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Titration microcalorimetry is used to study the influences of
iodide, bromide, and chloride counterions on the aggregation of
vesicle-forming 1-methyl-4-(2-pentylheptyl)pyridinium halide sur-
factants. Formation of vesicles by these surfactants was charac-
terised using transmission electron microscopy. When the counter-
ion is changed at 303 K through the series iodide, bromide, to
chloride, the critical vesicular concentration (cvc) increases and the
enthalpy of vesicle formation changes from exo- to endothermic.
With increase in temperature to 333 K, vesicle formation becomes
strongly exothermic. Increasing the temperature leads to a decrease
in enthalpy and entropy of vesicle formation for all three surfac-
tants. However the standard Gibbs energy for vesicle formation is,
perhaps surprisingly, largely unaffected by an increase in tempera-
ture, as a consequence of a compensating change in both standard
entropy and standard enthalpy of vesicle formation. Interestingly,
standard isobaric heat capacities of vesicle formation are negative,
large in magnitude but not strikingly dependent on the counterion.
We conclude that the driving force for vesicle formation can be un-
derstood in terms of overlap of the thermally labile hydrophobic
hydration shells of the alkyl chains.  © 2000 Academic Press
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INTRODUCTION

marily from hydrophobic interactions between the alkyl chain:
of a surfactant (2).

In this paper we focus attention on the aggregation of vesicle
forming surfactants using titration microcalorimetry. To our
knowledge, this technique has not been previously used to e
amine vesicle formation from either natural phospholipids o
synthetic amphiphiles, because vesicles are usually formed
very low concentrations. These systems exhibit critical vesicl
concentrations (cvcs) of the order of fomol dni3. Conse-
quently the task of measuring enthalpies of vesicle deaggr
gation seemed unrealistic. Vesicle formation from branche
single-chain amphiphiles has been documented previously (
Fortunately, and perhaps significantly, the surfactants used
the study reported here form vesicles at relatively high concel
trations, of the order of & mol dn3. Hence the possibility
emerged of using a microcalorimeter to characterise the the
modynamics of vesicle formation by surfactants in aqueous s
lution. This study builds on previously reported studies whicl
concerned the use of titration microcalorimetry (4-6) to undei
stand the thermodynamics of micelle formation by surfactants |
aqueous solution. Inthose studies we showed that the deaggre
tion of micelles formed by alkylpyridinium and alkyltrimethy-
lammonium salts in agueous solution to monomers could k
monitored and both standard enthalpies of deaggregation a
critical micellar concentrations (cmcs) could be estimated. W

When surfactant monomers are dissolved in agueous systesigwed that the recorded enthalpogram could also reflect t

a fascinating range of aggregate structures are formed. Thestent to which the thermodynamic properties of the micella
structures (1) include (a) spherical micelles, (b) worm-like mand surfactant solutions are not ideal (6—7). In such cases t
celles, and (c) bilayers, which may close to form vesicles. Thecorded enthalpograms are often complicated, but, for a give
actual aggregate morphology formed by a given surfactant getfactant system, can be classified on the basis of the o
pends on the molecular architecture of the surfactant, tempeali-pattern of the enthalpogram. A similar diversity of enthal-
ture, surfactant concentration and both nature and concentragimgrams is recorded for deaggregation of vesicles in aqueo
of added salts. In aqueous systems, single-chained surfactaotation. Nevertheless, estimates of the thermodynamic para
usually form micelles whereas double-chained surfactants usters characterising vesicle deaggregation can be obtained fr
ally form bilayers. The driving force for aggregation results prithe recorded enthalpograms. The outcome is an estimate of
cvc for a given vesicle system which leads to the standard Gibl

IPresent address: DSM Research, P.O. Box 18, 6160 MD Geleen, THaeray for the formation of vesicles from one mol of surfac
Netherlands. tant monomer. Combination with the corresponding enthalp
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FIG. 1. Dependence on concentration of surfacthaf the enthalpy change accompanying injection of aliquots from the syringe into the sample cell usi
titration microcalorimeter.

provides an estimate of the corresponding standard entropy oA typical enthalpogram recorded by the titration calorimete
vesicle formation. Further by recording the enthalpograms ovier the deaggregation of vesicles formed by surfactamshown
arange of temperatures the corresponding standard isobaric Irektg. 1. The plot yields directly the standard enthalpy of vesicl
capacity for vesicle formation for one mol of surfactant is obdeaggregation. Further, using the procedure developed by v
tained. These heat capacities are strongly negative and aln@stand co-workers (6) the cvc is readily obtained (Fig. 2). Usin
independent of counterion although the individual enthalpies thfe phase equilibrium model [2] now carried over to describe tt
vesicle formation depend on the counterion. formation of vesicles from monomeric surfactants, the standa

Gibbs energy of vesicle formation per mol of surfactant (wher

RESULTS AND DISCUSSION

TABLE 1

The formation of vesicles by surfactadi, and3(Scheme 1) Thermodynamic Parameters Describing Vesicle Formation

was confirmed_ using transmission electron microscopy. The di- by Surfactants 1-3°
ameters of vesicles formed by surfacthntere between 100 and
120 nm. Vesicles formed by surfactghin a solution having a T cve AvesH® AvesG® AvesS’

concentration of % 102 mol dnv3 had diameters between 40Surfactant () (10° mol dm%)® (kJ mor)°® (kJ mol )¢ (I mol*K~%e
and 100 nm. For surfactai®;, (vesicles formed in a solution

having a concentration of & 10-2 mol dni-3), the correspond- 3(1’2 13'_2 _ig:g _233 i;(l)
ing diameters were between 40 and 200 nm. The micrographs1 323 11.7 —219 —239 6.2
exhibit no unusual features and therefore are not reported here.1 333 12.0 -241 -241 0.0
2 303 14.8 —-0.4 —212 68.6
2 313 18.6 —48 —20.7 50.8
"NGH—CH _</:\>NQCH3 x@ 2 323 18.5 -86 —214 39.6
CsHi 2T\ 2 333 19.5 —117 -218 30.3
3 303 20.7 31 -195 74.6
1-3 3 313 — -21 — —
3 323 25+1 —-4.9 -198 46.1
o o 3 333 25+ 1 -80 —204 37.2
1. X =1
@ |sobaric heat capacities for vesicle format'moescglJ mot1 K~1: surfac-
2: xe = Br@ tant 1,—308+57; 2,—377+ 21; and 3,-361+ 38.
b Estimated error:(0.2—-0.3)x 10~3 mol dm2 or if stated otherwise.
3. Xe =cP ¢ Estimated error:(0.2—0.3) kJ mot?.

d Estimated error(0.1-0.2) kJ mot?.
SCHEME 1 € Estimated error+1.5 J mott K1,
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FIG. 2. Cumulative enthalpies of dilution against surfactant concentration in the sample cell using the enthalpogram shown in Fig. 1; a van Os plo

the latter is a 1: 1 salt) is then calculated together with the stavlereover, the standard isobaric heat capacity of vesicle form
dard entropy of vesicle formation, Egs. [1] and [2], whé&e tion is related to the dependence of the enthalpy on temperatt
is the gas constant, is temperature, and. is the reference using Eq. [3].
concentration, 1 mol dr? (Table 1).

AvesCE, = (8AvesHo/8T)p- [3]

AvesG® = 2RTIn(cve/c;). [1]
With increase in temperature to 313 K, the enthalpogram fc

The_ two standard states are (i) 1 mol of sur factqnt in the PUE factantl retained the same shape, the enthalpies of dilutio
vesicular phase, and (ii) 1 mol of surfactant in an ideal aqueolls - the cve being close to zero (Fig. 3). The enthalpogram i

sollzul'jlrtt)r?érconcentratlon 1 mol dr dicates that the enthalpy of vesicle formation is more exotherm
' at 313 Kthan at 303 K (Table 1). Hence, the isobaric heat capa
AvesS” = (AvesH® — AvesG°)/T. [2] ity for vesicle formation is negative in the case of surfactant
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FIG. 3. Enthalpograms for surfactahtat four temperatures: 3081}, 313 @), 323 (1), and 333 K {).
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With further increase in temperature, the pattern broadly corecorded enthalpies of dilution, when the concentration of su
tinues, and the recorded enthalpies of dilution at low injectidactant is below the cvc, can be confidently used to comment
numbers increase with increase in temperature. However, whba enthalpies and isobaric heat capacities of vesicle formatic
the concentration of surfactant in the sample cell is above theThe shapes of the enthalpograms recorded for surfadtan
cvc, the enthalpies of dilution do not fall to essentially zerat 303 and 313 K (Fig. 3) form a benchmark against which t
Thus below the cvc the vesicles deaggregate to form surfactanmpare the enthalpograms for surfact@&asd3 (Fig. 4). The

monomers. However, with reference to the enthalpograms famthalpograms in the latter figure show that below the cvc, tt
the higher temperatures when the concentration in the sampighalpies of dilution for a given surfactant and temperature, d
cell exceeds the cvc, we attribute the non-zero enthapy of giend on the concentration of surfactantin the sample cell. A sir
lution to aggregation of the surfactant monomers to a rangeilair pattern was observed in the case of several surfactants wh
different structures by the hydrophobic solutes. Fortunately, tfr@m micelles (7). We noted that the thermodynamic propertie
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FIG. 4. Enthalpograms for (a) surfactadtaind (b) surfactar® at four temperatures: 3081), 313 @), 323 (A), and 333 K {).
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of the solutions in the sample cell depend on composition to an EXPERIMENTAL PROCEDURES
extent which increases with increase in cmc. This pattern is a
consequence of the need to use more concentrated solutionglaterials

order that the enthalpograms cover the concentration range frorq.he water was demineralized and distilled twice. Allcommer

below to above the cmc. A similar explanation accounts for tr(]:(?all available chemicals were purchased from Merck, Aldrich
patterns recorded in Fig. 4 in that through the serie8l—, to y P '

CI—, the cvc increases (Table 1). A significant feature of Fig.%glseszg’n?;'j:;? ggg V"\‘/’g: u:ffgrﬁggcif';fs énal tical depa
is the change in sign of the enthalpy of dilution below the cvc Y b y P

o . X . ment of our laboratories by Mr. H. Draayer, Mr. J. Ebels, ant
with increase in temperature. Mehrianal. (8) found a similar :
o ) : . . Mr. J. Hommes. The analysis of surfact@&was hampered by
change in sign with respect to enthalpies of micelle formatio

The cvcs for surfactan®and3 are more difficult to determine {he hygroscopic nature of this compound. No impurities wer

than that for surfactarit as a result of the change in sign in théjetected using NMR.

enthalpies of dilution. For surfactagt the cvc at 303 K was
estimated using the change in slope in the enthalpogram.
surfactanB at 313 K enthalpies of dilution are small below and H-NMR spectra were recorded for surfactants dissolved i
above the cvc, so both the cvc and enthalpy of vesicle formatideuterated chloroform using a 200 MHz Varian machine. Th
are difficult to estimate. In general terms for the three surfactantsi chemical shifts are reported dunits (ppm) relative to the
the cvcs increase with increase in temperature. We attribute thigvent as an internal standard and are converted to the TN
pattern to the fact that at higher temperatures, the monomscale usings(CHCl;) =7.24 ppm. The splitting patterns are
are less strongly hydrated and therefore the driving force fdesignated as follows: s (singlet); d (doublet); t (triplet); anc
aggregation is smaller. A second feature is that the enthalpyrof(multiplet). 23C-NMR spectra were recorded in deuteratec
vesicle formation decreases with increasing temperature (i@hloroform using a 300 MHz Varian machine. The chemica
vesicle formation becomes more exothermic). Furthermore, thigifts are reported i units (ppm) relative to the solvent as
entropy decreases with increasing temperature. These findiagsinternal standard and are converted to the TMS scale usi
lead to a Gibbs energy which is either hardly or only slightly(CDCl;) = 76.9 ppm.
temperature dependent due to the enthalpy—entropy compensa-
tion (9-11). Synthesis

Heat capacities of micelle formation (8, 9, 11) are understand-
able in terms of hydrophobic hydration of the hydrophobic par gsselderet al. (14, 15). 6-Bromoundecane was synthesize

of the monomers. The heat capacities for vesicle formation om 6-undecanone in two steps. Surfactamtas prepared us
a measure of the changes in the hydrated hydrophobic surf i : i
su ges | 4 ycrophopic su the general method described by Soitér'et al. (16). For

area and with increasing length of the hydrophobic alky!l chaiff¥

the partial molar heat capacities become more negative. Theséjfrfactamz the same procedure as used for surfactanas

fect of counterions is not completely clear. While Johnson al 3ed, but methyl bromide was .used instead of methyl 'Od'(.j'
Olofsson (12) found a trend for aromatic counterions betwe rfactanB was prepared using ion-exchange methods, startir

the position of the counterions with respect to the headgroup a E s_urfactagll. | de with D 8 200
and the heat capacities, no such trend was observed by Bij% n |0n;]exl\(;l anlge_l(fﬁ umr|1 was made \:" i ((j)we_;] th d_ .
et al. (13). The large negative isobaric heat capacities for vesi* mesh (Merck). The column was saturated wi € desire

cle formation are a consequence of the fact that the aggregaﬁ@@mc counterion by treating the column with an aqueous soll

are formed through overlap of the thermally labile hydrophobH:On .Of the corresponding sodium s'alt (0.2 mol). After the reger
hydration shells (2). eration, the column was Wa_shed Wlth water (1.5 L) and methan
(0.5 L). CompoundlL was dissolved in 3 mL of methanol and
introduced on the column. The product was fractionally col
CONCLUSIONS lected and the fractions which contained product (using a U'
detection test) were combined. Subsequently, the solvent w
The formation of vesicles of 1-methyl-4-(2-pentylheptylevaporated using a rotary evaporator. The product was cryst
pyridinium surfactants at relatively high surfactant concentréized from either ethyl acetate or ether. Finally, the compoun
tions in aqueous solutions has been confirmed by transmigas freeze-dried for 1 or 2 days.
sion electron microscopy. The remarkably high cvcs for the 1-Methyl-4-(2-pentylheptyl)pyridiniumiodidd). Mp = 96—
surfactantsl-3 makes possible the application of titration mi99°C. *H-NMR: § =0.86 (t, 6H, CHy), 1.26 (m, 16H, alkyl
crocalorimetry to determine thermodynamic parameters dghain), 1.75 (m, 1H, CH), 2.78 (d, 2H, GH 4.67 (s, 3H,
scribing vesicle formation. For this group of surfactants the cW"-CHgs), 7.76 (d, 2H, pyridiniumring), 9.26 (d, 2H, pyridinium
and enthalpy of vesicle formation increases with increase in sizeg) ppm. 3C-NMR: § =14.00 (CHs, alkyl chain), 22.56—
of hydrated counterions. Further for each surfactant the cvc B2.98 (CH, alkyl chain), 39.32 (CH, alkyl chain), 40.77 (GH
creases with increasing temperature. attached to pyridinium ring), 48.71 (GHN*-CHs), 128.35

OI\IA R Measurements

Synthesis of surfactartt has been described previously by
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(CH, pyridinium ring), 144.74 (CH, pyridinium ring), 162.92tions were degassed before use. In a typical experiment t
(C, pyridinium ring) ppm. sample cell (1.3 cR) and reference cell were filled with doubly
1-Methyl-4-(2-pentylheptyl)pyridinium bromid@). To aso- distilled water. The syringe contained a vesicle solution havin
lution of 2-pentylheptylpyridine (9.93 g, 40.13 mmol) in acea concentration of approximately 15 times the cvc. The san
tone (65 mL), methyl bromide (30 g, 0.32 mol) was added ate cell was stirred (350 rpm) to ensure complete mixing. |
—20°C via a gas inlet. The solution was stirred foh atthis had been shown previously (13) that the stirring speed has
temperature followed by one night of stirring at room tempeeffect on the recorded enthalpograms for the deaggregation
ature. The product precipitated and subsequently the solveritelles. We confirmed this observation by repeating a numb
was evaporated. The crude material was crystallised from aoé-experiments using a stirring speed of 800 rpm. No chanc
tone and dried under vacuum. An off-white solid was obtained the recorded enthalpogram was recorded. In a typical i
(6.51 g, 48%). Mp=99-102C.*H-NMR: § = 0.86 (t, 6H, CH, crocalorimetric experiment, aliquots (0106 dm? in 20 s)
alkyl chain), 1.24 (m, 16 H, alkyl chain), 1.72 (m, 1H, CH)pf a concentrated vesicle solution (concentration approximate
2.77(d,2H,CH),4.72 (s, 3H,N-CHs), 7.73(d, 2H, pyridinium 10 times larger than the cvc) were injected into the sample ce
ring) 9.37 (d, 2H, pyridinium ring) ppm-3C-NMR: § =13.76 which contained, initially, doubly distilled water. Deaggregatior
(CHgs, alkyl chain), 22.33-32.78 (CHlalkyl chain), 39.13 (CH, of vesicles injected from the syringe was monitored by the a
alkyl chain), 40.53 (CH, attached to pyridinium ring), 48.04 companying heat which in the case of the example quoted
(CHz, N*-CHg), 128.15 (CH, pyridinium ring), 144.83 (CH, Fig. 1 is endothermic. A period of 210 s between two injection
pyridinium ring), 162.60 (C, pyridinium ring) ppm. Anal. calcd.ensured that the system in the sample cell had attained thern
for Ci1gH3oNBr: C, 63.15; H, 9.42; N, 4.09; Br, 23.34. Founddynamic equilibrium before a new aliquot was injected into th
C,62.91; H, 9.16; N, 4.15; Br, 23.59. sample cell. This procedure was repeated until the desired cc
1-Methyl-4-(2-pentylheptyl)pyridinium chloride3]. Mp = centration range was covered. With increase in concentrati
50-52C. 'H-NMR: § =0.87 (t, 6H, CH, alkyl chain), 1.24 of surfactant in the sample cell, a stage is reached where t
(m, 16H, alkyl chain), 1.77 (m, 1H, CH), 2.77 (d, 2H, @4.74 cvc is exceeded. Hence the extent of the heat either liberated
(s, 3H, N"-CHg), 7.72 (d, 2H, pyridinium ring), 9.44 (d, 2H, absorbed decreases. The calorimetric data were analysed us
pyridinium ring) ppm3C-NMR: § = 13.76 (CH, alkyl chain), Omega software (Origin 2.9). Titration microcalorimetric ex-
22.34-32.77 (Chl alkyl chain), 39.15 (CH, alkyl chain), 40.49periments were performed in duplicate at discrete temperatul
(CH,, attached to pyridinium ring), 47.79 (GHN'-CHjs), inthe range 303—-333 K.
128.17 (CH, pyridinium ring), 144.94 (CH, pyridinium ring) A given enthalpogram displayed two distinct patterns, beloy
ppm. Anal. Calcd. for gH3,NCI (1.16% crystal water): C, and above the cvc: cf. Fig. 1. The two parts were used to calcule
67.81; H, 10.85; N, 4.39; Cl, 11.12; Found: C, 67.48; H, 10.7the standard enthalpy of vesicle deaggregatiagsH°. The cvc
N, 4.47; Cl, 11.34. was calculated using a plot of the cumulative enthalpy chan
versus the concentration. In an extension of the procedure dev
oped by van Os and co-workers (6), for the estimation of acm
Vesicle solutions were prepared by dispersion of the suhe intersection of the two lines was used in the study reporte
factants with concentrations between 0.05-0.15 M in doubl&ere to identify the cvc for a given surfactant: e.g., Fig. 2.
distilled water at 50C by means of a Branson B15 sonication
immersion tip (5 min). ACKNOWLEDGMENTS
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