicinity to compensate their charge

_ (e ﬂexcesl(l - Za)[amphlot
ameh [amph],

(15)

Calculation of the charge per total amphiphile concentration

and anionic aggregates. Therefore, theégmtential measure-
ments are fully consistent with our kinetic results.

We recall that thevesicular rate constant depends on the
composition of the bilayer as well, but only to a small extent.
Unfortunately, the model and the scattering in the data do not
allow us to vary all three parameters independenkys Ks,

(Figure 11) shows that the charge per amphiphile stays aboutandfexcess Therefore, we anticipate that the most realistic fits

constant between 0 mol % and 35 mol % ©f,C1o. This

are between the two extreme cases we examined here, i.e., the

suggests that changes in the vesicular rate constant will be smallcase where we vary eith&s andkyes or where we varyexcess

The¢-potential is the potential measured at the slipping plane
of a particle moving through a solution and is related to the
surface charge’ However, this parameter is not entirely free
of ambiguity. The main problem is that the distance from the

However, on the basis of the polarity adepotential experi-
ments, we expect the combination of a constant vesicular rate
constantk.e9 and binding constant of the kinetic prob€gf is
closest to the most realistic fit, and it is primarily the decrease

surface to the slipping plane depends on several parametersOf Sexcessthat determines the catalytic effect.
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Conclusions vesicles, as for example for vesicles containing 70 mol % of
C10Ci0 .
Vesicles prepared froi@:5C5" efficiently catalyze the Kemp Finally, differential scanning microcalorimetry shows that

elimination. The experimental data can be analyzed using thebetween 5 mol % and 30 mol @,¢C1, neutral microdomains
pseudophase model with ion exchange. From the fit for 100 exist in the bilayer. It is concluded that, like in biological
mol % C1¢C1g", it is calculated that the vesicular rate constant membranes, also in bilayers made from synthetic amphiphiles
is approximately 65 times larger than the water rate constant. “raft” (microdomain) formation can occur.

Upon the introduction of increasing amounts®f,C1o™ into In the present study, we have made an attempt to identify
the bi|ayer, the observed Cata|ysis (maximum observed ratethe kinetic CompIeXitieS which arise in the kinetic data when
constant) is decreased. Experiments with Reichar@#&0) vesicles formed from a single bilayer-forming amphiphile are

probe and pyrene indicate that the polarity of the bilayer surface 'éPlaced by vesicles containing variable amounts of another
area is independent of the composition for these binary Pilayer forming amphiphile of opposite charge-type. This
amphiphile mixtures. Therefore, the vesicular rate constant and@PProach represents a first step toward examining bilayer
the binding constant of the kinetic probe to the bilayer should compositions that are more akin to those found in biological
be constant as well. The kinetic data are fitted using these membranes.

observations. From these fits, it is concluded that the counterion ~Acknowledgment. We thank Prof. L. S. Romsted (State
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