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Thermodynamics of micellization of cationic
surfactants in aqueous solutions:
consequences of the presence of the
2-acylaminoethyl moiety in the surfactant

head group

Abstract The enthalpies of micelli-
zation of the following surfactant
series have been determined by cal-
orimetry: benzyl (2-acylaminoeth-
yl)dimethylammonium chlorides,
RABzMe,(Cl, and alkyldimethylben-
zylammonium chlorides,
R’BzMe,Cl, where A, Bz and Me
refer to amide, benzyl, and methyl
groups, respectively and the acyl (for
RABzMe,Cl) and/or the alkyl (for
R’BZM62C1) groups Cl(), C12> C14,
and Cj¢, respectively. For both ser-
ies, the shapes of the calorimetric
titration curves (enthalpograms)
depend on the following micellar
parameters: critical micelle concen-
tration, aggregation number, and
degree of counterion binding. The
calorimetric-based critical micelle
concentrations are in excellent

agreement with those determined by
conductivity. The Gibbs free energy,
the enthalpy and the entropy of
micellization were calculated, and
divided into contributions from the
CH, groups of the hydrophobic tail,
and the terminal CH; plus head
group of the surfactant. For both
surfactant series, all thermodynamic
parameters per CH, group were
found to be similar, since their
transfer (from bulk solution to the
micelle) is independent of the sur-
factant head-group structure. The
Gibbs free energy, the enthalpy, and
the entropy of transfer of the head
group of RABzMe,Cl are more
favorable than their counterparts for
R’BzMe,Cl, because of direct and/or
water mediated hygrogen bonding of
the amide groups in the micelle.

Introduction

There is intense interest in determining the thermody-
namic parameters of micelle formation in aqueous
solutions, namely, the Gibbs free energy, AG.;. the
enthalpy, AH,;., and the entropy, ASn;., because they
quantify the relative importance of hydrophobic inter-
actions, surfactant-water contact and (for ionic surfac-
tants) head-group repulsion. These parameters can be
derived from the temperature dependence of the critical
micelle concentration (cmc), for example, by application
of the van’t Hoff equation. Some of the problems that
are associated with this approach have been discussed
recently [1]; additionally very highly accurate cmcs are

required in order to give satisfactory AH;.. Among
available techniques for studying surfactant aggregation,
for example, conductivity, surface tension, and NMR,
calorimetry has a distinct advantage, for it is possible to
calculate both the cmc and AH;. directly from the
experimental data. Additionally, the enthalpy and en-
tropy calculated shed light on the balance of forces in-
volved in micelle formation. For example, whereas the
aggregation is entropy-driven at room temperature, it is
enthalpy-driven at higher temperatures [1]. Introduction
of power compensating titration calorimeters, running
in the quasi-isothermal mode, has turned titration cal-
orimetry into an attractive technique to study micelli-
zation. The reason is that early calorimeters were mostly
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of the heat-flow type, resulting in very time-consuming
experiments.

Recently, we synthesized a novel series of cationic
surfactants, namely, benzyl (2-acylaminoethyl)dimethyl-
ammonium chlorides, C,,ABzMe,Cl. In this acronym, C,,,
stands for an acyl group containing 10-16 carbon atoms,
for example, C;(ABzMe,Cl= CoH;,CONH(CH,),N"
(CH3)2CH2C6H5C1_, C]zABZMezcl, C]4ABZM€2C1, and
CsABzMe,Cl, where A, Bz and Me stand for the
NH(CH,),N ™, the benzyl, and the methyl groups,
respectively. This series posses several interesting char-
acteristics, namely

1. Owing to the presence of the amide group, they may,
in principle, form direct and/or water-mediated in-
termolecular hydrogen bonds, akin to those formed
by N-alkylamides and polypeptides [2, 3, 4]. A sche-
matic representation of both types of hydrogen
bonding, between the C=0 of one surfactant mole-
cule and the N—H group of its neighbor; is shown in
Fig. 1.

2. Surfactants that carry the amide group and a (nega-
tive) charge, separated by a ‘‘spacer”, have some
interesting interfacial properties, owing to the
simultaneous presence of both moieties [5]. We were
interested, therefore, in investigating how a similar
structural feature (an amide group and a positive
charge) affects the solution properties of the series
studied.

3. In principle, the micellar interface may be located
either at the amide group or at the quaternary
ammonium ion of RCO-NH(CH,CH,)N " (CHj3),Bz
CI". Experimentally determined aggregation num-
bers, and the dependence of the IR frequency of the
amide I band on surfactant concentration indicate
that the interface lies at the former boundary [6].

water

3 /micelle
Ninterior

Fig. 1 Schematic representation of direct and water-mediated
hydrogen-bonded molecules of C;sABzMe,Cl

We employed surface tension, conductance, electro-
motive force (chloride ion selective electrode) and Fou-
rier transform IR spectroscopy to study the aggregation
of these surfactants in aqueous solutions. The data thus
obtained (e.g., cmc, degree of micelle dissociation, and
omic) Were compared with those of structurally similar
surfactants, except for the absence of the amide
group, namely, alkyldimethylbenzylammonium chlo-
rides, R'BzMe,Cl, where Bz and Me are those defined
before, and R’:Cm, CloBZM32C1, Clz, C12BZM62C1,
Cis, Ci4BzMe,Cl, and C;4, C;¢BzMe,Cl, respectively.
We found that the Gibbs free energies of adsorption and
micellization are more favorable for RABzMe,Cl than
for R'BzMe,Cl; this was attributed to the previously
mentioned hydrogen bonding (Fig. 1) [6].

We employed calorimetry to study the aggregation of
both series in water, at 25 °C. The enthalpy of micelli-
zation was obtained directly form experimental data,
and AGp,;. and AS,,;c were subsequently calculated. The
thermodynamic parameters thus obtained were divided
into contributions from the methylene groups of the
hydrophobic tail and the head group. As expected, the
contribution of the former is insensitive to the structure
of the head group. That is, the more favorable AG ;. of
RABzMe,Cl is essentially due to the transfer of the head
group from bulk solution to the micellar pseudo-phase,
owing to hydrogen bonding between the surfactant
amide groups, in agreement with our previous IR data

[6].

Experimental

Materials

The chemicals were purchased from Merck or Fluka. The series
RABzMe,Cl was available from a previous study [6]. Commercial
C»,BzMe,Cl was purified by recrystallization from acetone—etha-
nol, and C;,BzMe,Cl, C,4BzMe,Cl, and C;sBzMe,Cl were
synthesized by reacting the appropriate amount of N,N-dim-
ethylalkylamine [7] with benzyl chloride in anhydrous acetone. The
products were purified by recrystallization from the same solvent,
and gave satisfactory elemental analysis (the Elemental Analysis
Laboratory, this institute). Double-distilled, deionized water was
used throughout.

Titration calorimetry

All experiments were carried out at 25 °C. The enthalpies of mic-
ellization of C;jABzMe,Cl and C;,ABzMe,Cl were measured with
a TAM 2277 calorimeter (Thermometric, Jérfilla, Sweden). Under
constant stirring, 10-20 ul aliquots of the concentrated surfactant
solution (surfactant concentration around 20 times the cmc) were
added to 2 ml water in the sample cell. Each injection of the titrant
solution resulted in a peak, whose corresponding area was calcu-
lated with appropriate software. A power-compensated VP-ITC
microcalorimeter (Microcal, LLC, Northampton, USA) was used
for measurements of C;4ABzMe,Cl, C;cABzMe,Cl and members
of the R"BzMe,Cl series. The procedure was similar to that outlined
earlier, except that the measuring cell contained 1.4 ml water.
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Solution conductivity

Conductivity measurements were recorded at 25 °C with a personal
computer interfaced Fisher model Accumet 50 pHmeter/conduc-
timeter, provided with a Digimed model DM-C1 microconductivity
cell (Digimed, Sdo Paulo) and a Schott model Titronic T200
programmed burette. A home-developed software package was
used both for programmed dilution of the concentrated surfactant
solution and acquisition of conductance data.

Results and discussion

In the following, we discuss the types of calorimetric
titration curves obtained, divide the thermodynamic
parameters of micellization into contributions from the
discrete surfactant moieties, then compare the two sur-
factant series. Details of the calculations of all the

quantities discussed are given in the Calculations sec-
tion. As shown in the Experimental section, the enthalpy
measured is that of demicellization, AHgemic. It is more
common, however, to discuss AH ,;., whose magnitude
is equal to AHgemic, but with opposite sign.

Typical traces (thermograms) are shown in Fig. 2.
Examples of the resultant calorimetric titration curves
are shown in Figs. 3 and 4, where the plots are more or
less sigmoidal, i.e., can be subdivided into two concen-
tration ranges, with a transition at the cmc region; AH ;¢
corresponds to the difference between the extrapolated
lines, below and above the cmc.

The calorimetric titration curves of Figs. 3 and 4 have
similar shapes; consequently, we examine the former in
detail. Figure 3A (C,¢ABzMe,Cl) shows that the heat of
micelle dilution changes sharply in the cmc region; the

Fig. 2 Calorimetric traces
(thermograms, heat flow versus 134
time) for A C;,ABzMe,Cl and
B C12BZM82C1
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Fig. 4 Calorimetric titration 9
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two parts of the titration curve (below and above the
cmc) are practically independent of solution composition
in the sample cell. The change in the cmc region is less
sharp in Fig. 3B (C14ABzMe,Cl); the plot shows a small
heat dependence on solution concentration. Figure 3C
(C10ABzMe,Cl) is complex, since the heat evolution
shows a large dependence on the surfactant concentra-
tion, below and above the cmc, so visual estimation of
this parameter is not feasible. Examples of surfactants
that show calorimetric titration curves similar to that of
Ci0ABzMe,Cl (Fig. 3C) include 4-n-decylammonium
chloride [8], 4-n-dodecyl-1-metylpyridinium methylsulf-
onate, decyltrimethylammonium bromide [9], and diso-
dium 2,2-di-n-octyl-1,3-propanediyl bisulfate [10].

The dependence of the shape of the calorimetric
titration curve on surfactant structure has been dis-
cussed elsewhere, on the basis of the value of the cmc,
Nago, and oiyic [9]. Small cme and o, and large N,q,
result in an intense heat pulse, either exothermic or
endothermic, detected by the calorimeter. A small cmc
also means that the solutions in both the sample cell and
the injection syringe are essentially ideal (i.e., concen-
trations are equal to activities), and that the lines before
and after the cmc are independent of surfactant con-
centration, as shown for C;cABzMe,Cl (Fig. 3a).
Decreasing the surfactant chain length results in an in-
crease in the cmc and opic, and a decrease in N,g, [6, 11].
Consequently, the surfactant solution in the syringe
and, with increasing injection number, in the sample
cell cannot be assumed to be ideal. The result is a
concentration dependence of the heat evolution, and a
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smaller enthalpy variation at the cmc, as can be clearly
seen by comparing Fig. 3A (C;,ABzMe,Cl) and B
(C14ABzMe,Cl). For a still shorter hydrophobic chain,
the contribution from the nonideal solution properties
to the heat of dilution is more significant; the cmc is less
well defined and its value may be concentration-depen-
dent (Fig. 3C, C;0ABzMe,Cl). A similar line of rea-
soning applies to R'BzMe,Cl (Fig. 4).

The thermodynamic parameters of micellization were
calculated as follows: AH.,;. from calorimetric data,
AG i from the cmce and o,c, and ASp;. from the Gibbs
equation. These data are listed in Table 1, from which
one concludes the following with regard to aggregation
at 25 °C:

1. There is excellent agreement between the cmc (hence
AG i) calculated from calorimetry and conductance
data, including the C;y homologues. This shows that
calorimetry is an appropriate technique to probe
micelle formation; the derivative method is adequate
to calculate calorimetric-based cmcs.

2. Regarding the micellization parameters of a single
surfactant, the following is relevant. The contribution
of | AH,;iJ to the Gibbs free energy is much smaller
than that of | TASm,’cl, i.e., micelle formation is en-
tropy-driven, at this temperature. This can be
understood in terms of the hydrophobic effect,
namely, the large gain in entropy is caused by a de-
crease in the hydrophobic surface area that is ex-
posed to water, owing to micellization. Additionally,
the hydration of the head group upon incorporation
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Table 1 Micellization

parameters of RABzMe,Cl Surfactant 103><cr{11c AG e B AH e B TAS e B
and R’BzMe, Cl, calculated (mol I77) (kJ mol™) (kJ mol™) (kI mol™)
from calorimetric data,
at 25 °C. The values in Ci0ABzMe,Cl1 24.6 (24.0) -32.9 (-32.8) 0.58 33.5
parentheses were calculated C,,ABzMe,(Cl 6.0 (5.9) —40.0 (-40.1) -2.33 37.7
from conductivity data [6], C4ABzMe,Cl 1.33 (1.5) —46.9 (-46.9) -5.95 41.0
at the same temperature Ci6ABzMe,Cl1 0.37 (0.40) —53.4 (-53.0) -8.75 44.7
CoBzMe,Cl 37.0 (37.3) -30.4 (-30.4) 4.03 34.5
C,BzMe,Cl 7.93 (8.09) —38.6 (—38.5) 2.05 40.6
C,,BzMe,Cl 2.41 (1.94) —44.0 (-45.0) -1.73 423
C¢BzMe,Cl 0.33 (0.39) —-53.04 (-52.3) -4.56 48.5
in the micelles is also readjusted according to the
surface charge density: a consequence of monomer T 45
association and counterion condensation [11, 12]. £
= 304
AGic, AH i and ASp;. can be divided into contri- ':
butions from the surfactant discrete groups, as shown by S 15 Tas’ . - RABzMe,Cl
the following example for AG,,;. (Eq. 1). These contri- T TaS’ - RBzMe,Cl

butions are from the terminal CH; group of the
hydrophobic chain (AGcy3) the methylene groups of the
alkyl chain (NCHZAGCHZ)a where NCHQZS, ]0, 12, and
14 for RABzMe,Cl and 9, 11, 13, and 15 for R"BzMe,Cl,
respectively, and the head group (AGhead group) [11]:

AGnic = Ncnz2 X AGcnz + AGhead group 1 AGcns. (1)

Equation (1) predicts a linear correlation between
AGpic and Ncyo, where the intercept includes contri-
butions from its terminal methyl plus the head group.
Since AGcy3 can be considered independent of the chain
length of the surfactant, its contribution is constant in a
homologous series. Therefore, the intercepts of the plots
of two surfactant series essentially reflect effects of the
transfer of the appropriate head groups from bulk
solution to the micelle, since the contributions of the
terminal methyl groups cancel out [11]. A similar line of
reasoning, and equations equivalent to Eq. (1), applies
to AHic and ASpic.- Application of Eq. (1) to the data of
Table 1 gave the following results (thermodynamic
property, correlation coefficient, r, for the series RABz-
Me,Cl, and R’BzMe,Cl, respectively): AGpic=0.9998,
0.9958; AH ;. =0.9988, 0.9937; TAS,ic=0.9989, 0.9799,
see Fig. 5. The slopes and intercepts of the plots of
Eq. (1) are listed in Table 2.

In analyzing the data of Tables 1 and 2, we consider
first the dependence of the thermodynamic parameters
on the chain length of the surfactant hydrophobic tail,
for the same series. Table 1 shows that this structural
variable results in an increase in TAS,;c and a decrease
in AH ;.. Increasing the chain length of the surfactant
results in

1. An increase in the contribution of hydrophobic
hydration; this explains the entropy change.

2. An increase in N,z with a concomitant closer

packing of surfactant molecules in the aggregate.

This results in a favorable enthalpy change, owing to

AH’ - RABzMe,Cl

mi

AH’ - RBzMe,Cl

I

v AG’, - RABzMeCl
0 G’ -RBzMeCl

Fig. 5 Thermodynamic parameters of micellization versus the
number of CH, groups of the acyl and alkyl chains, Ncyo, of
RABzMe,Cl and R'BzMe,Cl, respectively

stronger London dispersion interactions between the
hydrophobic moieties, and less water penetration
between the head groups. Note that the accompanied
increase in head-group repulsion is attenuated by an
increase in counterion binding [13].

We now address the differences between the ther-
modynamic parameters of the two series. The conse-
quence of the presence of the amide group in
RABzMe,Cl is best discussed by considering the con-
tribution of the discrete surfactant segments to the
parameters of transfer of the surfactant monomer, from
bulk aqueous phase to the micelle, see Table 2. We focus
on the CH, group and the head group, since the con-
tribution of CHj3 cancels out, as already discussed. As
Table 2 shows, all parameters of transfer of the CH,
groups are similar for the two surfactant series, since this
process is practically independent of the structure of the
head group [11]. The following additional data show
that the energetics of transfer of the CH, group, for a
variety of systems, are structure-independent, i.e., their
values are similar to those listed in Table 2: AGcy» for
the transfer of alkanes from water to bulk hydrocarbon
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Table 2 Contribution of the

surfactant discrete segments Surfactant AGcas AHchas TASchz AGcH3 +head group  AHCH3 + head group  TASCH3 + head group
to the thermodynamic

parameters of micellization RABzMe,Cl -3.42 -1.58 1.84 -5.64 13.3 18.9

(kJ mol), at 25 °C R’'BzMe,Cl -3.66 —1.48 2.19 2.44 17.7 15.2

is —3.56 kJ mol™' [14]; AHcuo (micellization) is —1.4,
~1.1, and —1.5 kJ mol™, for n-alkylmethylsufoxides, n-
alkyldimethylphosphine oxides, and N-alkylpyridinium
bromides, respectively [15, 16]; for the first two surfac-
tant series, the corresponding TAScy, are 1.87 and
2.04 kJ mol™", respectively [15]. In contrast, the Gibbs
free energy of transfer of the head group of RABzMe,Cl
is much more favorable than the corresponding one of
R'BzMe,Cl, a consequence of the smaller (i.e., less
unfavorable) AHcuys +head group and larger (i.e., more
favorable) TAScu3 + head group- 1N order to explain this
result, the contribution (to the parameters of transfer) of
two factors is considered, namely, hydrogen bonding
and conformations of surfactant molecules. IR fre-
quencies of the amide I band of RABzMe,Cl have
indicated that this group is hydrated in the monomeric
state; some of this water of hydration is lost in the
micelle, presumably because of hydrogen bonding [6].
Owing to this desolvation, the transfer of the surfactant
head group from bulk water to the interfacial region is
expected to be endothermic, in agreement with the fact
that the enthalpy of transfer of quaternary ammonium
ions from water to aqueous organic solvents is
positive [17]. A part of this endothermicity is compen-
sated by (exothermic) hydrogen bonding, in agreement
with the fact that AHCH3+head group (RABZM62C1)<
AHcH3 1 head group  (R'BzMe;Cl).  Hydrogen bonding
releases water of hydration, thus contributing to the
larger TAScu3 + head group Of RABzMe,Cl. NMR data
have indicated the following picture for both surfactant
series. Below the cmc, the monomers have a compact
(i.e., coiled) rather than an extended shape; on aggre-
gation, the benzyl group folds back toward the micelle
interior [6, 18, 19]. That is, monomer transfer from bulk
solution to the micelle is accompanied by an increase in
the degrees of freedom, resulting in positive TAS ;.
Flexibility of the “tether” to which the benzyl group of
RABzMe,(l is attached probably plays an additional
part in the entropy change, since the degree of freedom
of the —(CH,),N " (CH3),CH,CcHs moiety is most cer-
tainly larger than the relatively constrained ~N*(CHj),
CH,C¢Hs group.

Conclusions

Calorimetry is a useful technique for the determination
of the thermodynamics of micellization of surfactants,
and in probing the effects of their structures on the
properties of the aggregates formed. The surfactant

series studied differ in the structure of their head groups.
Formation of hydrogen bonds and differences in
monomer conformations in the micelle attenuate the
enthalpy and increase the entropy of transfer of RABz-
Me,Cl molecules from bulk solution to the aggregate,
resulting in more favorable Gibbs free energies of mi-
cellization.

Calculations
Critical micelle concentration

The cmc is usually taken as the concentration where the
first derivative of the calorimetric titration curve dis-
plays a minimum, or a maximum, depending on the
surfactant. One problem is the small number of experi-
mental points in the cmc region, a consequence of the
abrupt rise of the enthalpy as a function of the surfac-
tant concentration, for example, Fig. 3a and b. To avoid
this problem, and to improve the precision of the cmc
calculated, we fitted the heats of dilution versus surfac-
tant concentration curves with Eq. (2) [20]:

aic+ a

Hy = (2)

——————— + ac + as,
1 +exp [—(ng“")]

where ¢ is the surfactant concentration and a;—as are
fitting parameters. Although the initial guesses of the
latter parameters have not been specified in the literature
[20], they should be, in part, related to the physico-
chemical change that is being measured. We found that
the best fit was obtained by taking, as initial guesses,
aj=as=as=1, ar=AH;., az=cmc and dx=A_,.. The
latter variable refers to the width of the transition
studied [21], and was taken as £15% of the cmc. In all
cases, iteration-based a, and a; were in agreement with
their initial guesses. The cmc values reported were taken
as the maximum, or minimum, of the first derivative of

Eq. (2).

Aggregation number

Nage Was calculated from the length of the surfactant
monomer and the diameter of the (spherical) aggregate
by assuming that the monomer has a stretched, all-trans
conformation within the micelle (Spartan-Pro program
package, version 5.1, Wave Function, Irvine, CA). As
already discussed, the micellar interface of RABzMe,Cl
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was considered to lie at the amide nitrogen atom,
whereas for R'BzMe,Cl [R'N " (CH;),CH,C¢Hs CI7] it
lies at the quaternary nitrogen. N,,, values for both
series were found to be 43, 61, 82, and 107 for RCO and/
or R"=10, 12, 14, and 16, respectively [6].

Degree of micelle dissociation

This was calculated by the Evans method (Eq. 3) [22]:

2
Lnic
—2/3
agg

10008, = (1000S; — Aci) + omicAcr (3)

where S;, S,, and A¢- refer to the slopes of the con-
ductance plot below and above the cmc and the equiv-
alent conductance of the surfactant counterion at infinite
dilution, respectively. For the series RABzMe,Cl, the
omic values were those reported elsewhere [6]. The cor-
responding values for R'BzMe2Cl, measured in the
present work, were found to be 0.32, 0.24, 0.23, and

0.22 for CloBZMCQCl, C12BZM62C1, C14BZM62C1, and
C,6BzMe,Cl, respectively.

Thermodynamic parameters of micellization

The Gibbs free energy and the entropy of micelle for-
mation were calculated from Eqgs. (4) and (5):
AGmic = (2 — “mic)RTlanmcz (4)

(5)

where yeme 1S the cme on the mole fraction scale, and
AH,,; is that calculated from calorimetry.

TASij = AHmic - AGmica
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