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ABSTRACT: The micellization of dodecyltrimethyl/ethyl/propyl/butylammonium bromide (C12NM, C12NE, C12NP, and
C12NB)was investigated by electrical conductivity measurements at different temperaturesT. In the investigated temperature range,
(15 to 45) �C, both the critical micelle concentration (cmc) and the degree of counterion association (β) decreasedwith the increase
of headgroup size. The cmc as a function ofT showed a typical U-shaped relationship. The temperature of theminimumof U-shaped
curve (Tmin) increased with the incremental chain length in the headgroups, which was the reverse to the previous results for
quaternary ammonium surfactants thatTmin decreased with the increment in the hydrophobic tails. The β approximately exhibited a
linear decrease with raising T. Nonlinearity was observed both in ln(cmc) versus Nc and in ΔmicG� versus T, where Nc was the
carbon number in the headgroups andΔmicG� was the standard Gibbs energy of micellization. C12NM and C12NE resembled each
other in the thermodynamics of micellization, but they behaved considerably differently from either C12NP or C12NB in the
dependence of ln(cmc) on Nc, in the decreasing rate ofΔmicG� versus T, and in the variation of thermodynamic properties with T.
All of the surfactants exhibited the enthalpy-entropy compensation phenomenon. The large value of standard entropy of
micellization (ΔmicS�) of C12NB compared with the others could be attributed to the strong hydrophobicity of the tributyl
headgroup.

’ INTRODUCTION

The nature of the headgroup is one of the most important
structural factors that control the properties of surfactants. It is
well-known that the structure of headgroups could influence the
aggregate forms and surface adsorption through the packing
parameter.1,2 Besides the significant differences among anionic,
cationic, nonionic, and zwitterionic surfactants classified by
headgroups,3 even a subtle difference in headgroups can result in
different behaviors of surfactants. For example, the similarly
structured sodium alkyl sulfates and sodium alkyl sulfonates exhibit
striking differences in their interactions with cationic surfactants4,5

and polymers,6,7 which is related to the different charge density
between the two headgroups based on quantum chemical calcula-
tions. With regards to quaternary ammonium surfactants the
structure of headgroup is various and adjustable8-11 because of
the convenience of introducing a different number of different
substitution groups onto the nitrogen atom.

The most commonly studied quaternary ammonium surfactants
are alkyltrimethylammonium surfactants,11-13 whereas the research
works on the other members in the family of quaternary ammonium
surfactants are usually scattered; for example, liquid-liquid phase
separation is studied in high concentrations of micellar solution of
dodecyltributylammonium bromide (C12NB).

14 Great contribu-
tions have been performed to survey the effects of the structure of
headgroups. In the series of tetradecyltrialkylammonium bromides
[C14H29N(CmH2mþ1)3Br, with m = 1 to 4] at 25 �C as studied by
Zana,11 a decrease of critical micelle concentration (cmc) and an

increase of ionization degree ofmicelles upon increasingmhave been
found. Additionally, the micellization and phase behavior of alkyl-
trimethyl/ethyl/propyl/butyl/pentylammoniumbromide have been
investigated by Buckingham et al.15 1H NMR was applied to study
the aggregation of dodecyltrialkylammonium bromides (alkyl group
= methyl, ethyl, n-propyl, and n-butyl) at 298 K,16 in which the
equilibrium constants of micelle formation (K) increase with
increasing headgroup size, but the incremental contribution to the
Gibbs free energy per CH2 group at the interface is small; its value
increases from 0.13 kJ to 0.29 kJ per moles of CH2 in going from the
trimethyl to the tri-n-propyl and the tri-n-butyl analogue, respectively.

In our previous works the surface activity of dodecyltrialk-
ylammonium bromides (alkyl = methyl, ethyl, propyl, and butyl,
abbreviated as C12NM, C12NE, C12NP, and C12NB, re-
spectively) and their mixtures with sodium dodecyl sulfate were
studied with the surface tension method,17 and the interactions
of C12NM, C12NE, C12NP, and C12NB with polymers were also
studied.18,19 Previous works of this series on themeasurements of
cmc were performed at 25 �C.17-19 When thermodynamic
properties of micellization are involved, investigations on the
series of dodecyltrialkylammonium bromides were only per-
formed at a specific temperature of 20 �C15 or 25 �C,16 and
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C12NPwas not studied in ref 15. To capture the thermodynamics
of micellization as a function of temperature in the case of
increasing headgroup size, in this work, the micellization of
C12NM, C12NE, C12NP, and C12NB was investigated by elec-
trical conductivity measurements over a temperature range from
(15 to 45) �C. With the developed method of conductivity data
treatment, that is, the integral form of the Boltzmann sigmoidal
function,20 the thermodynamic parameters of standard Gibbs
energy, enthalpy, and entropy could be approached.

’EXPERIMENTAL SECTION

Dodecyltrimethyl/ethyl/propyl/butylammonium bromides
[n-C12H25N(CmH2mþ1)3Br, C12NM (CAS No. 1119-94-4),
C12NE (CAS No. 18186-71-5), C12NP, and C12NB for m = 1
to 4, respectively] were prepared and purified by the procedure
described in our previous work.5 No minima were observed in
plots of surface tension (γ) versus log c for these surfactants,17

indicating no surface-active impurities.21 Distilled water with a
conductivity of less than 1.4 μS 3 cm

-1 was used in all of the
experiments.

The conductivities of aqueous solutions of the surfactants
were measured using an Advanced Conductivity Orion 162A
conductivity meter (Thermo) with a resolution of 0.01 μS 3 cm

-1

and accuracy of ( 0.5 %. The measurements were made in a
water bath maintained within ( 0.01 K of the desired
temperature.

’RESULTS AND DISCUSSION

Critical Micelle Concentrations of C12NM, C12NE, C12NP,
and C12NB at Different Temperatures. The conductivity
curves of aqueous solutions of C12NM, C12NE, C12NP, and
C12NB over the temperature range (15 to 45) �C are shown in
Figure 1. The experimental conductivity data are included in the
Supporting Information (Table S1, S2, S3, and S4).
All of the conductivity plots in Figure 1 showed a shape of two

straight lines intersecting at the break point, which corresponds
to the formation of micelles. The conductivity data were
fitted according to the integral form of the Boltzmann
sigmoidal function proposed for the analysis of specific conduc-
tivity (κ) versus concentration (c) data for solutions of ionic

Figure 1. Plots of specific conductivity (κ) vs surfactant concentration (c) for solutions of (a) C12NM, (b) C12NE, (c) C12NP, and (d) C12NB at
temperatures (bottom to top) of (15, 20, 25, 30, 35, 40, and 45) �C. The dotted lines are fit to eq 1.
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surfactants:20

k ¼ a0 þ a1cþ a3ða2 - a1Þ ln 1þ exp½ðc- a4Þ=a3�
1þ expð- a4=a3Þ

� �
ð1Þ

The parameters a0, a1, a2, a3, and a4 represent the value of κ in
pure water, the slopes in the pre- and postmicellar regions, the
width of transition between the two regions, and the central point
of this transition region, respectively. The units of κ and a0 are
μS 3 cm

-1; the units of c, a3, and a4 are identical with the unit of
surfactant concentration (e.g., mmol 3 L

-1 in Figure 1), while the
units of a1 and a2 are decided by the units of concentration and
conductivity. The value of a4 corresponds to the cmc of the
surfactant. Figure 2 shows cmc values for solutions of C12NM,
C12NE, C12NP, and C12NB at different temperatures T. The data
and the uncertainties of the cmc determined in this work are
shown in Table 1. Over the whole temperature range investigated,
the cmc values of dodecyltrialkylammonium bromides decreased
with increasing headgroup size (Figure 2), which is consistent with
previous results at one specific temperature15,17-19 and the case
for tetradecyltrialkylammonium bromides at 25 �C.11 This could
be attributed to the increasing hydrophobicity with the increase of

alkyl chain length in the headgroups, which favored the aggrega-
tion of surfactant molecules. However, although the incremental

Table 1. Determined cmc/(mol 3 kg
-1) Values and Their Uncertainties for the Systems of C12NM, C12NE, C12NP, and C12NB

T/K C12NM C12NE C12NP C12NB

288.15 0.01525( 0.00015 0.01442( 0.00020 0.01047( 0.00016 0.00651( 0.00006

0.0147a

293.15 0.01518( 0.00014 0.01395( 0.00018 0.00997( 0.00010 0.00597( 0.00005

0.0143a 0.014b 0.0048c

0.0144b 0.0136d

298.15 0.01523( 0.00014 0.01367( 0.00017 0.00962( 0.00008 0.00562( 0.00005

0.0146a 0.0140d 0.0063e 0.0048d

0.0144d 0.0108e 0.0075f 0.0045e

0.0146e 0.013f 0.0105g 0.0044f

0.016f 0.0136g 0.0057g

0.0154g

0.01447h

0.0156i

0.0145j

303.15 0.01548( 0.00014 0.01358( 0.00015 0.00936( 0.00007 0.00522( 0.00004

0.0157k

0.0153l

0.01519m

0.0155n

0.0151a

0.01550o

0.015510p

308.15 0.01561( 0.00016 0.01364( 0.00017 0.00936( 0.00007 0.00520( 0.00005

0.0159a

0.015830p

313.15 0.01602( 0.00017 0.01377( 0.00018 0.00923( 0.00008 0.00520( 0.00003

0.0166a

0.01650o

318.15 0.01650( 0.00019 0.01422( 0.00024 0.00931( 0.00007 0.00517( 0.00003

0.0175a

aRef 13, ultrasound velocity. bRef 34, conductivity. cRef 14, conductivity. dRef 15, conductivity. eRef 18, fluorescence. fRef 17, surface tension. gRef 19,
conductivity. hRef 38, conductivity. iRef 39, conductivity. jRef 41, conductivity. kRef 12, conductivity. lRef 35, conductivity. mRef 36, conductivity. nRef
37, microcalorimetry. oRef 40, surface tension. pRef 37, ITC method.

Figure 2. Variation of cmc with temperature (T) for the surfactants:9,
C12NM;b, C12NE;2, C12NP;1, C12NB. The lines are fit based on the
description of ln(cmc) vs T given by eq 7.
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carbon number from C12NM to C12NB was quite considerable,
the cmc was not decreased as much as expected when compared
with alkyltrimethylammoniumbromides (CnTAB)with a similarly
increasing chain length (n),12,13 as Figure 3 shows.
In Figure 3, the increment of carbon number (Nc) in the

headgroups and in the tails induced a different trend of ln(cmc)
for quaternary ammonium surfactants. It should be emphasized
here that only the comparisons of the rules between this work
and the systems referenced12,13 are valid due to the difference
either in the treatment of conductivity data or in the method to
determine the cmc. Three interesting points could be concluded
in Figure 3:
(1) The increment of Nc in the headgroup induced a lesser

decrease of cmc than that in hydrophobic tail did. The reason
might be that the hydrophobic contribution arising from dehy-
dration of alkyl group, which should favor micellization, could be
partially lost because the headgroup located at the micellar
surface. A similar mechanism has been discussed by Buckingham
et al.15 and Bazito et al.16 with regards to the small Gibbs free
energy per CH2 in headgroup, and the explanation also contains
other effects of increasing headgroup size on micellization,
including the steric interactions between neighboring head-
groups, a change in the micellar surface charge density, and a
change to the packing of the alkyl tails.
(2) The dependence of ln(cmc) on Nc in the headgroup was

nonlinear, notwithstanding the well-known fact that the relation-
ship between ln(cmc) and the chain length of hydrophobic tail is
linear for ordinary surfactants.21 This could be understood in
terms that both the headgroups of C12NM and C12NE had the
opportunity for sufficient contact with water; therefore, the
difference in ln(cmc) between them was relatively small, while
the bulky size of the headgroups of C12NP and C12NB
made them to be considerably hydrophobic and even one arm
of —N(CH2CH2CH2CH3)3

þ could partially incorporate in
micelle,15 and thus ln(cmc) dropped more rapidly for C12NP
and C12NB.

(3) It showed that if the surfactants are relatively more
hydrophilic, for example, with a smaller headgroup (m = 1, 2)
and shorter tail (n = 8, 9, 10), the effect of temperature on
ln(cmc) was quite limited. However, the effect of temperature on
ln(cmc) would become large when the headgroups were bigger
(m = 3 and 4) and the surfactant tails were longer (ng 12). The
reason might be the cumulation of the hydrophobicity change
upon each CH2 group induced by iceberg destruction during
heating.
The effect of raising temperature on the cmc of C12NM,

C12NE, C12NP, and C12NB is shown in Figure 2. It indicates that
the curves of cmc versus temperature are typically U-shaped,
which is consistent with the relationship between cmc and
temperature for ordinary ionic surfactants.10,13 The temperature
of the minimum of the U-shaped curve of cmc versus T is defined
as Tmin. It is known that, for cationic surfactants of quaternary
ammonium salts, Tmin decreases as the chain length of hydro-
phobic tail increases.13,22 However, Figure 2 shows that Tmin for
C12NM, C12NE, C12NP, and C12NB were approximately at
(292.8, 304.2, 312.0, and 312.4) K, respectively, that is, Tmin

increased with the increase of the chain length in headgroups and
Tmin seemed to approach a top inflection of such increase for
tripropyl and tributyl headgroups. In summary, the variation
ofTmin with the increase of headgroup chain length was observed
to be completely opposite to that of hydrophobic-tail chain
length.
To comprehend the opposite rules ofTmin for increasing chain

length in headgroups and the surfactant tail, it might be better to
begin with the cause of U-shaped curve andTmin. It is known that
Tmin is a consequence of two opposing effects upon heating: (i) a
decrease in the hydration of the ionic headgroup, which induces
the growth of hydrophobicity of the surfactant and hence a
decrease in the cmc, and (ii) the breakdown of the structure of
water which is unfavorable for hydrophobic interactions and
hence the growth of the cmc.23 Thus, the first effect of increasing
T became more important than the second one when the
headgroup size was increased. In other words, the growth
in the hydrophobicity of the headgroup from C12NM and
C12NE to C12NP and C12NB would overcome the unfavorable
influence on micellization due to the breakdown of the structure
of water because of the incremental chain length located in
headgroup.
It was noted in Figure 3 that raising the temperature seemed to

show different influences on ln(cmc) between the case of long
tail and the case of bulky headgroup, which could be ascribed to
the same analysis of the cause of Tmin mentioned above.
These results show that the increment of chain length in

headgroup promoted the heating effect to induce poor hydration
and bring enhanced hydrophobicity (effect i), which may be why
C12NB exhibited rich phase behavior upon heating.14 On the
other side, increment of chain length in tail emphasized the
heating effect of breakdown of water structure (effect ii). There-
fore, Tmin decreases with the increase of chain length in tail for
quaternary ammonium surfactants,13,22 but Tmin increased with
the increase of chain length in a headgroup in this work.
Degree of Counterion Association (β) for C12NM, C12NE,

C12NP, and C12NB at Different Temperatures. The degree of
counterion association of micelle (β) can be determined by
conductivity measurements using:

β ¼ 1-
a2
a1

ð2Þ

Figure 3. Different effects of the increment of carbon number (Nc) in
the headgroups and in the tails of quaternary ammonium surfactants on
ln(cmc). Hollow symbols for changing headgroups of C12H25N-
(CmH2mþ1)3Br (Nc = 3m) in this work from (15 to 45) �C; solid
symbols for changing tails of CnTAB (Nc = n): from ref 13 at 25 �C (2)
and at 55 �C (b); from ref 12 at 30 �C (left-pointing triangle).
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where a1 and a2 are the slopes of the straight lines before and
after the cmc in the conductivity plots, respectively (see eq 1).24

The values of β for C12NM, C12NE, C12NP, and C12NB
determined from conductivity using eq 2 at different tempera-
tures are shown in Figure 4. The data were treated by linear

fitting:

β ¼ a0 þ b0T ð3Þ

where a0 and b0 are fitting parameters whose values are shown in
Table 2.
Theβ versusT curves for dodecyltrialkylammonium bromides

in Figure 4 exhibit a linear dependence approximately, which is
similar to the linearity of ionization degree of the micelles of
dodecyldimethylethylammonium bromide.10 For ordinary ionic
surfactants, raising the temperature would accelerate the motion
of particles in the solution, and thus, the degree of counterion
association (β) would decrease.25 In the present systems of
C12NM, C12NE, C12NP, and C12NB (Figure 4), β obeyed this
rule on temperature for ordinary ionic surfactants.
In Figure 4 it can be seen that β decreased with the increase of

headgroup size in the whole temperature range investigated. The
complete data of β and the uncertainties are shown in Table 3. It

Figure 4. Degree of counterion association (β) of the surfactant
aggregates vs temperature (T): 9, C12NM; b, C12NE; 2, C12NP; 1,
C12NB. The lines are fits to eq 3.

Table 2. Parameters Obtained by Fitting the Plots of β vs T
and ln(cmc) vs T with Equation 3 and Equation 7, Respec-
tively, for the Surfactants

C12NM C12NE C12NP C12NB

a 6.75535 17.61441 16.24211 34.05352

b/K-1 -0.07473 -0.14408 -0.13413 -0.25175

104 c/K-2 1.27603 2.36812 2.14936 4.02905

a0 1.51591 1.52895 1.50431 1.35472

b0/K-1 -0.00255 -0.00279 -0.00277 -0.00251

Table 3. Determined Values of Degree of Counterion Association β and Their Uncertainties for the Systems of C12NM, C12NE,
C12NP, and C12NB

T/K C12NM C12NE C12NP C12NB

288.15 0.7770( 0.0116 0.7250( 0.0213 0.7109( 0.0142 0.6245( 0.0097

293.15 0.7689( 0.0100 0.7108( 0.0186 0.6907( 0.0082 0.6185( 0.0068

0.77a 0.70a 0.61a

298.15 0.7555( 0.0101 0.6966( 0.0167 0.6759( 0.0063 0.6094( 0.0065

0.739b

0.76c

0.768d

0.75e

303.15 0.7563( 0.0102 0.6886( 0.0149 0.6622( 0.0052 0.5964( 0.0057

0.718f

0.726g

308.15 0.7125( 0.0121 0.6601( 0.0160 0.6465( 0.0055 0.5800( 0.0062

313.15 0.7141( 0.0137 0.6543( 0.0170 0.6463( 0.0058 0.5664( 0.0044

318.15 0.6621( 0.0145 0.6446( 0.0231 0.6210( 0.0055 0.5517( 0.0044
aRef 15, conductivity. bRef 38, conductivity. cRef 39, conductivity. dRef 42, conductivity. eRef 41, conductivity. fRef 12, conductivity. gRef 35,
conductivity.

Figure 5. Relationship between ΔmicG� of the surfactants and tem-
perature (T): 9, C12NM; b, C12NE; 2, C12NP; 1, C12NB. The lines
are fits based on the description ofβ vsT and ln(cmc) vsT given by eqs 3
and 7, respectively.



870 dx.doi.org/10.1021/je100598x |J. Chem. Eng. Data 2011, 56, 865–873

Journal of Chemical & Engineering Data ARTICLE

has been discussed that the surface charge density of the micelles
decreases as the headgroup size of the surfactant increases;
therefore, the degree of counterion association also decreases.15

The explanation of this phenomenon could also be referred to in
the study on tetradecyltrialkylammonium bromides at 25 �C by
Zana, in which it has been correlated with the changes of surface
areas per headgroup.11

Gibbs Energy of Micellization (ΔmicG�) for C12NM, C12NE,
C12NP, and C12NB at Different Temperatures. To further
understand the effect of headgroup size on the micellization of
quaternary ammonium surfactants, the standard Gibbs energy of
micellization (ΔmicG�) was estimated using the mass-action
model:26

ΔmicG
o ¼ ð1þ βÞRT lnðcmcÞ ð4Þ

where the cmc is given in molality units (mol 3 kg
-1) and β is the

degree of counterion association for the micelle.
The ΔmicG� estimated using eq 4 is shown in Figure 5. The

data and uncertainties in ΔmicG� determined for the surfactant
systems are shown in Table 4. It was surprisingly noted that
ΔmicG� decreased nonlinearly with temperature. It might be a
consequence of the trend of cmc and β with raising temperature
(Figures 2 and 4).
Figure 5 shows that the curves ofΔmicG� versus T for C12NM

and C12NE were near and entangled, which suggested that the
two behaved similarly in micellization. For example, the cmc’s of
C12NM and C12NE were relatively close, while those of C12NP
and C12NB seemed far smaller (Figure 2). Since the ln(cmc) for
C12NM is less negative while its β is larger, aΔmicG� close to that
of C12NE resulted.
The previous result of ΔmicG� of C12NM, C12NE, and C12NB

at 20 �C15 shows a sequence similar to our work at 20 �C
(Figure 5); that is, ΔmicG� of C12NE is a little less negative
than that of C12NM, which could be ascribed to the different
influences of headgroup size on cmc and β: Although the cmc
decreases with increasing headgroup size, this is offset by decreas-
ing β. However, as shown in this work, the small advantage in
ΔmicG� of C12NM over C12NE was soon overcome by C12NE at
higher temperatures (Figure 5). It might suggest that at a
relatively low temperature the influence of headgroup size on β
seemed a little larger than that on cmc, while upon heating the
increase of hydrophobicity for C12NE it became more important
than the aspect of β. At high temperature, the sequence ofΔmicG�
was consistent with the sequence of hydrophobicity of surfactants
(Figure 5).
As temperature increases in the investigated range, theΔmicG�

of C12NB was found to decrease at a faster rate than that of
C12NP and then significantly faster than C12NM and C12NE
(Figure 5). There seemed to be some difference among the
categories of C12NB, C12NP, and C12NM/C12NE, in which
C12NM and C12NE were included as one category because of
their resembled properties. Recall the discussion on the depen-
dence of ln(cmc) on Nc in headgroup above: it could be
understood that both the —N(CH3)3

þ and —N(CH2CH3)3
þ

headgroup had the opportunity for sufficient contact with water,
while the large Nc of bulky —N(CH2CH2CH3)3

þ and —
N(CH2CH2CH2CH3)3

þ headgroups resulted in significant hy-
drophobicity and even one arm of —N(CH2CH2CH2CH3)3

þ

could partially incorporate in the micelle.15 A similar opinion has
been found for the counterions of tetrapropyl- and tetrabuty-
lammonium perfluorooctanoates, in which these two kinds of

counterions are so bulky and hydrophobic that the penetration of
tetrapropyl- and tetrabutylammonium ions into micellar surface
is inferred from NMR.27

Enthalpy (ΔmicH�) and Entropy of Micellization (ΔmicS�)
for C12NM, C12NE, C12NP, and C12NB at Different Tempera-
tures. The thermodynamic parameters of micellization, such as
the standard enthalpy (ΔmicH�) and standard entropy (ΔmicS�),
can be obtained according to the following relations:26

ΔmicH� ¼ DðΔmicG�=TÞ
Dð1=TÞ

� �
ð5Þ

ΔmicS� ¼ ΔmicH�-ΔmicG�
T

ð6Þ

In eq 4, the ln(cmc) term inΔmicG� can be fitted by the following
second-order polynomial:8,28-30

lnðcmcÞ ¼ aþ bT þ cT2 ð7Þ

where the cmc is given in molality units (mol 3 kg
-1) and a, b, and

c are fitting constants. The values of these parameters used for
calculations are given in Table 2. The fitting curves obtained
using the relationship between ln(cmc) and T in eq 7 are shown
in Figure 2. Thus, combining eqs 4, 3, 5, and 7 gives the following
expression for ΔmicH�:8

ΔmicH� ¼ - RT2 ð1þ βÞD lnðcmcÞ
DT

þ Dβ
DT

lnðcmcÞ
� �

¼ - RT2½ð1þ βÞðbþ 2cTÞ þ b0 lnðcmcÞ� ð8Þ
TheΔmicH� andΔmicS� of micellization estimated using eqs 8

and 6, respectively, and their comparisons with ΔmicG� are
shown in Figure 6. The data and uncertainties in ΔmicH� and
ΔmicS� determined for the surfactant systems are shown in
Tables 5 and 6, respectively. It can be seen in Figure 6 that
ΔmicH� and TΔmicS� depend linearly on temperature for

Table 4. Determined ΔmicG�/(kJ 3mol-1) Values and Their
Uncertainties for the Systems of C12NM, C12NE, C12NP, and
C12NB

T/K C12NM C12NE C12NP C12NB

288.15 -17.81( 0.16 -17.52( 0.27 -18.69( 0.22 -19.59( 0.15

293.15 -18.05( 0.14 -17.81( 0.25 -18.99( 0.13 -20.20( 0.12

298.15 -18.21( 0.15 -18.05( 0.23 -19.29( 0.11 -20.67( 0.12

-18.3a

-35.58b

303.15 -18.45( 0.15 -18.30( 0.21 -19.57( 0.09 -21.14( 0.11

-18.90c

-35.1d

-34.2d

-36.52e

308.15 -18.25( 0.17 -18.27( 0.23 -19.71( 0.10 -21.29( 0.12

-37.03e

313.15 -18.45( 0.19 -18.46( 0.25 -20.08( 0.11 -21.45( 0.08

-19.22c

318.15 -18.04( 0.21 -18.50( 0.33 -20.05( 0.10 -21.61( 0.09
aRef 41, conductivity. bRef 38, conductivity. cRef 40, surface tension.
dRef 12, conductivity. eRef 37, microcalorimetry.
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dodecyltrialkylammonium bromides. The plots of ΔmicG�,
ΔmicH�, TΔmicS� vs T for C12NM and C12NE in Figure 6 were
very similar to that of dodecyldimethylethylammonium bromide
in literature;10 meanwhile, the plots for C12NP and C12NB in
Figure 6 were very similar to that of quaternary ammonium
surfactants with the big headgroup C12H25N

þ(CH3)2-
(CHCH3CH(OH)C6H5)Br

-.8 Enthalpy-entropy compensa-
tion was observed for C12NM, C12NE, C12NP, and C12NB,
causing the change in ΔmicG� to be very small. For C12NM,
C12NE, C12NP, and C12NB, ΔmicS� decreased with increasing
temperature, which could be expected on the basis of “melting”
of the “iceberg structure” of water molecules surrounding
hydrophobic moieties.31 This is a common fact of ΔmicS� for
the micellization of ordinary surfactants. The extensive hydrogen
bonding in water gradually breaks down with increasing tem-
perature, causing the importance of the entropic term of hydro-
phobic hydration to decrease and the dispersion interactions to
become increasingly dominant.32,33

The large ΔmicS� of C12NB compared with C12NM, C12NE,
and C12NP could be attributed to the strong hydrophobicity of
the—N(CH2CH2CH2CH3)3

þ headgroup, which destroyed the

structure of water surrounding the headgroup and induced
disorder during association.

’SUMMARY

Thermodynamic parameters of cationic surfactants with dif-
ferent headgroup sizes (C12NM, C12NE, C12NP, and C12NB) as
a function of temperature were studied by conductivity. The
increment of chain length in the headgroup brings on different
rules compared with that in the hydrophobic tail from several
points of view: First, the degree of counterion association (β)
decreased with the increase of headgroup size. Second, Tmin, the
temperature of minimum of the U-shaped curve of cmc versus T,
increased with the incremental chain length in headgroups.
Third, nonlinearity was shown in both plots of ΔmicG� versus
T and ln(cmc) versus carbon number in the headgroups (Nc).
These “abnormal” rules, which were reverse to those induced by
the incremental chain length in the surfactant tail, could be
ascribed to the different roles of the headgroup: the surroundings
of headgroup, the promoting effect of raising T on hydrophobi-
city of headgroup, and the counteractive effect of raising T on

Figure 6. Dependence of the standard Gibbs energy ΔmicG�, standard enthalpy ΔmicH�, and standard entropy ΔmicS� of the micellization on
temperature (T) for (a) C12NM, (b) C12NE, (c) C12NP, and (d) C12NB: 9, ΔmicG�; O, ΔmicH�; 4, TΔmicS�.
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cmc and β with the incremental chain length in headgroup.
C12NM and C12NE resembled each other in the thermodynamic
properties of micellization, and they showed a considerable

discrepancy from either C12NP or C12NB. C12NM, C12NE,
C12NP, and C12NB all exhibited the enthalpy-entropy com-
pensation phenomenon. C12NB was found to exhibit large
ΔmicS� compared with other surfactants because of the strong
hydrophobicity of its headgroup. This work could extend a
thermodynamic insight for the effect of temperature on surfac-
tants with different headgroup sizes.
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