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Structural and thermal properties of a solid-state binary mixture of long-chain cationic
and anionic surfactants (so-called catanionic complexes) composed of cetyltrimethyl-
ammonium bromide, [H3C–(CH2)15–N

+(CH3)3]Br−(CTAB), and saturated fatty acid (FA),
CH3(CH2)12COOH (lauric acid, kC12), are studied. To clarify the effect of intermolecular
interactions on the crystalline structure and phase transitions in this class of supramolecular
compounds, the 1 : 1 kC12-CTAB binary mixture is investigated by means of X-ray diffraction,
differential scanning calorimetry (DSC), and temperature-variable Fourier transform infrared
spectroscopy (FTIR). Based on the comparison of the obtained results with those of other
CTAB-FA binary mixtures with different alkyl chain length mismatches, the possible molecu-
lar packing in the crystal phase of CTAB-FA complexes and the mechanism of successive phase
transitions in the condensed state are proposed.
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1. Introduction

Mixtures of oppositely charged long-chain cationic
and anionic surfactants (so-called catanionic com-
plexes, CA) are a subject of great interest both
from practical and theoretical points of view. During
the past decades, CA are attracting much inter-
est both from fundamental (crystal engineering and
supramolecular development) and applied points of
view due to their remarkable ability to form bilay-
ers and vesicles instead of micelles in the bulk phase,
fast adsorption kinetics, and very low surface ten-
sion [1–4]. The CA compounds are of great applica-
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tion potential as lubricants and detergents in indus-
try and technology, as well as for various encapsula-
tion and controlled delivery processes in pharmacy,
medicine, and biology. The fundamental understand-
ing of these systems is required for different indus-
trial and daily applications such as food stuff, deter-
gents, cosmetics, or pharmaceutical and petroleum
industry. The electrostatic interaction between oppo-
sitely charged head groups results in the formation
of ionic pairs forming compounds similar to those of
double-tail surfactants [5–6]. Due to a wide range of

1 The paper was presented at the XXIII Galyna Puchkovska
International School-Seminar “Spectroscopy of Molecules
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microstructures that could be fabricated by adjust-
ing the composition and packing parameters, these
systems are recently also used for the delivery of
drugs and the synthesis of nano- and mesomateri-
als [7–9]. The range of different structures observed
in these systems reflects the intermolecular interac-
tion; especially, the balance of the electrostatic inter-
actions between oppositely charged head groups and
the hydrophobic interactions between alkyl tails. The
theoretical interest in these systems is focused on the
variety of behaviors that the mixtures can show, as
compared to their separate components. So far, the
studies of the temperature-dependent transitions of
long-chain molecular structures were mainly focused
on ternary water systems, while the thermotropic
properties of binary catanionic complexes in the solid
state are still not completely understood. Differen-
tial scanning calorimetry (DSC) and FTIR spec-
troscopy show that the CA compounds demonst-
rate a rich complex thermotropic behavior, with the
alkyl chain length mismatch of components in some
cases having a significant effect on the phase behav-
ior. Several liquid crystalline phases appear between
the solid crystalline phase and the isotropic liquid
phase [10, 11]. Many aspects of the CA structure
and phase behavior in the solid state have still to
be clarified. Recently, we investigated the structural
and thermal properties of solid-state binary mixtures
of long-chain cationic and anionic surfactants com-
posed of cetyltrimethyl-ammonium bromide, [H3C–
(CH2)15–N+(CH3)3]Br−(CTAB), and saturated fatty
acids (FA), CH3(CH2)nCOOH, where n is the num-
ber of carbon atoms in the alkyl chain, with longer
alkyl chains containing an even number of carbon
atoms n and differing from that of CTAB by two
(stearic acid, n = 18, kC18) and four (n = 22, be-
henic acid, kC22) carbon atoms. The obtained re-
sults revealed the influence of the alkyl chain length
mismatch between the components of a binary mix-
ture on the thermophysical properties of the obtained
supramolecular compound. We also studied the effect
of the molar fraction of components on the phase be-
havior of binary mixtures consisting of CTAB and
kC18. In [12–13], we reported the results obtained on
the binary mixtures of CTAB and saturated normal
fatty acids with longer alkyl chains containing an even
number of carbon atoms and differing from that of
CTAB by two (kC18), and four (kC22) carbon atoms
and revealed the influence of the alkyl chain mismatch

on the thermal properties of the catanionic surfac-
tant. As an extension of this work, we have also in-
vestigated the phase behavior of binary mixtures with
various compositions composed of CTAB and kC18
fatty acid. We demonstrated that a simple change
of the concentrations of components significantly af-
fects thermotropic properties of the binary mixture
[13]. However, the thermotropic properties of binary
catanionic complexes in the solid state still have a
lot of open questions. In particular, the role of alkyl
chain length on the molecular packing pattern in the
CA crystals and the nature of molecular interactions
in this class of supramolecular compounds need to be
studied in detail.

In this work, we devoted particular attention to so-
lid-state complexes of CTAB and lauric acid (kC12)
with shorter alkyl chain. Lauric acid is an inexpen-
sive, non-toxic, and well-investigated compound. It is
solid at room temperature with melting point about
45 ∘C. The crystals of lauric acid A-form, which
was used in our experiments, were studied by X-
ray diffraction, and the A polymorph of kC12 crys-
tals was identified as belonging to the triclinic sym-
metry, spatial group P1 with six molecules per unit
cell [14]. Therefore, unlike the other previously stud-
ied CA complexes composed of CTAB and FA and
having the same orthorhombic crystal symmetry, the
kC12 crystal structure is incommensurate with that
of CTAB. This was our another motivation for the
selection of the kC12 compound as an anionic coun-
terpart in the CTAB-kC12 binary mixture with the
hope to evaluate the possible effect of the initial crys-
tal symmetry of the components on the structure and
molecular interactions of the resulting supramolecu-
lar compound.

The crystal structure and solid–liquid phase behav-
ior of the 1 : 1 kC12-CTAB binary mixture were in-
vestigated by means of X-ray diffraction, differential
scanning calorimetry (DSC), and temperature-varia-
ble Fourier transform infrared spectroscopy (FTIR).
The obtained results are compared with those of other
CTAB-FA binary mixtures with longer alkyl chain
acids, stearic (kC18) and behenic (kC22). Within the
series, the headgroups of the cationic and anionic
counterpart remains constant; while, for the anionic
counterpart, its alkyl chain length varies from 12
to 22 carbon atoms. By systematically varying the
length of the alkyl radical of the CA complex, we
get better insight on the structure of the catanio-
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nic complex itself and, in particular, the head group
bonding features.

2. Experimental

2.1. Materials and samples preparation

The initial compounds, CTAB (Fluka, 99%) and lau-
ric (kC12) acid (Sigma-Aldrich), were used without
purification. The 1 : 1 kC12-CTAB binary complex
(hereinafter, referred as “the complex”) was prepared
according to the procedure previously described else-
where [12]. First, pristine kC12 powder was dissolved
in bi-distilled ethanol under a warm condition at
40 ∘C at a concentration of about 3% wt. Then an
equal molar amount of previously dried CTAB pow-
der was added to the solution. The reagent mixture
was kept at the elevated temperature for a half of
one hour to ensure that the reaction between the
components takes place. The formation of a new
supramolecular compound after the reaction was evi-
dent from visual changes of the solution appearance,
which became slightly opalescent unlike the trans-
parent initial solution. The obtained reaction mix-
ture was cooled slowly to room temperature. After
the complete ethanol evaporation, the reaction prod-
uct was extracted as a solid white precipitate, dried,
and stored in a desiccator. The weight of the obtained
samples was usually in the range 5–10 mg. The re-
action scheme and molecular structure of the initial
compounds and the obtained complex are shown in
Fig. 1.

2.2. Experimental methods

The crystal structures of the obtained solid complex,
as well its initial components, kC12 and CTAB, were
studied by small-angle X-ray powder diffraction. The
XRD patterns were obtained at room temperature
with a 139 DRON-3M Xray diffractometer, by using
CuKα radiation filtered with a Ni foil.

The thermophysical characteristics of the complex
were measured in the 20–130 ∘C temperature inter-
val with a Perkin-Elmer Model 8000 differential scan-
ning calorimeter (DSC) for a sample weight of 3.5–
6 mg at a cooling/heating rate of 8 ∘C/min. A stan-
dard indium sample served for a calibration of the
enthalpy values. For comparison, the DSC curves for
the initial compounds (kC12 and CTAB) were also
measured. The phase transition parameters, transi-
tion temperatures, and changes in enthalpy were de-
rived from DSC data with built-in computer software.

Fig. 1. Molecular structures of CTAB lauric acid (kC12) and
the 1 : 1 kC12-CTAB binary complex

The temperature-variable FTIR transmission spec-
tra (400–4000 cm−1spectral range) of the investigated
complex, as well as those of initial kC12 and CTAB,
were measured with a Bruker IFS-88 FTIR spectrom-
eter in a 20–150 ∘C temperature interval with a reso-
lution of 1 cm−1 and a wavelength definition accuracy
better than 0.01 cm−1. The measurements repeata-
bility was 0.5 cm−1 by frequency and about 0.0005
by absorbance. The SPECAC Variable Temperature
Cell P/N 21.500 and Automatic Temperature Con-
troller P/N 20,120 Series supplied with Eurotherm
controller 847 were used for the measurements. De-
convolution and decomposition of the spectral bands
were performed using the Origin-6.0 software pack-
age. Peak positions of the absorption bands were de-
fined, by using the second derivative method and/or
the standard data processing procedure. The kC12
and kC12-CTAB samples for FTIR spectra measure-
ments were sandwiched between KBr windows, while
the CTAB sample was prepared, by using the KBr
pellets technique.

3. Results and Discussion

3.1. X-ray diffraction

XRD patterns of the investigated compounds are
shown in Fig. 2. The analysis of the obtained XRD
data reveals that, like initial kC12 and CTAB com-
pounds, the resulted complex exhibits a well-ordered
layered crystalline structure showing the strong re-
flection maximum at about 2.136 degrees. A similar
crystal structure was previously reported in our ear-
lier paper for crystalline 1 : 1 kC18-CTAB and kC22-
CTAB complexes [12]. The reflections from the initial
compounds are not further observed in the XRD pat-
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Fig. 2. Room temperature small-angle X-ray powder diffrac-
tion patterns from the 1 : 1 kC12-CTAB binary complex (solid
line) and its initial components, CTAB (dotted line) and kC12
(dashed line)

Fig. 3. Thermograms of the 1 : 1 kC12-CTAB binary com-
plex (solid line) and initial components: kC12 (dashed line)
and CTAB (dotted line) in the heating run. The “H” value
represents the enthalpy change for the corresponding phase
transition

tern from the complex (Fig. 2), which confirmed that
the obtained compound is not just a physical mixture
of the components, but represents a new crystalline
structure. According to the XRD results, the basic
lamellar spacing for the kC12-CTAB crystal structure
is 4.58 nm, meaning that fully extended alkyl chains
in the complex are closely packed and assembled into
molecular bilayers similar to that of 1 : 1 kC18-CTAB

and kC22-CTAB complexes. Starting from this in-
terlayer distance, it is possible to calculate a tilt
angle for the alkyl chains in the complex as equal
to 70.6∘.

Though X-ray diffraction shows the lamellar struc-
ture of the complex, this technique cannot give the
particular molecular arrangement of molecular moi-
eties in the bilayers, e.g. their local positions relative
to one another, as well as the mutual orientation of
their head groups and alkyl chains. Using FTIR spec-
troscopy, it is possible to solve this problem as could
be seen below.

3.2. Differential scanning calorimetry

DSC curves of the kC12-CTAB complex are shown in
Fig. 3. The obtained DSC values (the phase transition
temperature, T , and the enthalpy change, H) are sim-
ilar to those reported in [15–17] for other long-chain
compounds. The analysis of DSC data shows that the
thermothropic behavior of the prepared kC12-CTAB
complex is very different from that of initial compo-
nents. Contrary to the initial kC12 with one sharp en-
dothermic peak at the melting point of T1 = 44.65 ∘C
and the initial CTAB with one peak at T4 = 107.6 ∘C,
the kC12-CTAB binary complex shows a set of suc-
cessive phase transitions in the temperature range be-
tween the acid melting and CTAB solid-state tran-
sition temperatures. On heating, three endothermic
transitions are observed for the kC12-CTAB binary
complex prior to its melting at 109˚C: the most pro-
nounced one at T2 = 55.5 ∘C and two additional tran-
sitions with smaller enthalpies with onset at T3 = 67
and T4 = 98 ∘C. The temperatures of these transi-
tions do not coincide with any of the transition points
observed for the constituting components, which in-
dicates that the obtained reaction product is not a
physical mixture of the initial components, but a new
supramolecular compound. For the initial crystalline
CTAB, it was shown [18] that, at T = 103 ∘C, it un-
dergoes an endothermic solid–solid phase transition,
which results in the melting of the nonpolar bilay-
ers, while the ionic layers remain practically unaf-
fected. CTAB is also known to decompose at 250 ∘C
without melting, which is explained by strong ionic
interactions in polar layers [18]. The electrostatic in-
teractions between the head groups in the ionic layers
are much stronger than the van der Waals forces be-
tween the hydrocarbon chains. It is the ionic binding
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forces that are responsible for the enhanced melting
temperature of this crystal. The CTAB melting tem-
perature is so high that its thermal decomposition oc-
curs prior to the melting. The successive phase tran-
sitions that are observed for the complex are very
common in the long-chain aliphatic compounds due
to their alkyl chain conformational flexibility and re-
lated polymorphism. Judging from the corresponding
enthalpy changes shown in Fig. 3 and the compar-
ison with corresponding values for particular phase
transitions in similar compounds, the transitions ob-
served in the complex could be described as solid–
solid crystalline, solid crystalline–liquid crystalline,
and liquid crystalline–isotropic liquid. From the com-
parison with the thermograms previously obtained on
other FA-CTAB binary complexes, kC18-CTAB and
kC22-CTAB [12], it is obvious that the number of
phase transitions in these compounds do not depend
on the difference between the alkyl chain lengths of
CTAB and FA. In addition, as the difference between
the alkyl chain lengths increases, the solid phases are
seen to be more stable, whereas the mesophase stabil-
ity interval is expanding for the complexes with closer
chain lengths.

The changes observed in thermotropic properties
of the complexes with different alkyl chain length
mismatches suggest different molecular interactions
in these compounds due to different charge distribu-
tions of the spatial head group, as well as different
molecular bilayer packing densities.

Finally, our thermal analysis of the binary mix-
tures of kC12 and CTAB confirmed the formation
of a supramolecular complex with a number of phase
transitions and a melting point different from that
of pure kC12 and CTAB. However, the DSC mea-
surements do not give unambiguously the type of the
occurring transition and the precise phase identifica-
tion, especially for the phase transitions with small
enthalpy changes. Below, we will try to get a deeper
insight into the nature of the observed phase tran-
sitions with the help of variable-temperature FTIR
spectroscopy.

3.3. FTIR spectroscopy

The molecular structure of the complex and the na-
ture of the observed successive thermotropic phase
transitions were investigated by FTIR spectroscopy.
The formation of a supramolecular compound was
confirmed with FTIR spectroscopy by frequency

shifts and the partial or total disappearance of charac-
teristic vibrations of kC12 and CTAB. The IR-active
bands in the FTIR transmission spectra of the stud-
ied compounds were identified with the help of previ-
ously published results on fatty acids or similar molec-
ular compounds [19, 20]. From IR spectroscopic ob-
servations, the temperature-induced changes in the
alkyl chain conformation and molecular packing at
the solid-state phase transitions of the binary com-
plex were defined after the detailed study of the spec-
tral parameters of characteristic IR absorption bands.

3.3.1. Alkyl chain CH2 stretching vibrations

and conformational ordering of hydrocarbon

tails of the kC12-CTAB complex

The alkyl chain conformation in different phases of
the complex can be derived from the position of sym-
metric and asymmetric CH2 stretching bands. It is
known that the frequency of CH2 asymmetric stretch-
ing vibrations of the alkyl tail decreases with the
conformational ordering in the hydrocarbon chain
[21]. The C–H stretching vibrations of the alkyl
chain are sensitive to the conformation of methy-
lene chains. For example, when the CH asymmet-
ric stretching νs(CH2) band is positioned lower than
2852 cm−1, this indicates of a more ordered crys-
talline structure, while its higher values are represen-
tative of disordered crystal phases and liquid crystals
[22]. Therefore, CH2 stretching vibrations are used as
a reference for the conformational order of a methy-
lene hydrocarbon chain of long-chain aliphatic com-
pounds. The fragment of the variable-temperature
FTIR spectra for the complex in the C–H stretch-
ing region is shown in Fig. 4, a. The asymmetric and
symmetric CH2 stretching vibrational frequencies,
νas(CH2) and νs(CH2), respectively, are observed
at 2917 and 2849 cm−1. The asymmetric νas(CH3)
and symmetric νs(CH3) CH3 groups stretching vi-
brations are located at 2955 and 2873 cm−1, re-
spectively, with lower intensities. The νas(CH3) po-
sition at a frequency lower than 2956 cm−1 is an
indicative of the crystalline structure. The νas(CH2)
stretching band observed at 2917 cm−1 suggests a
highly ordered alkyl chain with all-trans CH2 confor-
mation. When the temperature increases, this band
shifts from 2917 to higher 2924 cm−1 frequencies,
which means that the number of gauche conform-
ers increases, and the number of highly ordered all-
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a

b

Fig. 4. Temperature evolution of (a) FTIR spectra of the
1 : 1 kC12-CTAB complex in the CH stretching region, and (b)
peak position for νs(CH2) (open circles) and νas(CH2) (filled
circles). Solid lines in graph (b) are drawn as a guide for eye

trans conformers of alkyl chain decreases. This be-
havior corresponds to a change from the ordered
crystalline solid phase to a more disordered liquid
or liquid crystalline one. Figure 4, b presents the
temperature dependence of νas(CH2) and νs(CH2)
stretching frequencies. Although a gradual increase
in this value with the temperature is observed, it
is not a linear relationship. It can be clearly seen
from Fig. 4, b that, for both νas(CH2) and νs(CH2),
there is more than one gradient change between the
lower and higher frequency regions, showing that at
least two phase transitions are involved in the cor-

responding temperature range. The gradient change
points fairly well match the transition temperatures
observed in DSC thermograms for the kC12-CTAB
complex (Fig. 3). Therefore, we could conclude that
the mechanism of the observed phase transitions is
related to the alkyl chains disordering and/or melt-
ing. However, it is difficult to define the precise na-
ture of the observed phase transitions based only
on the CH2 symmetric and asymmetric stretching
bands. Therefore, relevant changes in the FTIR spec-
tra in the head group vibrations region need to be
considered as well.

3.3.2. Alkyl chain CH2 rocking vibrations

and molecular packing of hydrocarbon tails

of the kC12-CTAB complex

Additional information about the alkyl chains pack-
ing could be retrieved from the in-plane CH2 rocking
vibrations band, δ(CH2), in the 720–800 cm−1 spec-
tral range. This band is known to be very sensitive
to lateral chain interactions and the molecular pack-
ing in the condensed state [23]. Another important
feature is the observed splitting of the δ(CH2) band
into a doublet with two components at 720 cm−1

and 730 cm−1. It is known that the splitting of IR
absorption bands into several components with dif-
ferent polarizations (known as the Davydov splitting
(DS) of vibrational excitons) appears due to the or-
dered crystalline environment, and it is generally ob-
served for crystals with several molecules per unit
cell. In aliphatic compounds, this splitting is charac-
teristic of the orthorhombic packing of all-trans alkyl
chains with two translationally non-equivalent CH2

fragments in Vand’s subcell and is absent in the mon-
oclinic and triclinic crystals [23]. It is worth to note
that the Davydov splitting value decreases, as the
lateral interaction between the alkyl chains decreases
[24]. Therefore, the changes in the alkyl chains pack-
ing can be defined from the temperature dependence
of the Davydov splitting (DS, cm−1) of the δ(CH2)
absorption band.

Figure 5 shows the DS temperature dependence
of the δ(CH2) mode in the FTIR spectra of the bi-
nary complex and the initial compounds kC12 and
CTAB. As seen from Fig. 5, in the FTIR spec-
tra of the complex, the δ(CH2) band is centered at
720 cm−1, which is indicative of fully extended methy-
lene chains. The observance of the Davydov split-
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ting of the δ(CH2) band for the complex indicates
that the methylene chains of both kC12 and CTAB
moieties in the crystalline phase of the supramolec-
ular compound are packed in a lamellar structure
with two molecules per orthorhombic Vand’s sub-
cell. It is worth mentioning that the initial kC12 does
not display DS in its crystalline phase, since it be-
longs to a triclinic crystal structure with one molecule
per Vand’s cell. The room temperature DS value
in the initial CTAB (11.5 cm−1) is larger, as com-
pared to its value in the complex (9.5 cm−1) indicat-
ing a more loose packing of alkyl chains in the crys-
talline structure of the binary complex. These differ-
ent values of DS observed for the complex and CTAB
alone agree well with the results of X-ray diffrac-
tion. Both for pure CTAB and the complex, the DS
value gradually decreases with the temperature, the
decrease rate being faster for the complex. The DS
value drops to zero at T = 60 ∘C and T = 114 ∘C
for the complex and CTAB, respectively, suggest-
ing that, at these points, a change in the methy-
lene chains packing from the orthorhombic into an-
other crystalline structure occurs. From Fig. 5, a, a
drastic broadening of the Davydov splitting compo-
nents above the solid-solid phase transition temper-
ature is also seen. This indicates that, in the newly-
formed phase, the methylene chains are in a dynam-
ically disordered or hindered rotation state and are
packed in the so-called hexagonal or rotary phase
[25]. Considering that a conformational disorder of
alkyl chains is developed at the same temperatures,
as defined from the changes in the FTIR spectral pa-
rameters of CH2 stretching vibrations (Fig. 4), all
these changes indicate a cooperative nature of the
observed solid-solid phase transitions in the complex,
which includes the temperature-induced alkyl chain
“melting” phenomenon in the bilayers followed by
the transition in the crystal structure from the or-
thorhombic to hexagonal phase. Note that the phase
transition points defined for the complex from FTIR
spectroscopy are close to, but not exactly matching
those defined with DSC measurements (Fig. 3). The
difference can be attributed to the different temper-
ature gradient distributions over the sample in the
DSC (sealed pan) and FTIR (KBr windows sandwich)
measurements.

Summarizing, our variable-temperature FTIR spec-
troscopic measurements suggest that the successive
endothermic phase transitions occurring in the com-

a

b

Fig. 5. Temperature dependence of the δ(CH2) rocking mode
(a) and the Davydov splitting, DS, (b) in the FTIR spec-
tra of the 1 : 1 kC12-CTAB binary complex (filled circles) and
the initial compounds: kC12 (open circles), and CTAB (open
squares)

plex are connected with a cooperative dynamical di-
sorder in its structure due to the conformational “me-
lting” and hinderedmolecular rotations of alkyl chains.

3.3.3. Head group vibrations region

The existence of binding non-covalent interactions be-
tween the kC12 and CTAB moieties in the complex
could be inferred from the changes in the FTIR spec-
tra in the region of characteristic vibrations of the
polar terminal group. There are the 1600–1800 cm−1
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a

b

Fig. 6. Temperature evolution of the carbonyl stretching band
in the FTIR spectra of pristine kC12 (a) and the 1 : 1 kC12-
CTAB binary complex (b)

region of ν(C=O) carbonyl stretching vibrations,
900–1000 cm−1 region of ν(C–N+) stretching, and
1400–1500 cm−1 region of N+–(CH3)3 bending vibra-
tions. Figure 6 illustrates the temperature-induced
changes of the ν(C=O) band before and after the
kC12 doping with CTAB. In the room-temperature
FTIR spectra of the initial kC12 (Fig. 6, a), the car-
bonyl stretching band of the crystalline kC12, which
occurs in the solid state in a dimeric form, has only
one strong band at 1700 cm−1 with a shoulder at
about 1688 cm−1 due to ν(C=O) vibrations in co-

Fig. 7. Temperature evolution of the carbonyl stretching band
/components position for the 1 : 1 kC12-CTAB binary complex
(squares) and pristine kC12 (circles)

existing trans- and cis-conformations of hydrogen-
bonded cyclic dimers. Upon the heating, the confor-
mational equilibrium is shifted in favor of the trans-
form, so the cis-conformer vibration band weak-
ens. Finally, at the melting temperature, the single
C=O stretching band remains with the peak posi-
tion shifted to 1712 cm−1. This is due to the fact
that, in its crystalline form, the acid molecules are
arranged in dimers, but this association is less or-
dered under the melting, leaving a more electron den-
sity in the single C=O bond and, therefore, mak-
ing it stronger. In the FTIR spectra of the complex
(Fig. 6, b), the carbonyl stretching band of dimeric
acid molecules centered at 1700 cm−1 is not further
observed. But a new blue-shifted band is displayed at
1716 cm−1. The 1716 cm−1 band position indicates
the presence of a carboxylic carbonyl group that is
not hydrogen-bonded, as compared to that in the ini-
tial kC12 acid dimers, and is much “free” than kC12
monomers. As can be seen from Fig. 7 illustrating
the temperature evolutions of the carbonyl stretch-
ing band position for the complex and pristine kC12,
the shift to higher frequencies occurs gradually until
it reaches the critical temperature, where an abrupt
change occurs. These temperatures are about 44 ∘C
for the pristine kC12 and 57 ∘C for the complex and
match well the temperatures of the first solid-solid
phase transition obtained for these compounds by
DSC. As was shown above, at the same time, the
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conformational “melting” of well-ordered hydrocar-
bon chains has already occurred, by triggering a tran-
sition from the orthorhombic packing of methylene
chains to the hexagonal phase. This gives an increase
in the distances between the polar COO− and N+–
(CH3)3 groups, which leads to a weakening of the
binding interaction and results in a shortwave shift
of the C=O stretching band. Since both structural
changes were observed simultaneously, the gradual in-
crease of the C=O stretching frequency seems to be
correlated with changes in the alkyl chain packing.

In the prepared supramolecular complex, the kC12
dimers do not further exist, and the N+–(CH3)3
group is located near the carbonyl one instead of
that of the second acid dimer in the pristine kC12.
The electrostatic field of N+ ion of CTAB is scree-
ned partially by its “umbrella” CH3 groups. This
leads to increasing the carbonyl stretching force
constant and, therefore, to a high-frequency shift
of its position. This binding electrostatic interac-
tion together with the hydrophobic interchain in-
teraction govern the formation of a supramolecu-
lar complex. The molecular structure of the com-
plex is similar to that of bitail lipids with two alkyl
tails from kC12 and CTAB moieties and the bulky
head-group comprising electrostatically bind ionized
carbonyl group COO− and the trimethylammonium
cation N+(CH3)3. Meanwhile, some authors consider
this interaction as an extreme form of the hydrogen
bonding with proton transfer [26]. However, we have
no clear explanation at present for this kind of inter-
action, and it needs a further investigation.

The further support for a modified head-group
structure could be obtained from the observed
changes in the FTIR spectra in the regions of C–
N+ and N+–(CH3) stretching vibrations of the CTAB
moiety of the complex. As illustrated by Fig. 8, the
vibrational bands of a trimethylammonium cation
also change after the binary complex formation. It
can be seen from Fig. 8 that the C–N+stretching
(Fig. 8, a) and δas(N

+–CH3) (Fig. 8, b) bands in the
complex are broaden and shifted to lower frequencies,
as compared to that in the initial CTAB. Note that,
in Fig. 8, b, the 1480 and 1487 cm−1 bands are as-
signed to the δas(N

+–CH3) stretching mode, and the
1462 and 1472 cm−1 absorption bands are related to
the ρ(CH2) mode Davydov splitting. Similar to the
CH2 rocking mode, the δ(CH2) mode splitting value
decreases with the temperature. Finally at the melt-

a

Fig. 8. Temperature evolution of the C–N+ stretching (a)
and N+–(CH3) (b) bending vibration bands in FTIR spectra
of the 1 : 1 kC12-CTAB complex against the pristine room-
temperature CTAB (dotted line)

ing temperature, the single broad band is observed at
1468 cm−1 indicating a collapse of interchain interac-
tions and an increase in the chain rotation, which
is usually associated with the liquid state. The weak-
ness of the δas(N

+–CH3) band centered at 1487 cm−1

supports the contention that since the N+–(CH3)3
group in the complex is electrostatically bound to
a COO− group, the modified head group structure
occupies a larger volume, by giving more freedom
to CH3 group molecular rotations in the crystalline
phase. This may be a reason for the corresponding
N+–(CH3)3 stretching band in the crystalline com-
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Fig. 9. Schematic representation of the molecular packing of
the 1 : 1 kC12-CTAB binary complex in the crystalline state

plex to be shifted and broadened, as compared to
that of pure CTAB due to the increased molecular
motion.

Summarizing, the analysis of FTIR spectroscopy
data for both the head group and alkyl chain vibra-
tions of the complex shows that all changes that oc-
cur after the complex formation, as well as at the
temperature-induced phase transitions related to the
disordering or melting of the alkyl chain can be ob-
served in the infrared spectra. The temperatures, at
which all these transitions are observed, well match
those obtained with the DSC method. The analysis
of FTIR spectroscopic results suggests a cooperative
mechanism of successive solid-state phase transitions
in the complex that involves the “melting” of alkyl
chains followed by a structural transition to the crys-
talline hexagonal phase with hindered rotation of the
coupled kC12-CTAB moieties with the further melt-
ing of the electrostatically bonded complex.

3.3.4. Discussion of the molecular

packing in the solid kC12-CTAB complexes

The analysis of data obtained from our XRD, DSC,
and FTIR spectroscopy measurements allows us to
suggest the following crystalline structure of the re-
sulting binary complex. Let us consider the equimo-
lar binary complex consisting of CTAB and kC12
acid. According to XRD data, neither CTAB nor
kC12 molecules are arranged in their initial structure,
but they are packed in a new way. The XRD pattern
obtained for the complex indicates that it crystallizes

in a bilayer structure with methylene chains tilted to
the layer plane at an angle of about 70∘. However,
the XRD data do not give us the molecular arrange-
ment in the bilayers. According to our DSC results,
the first phase transition temperature in the com-
plex increases by about 10 C, as compared to that
of the pristine kC12. This suggests that the kC12
and CTAB moieties in the binary complex are not
located separately in different layers (which will melt
therefore separately), but are located nearby. In ad-
dition, the FTIR spectra reveal the Davydov splitting
for CH2 rocking vibrations at the room-temperature
spectra of the binary complex, while no such splitting
was observed for the pristine kC12. This observation
confirms the orthorhombic structure of the binary
complex with two translationally nonequivalent alkyl
chains in Vand’s subcell for both kC12 and CTAB
moieties. Based on these results, we suggest the possi-
ble molecular structure for the complex that is shown
in Fig. 9. We could assume also the similar structures
for other previously studied 1 : 1 FA-CTAB complexes
with different mismatches of alkyl chain lengths.

According to our model, both alkyl chains in the
binary complex in the crystalline state are packed in
a lamellar structure with orthorhombic Vand’s sub-
cell with two molecules, despite that the initial kC12
has a triclinic crystal structure with one molecule per
Vand’s cell. It is the non-covalent binding interactions
with CTAB molecules that are responsible for the ob-
served changes in the packing of kC12 chains in the
crystal structure of the complex.

4. Conclusions

For the first time, the equimolar solid-state binary
complex of long-chain cationic and anionic surfac-
tants comprising kC12 lauric acid and CTAB is
prepared. The crystal structure and the solid–liquid
phase behavior of the prepared complex are investi-
gated by means of X-ray diffraction, differential scan-
ning calorimetry, and temperature-variable Fourier
transform infrared spectroscopy. It is found that the
complex crystallizes in a bilayer structure, which is
held together by both electrostatic bonding in the
head-group and hydrophobic interactions between the
methylene chains. This is confirmed with the FTIR
spectroscopy. The DSC study confirmed the forma-
tion of the binary complex with a melting point dif-
ferent from those of pure lauric acid and CTAB and
with a number of successive phase transitions; the
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melting point of the complex corresponds to the solid-
solid phase transition in pristine CTAB. With FTIR
spectroscopy, it is shown that the observed phase be-
havior reflects the intermolecular interaction between
the binary complex moieties. It is also revealed that,
unlike the initial acid, the alkyl chains of kC12 moi-
eties in the crystalline state of the binary complex are
packed in the orthorhombic structure.

Using a temperature dependence of the Davydov
splitting of methylene rocking modes, the changes in
the packing of methylene chains in different phase
states are revealed. The good correlation between the
DSC and FTIR data suggests a cooperative mecha-
nism of successive phase transitions in the complex
that involves the conformational “melting” of alkyl
chains followed by a structural transition from the
orthorhombic to hexagonal phase with hindered rota-
tion of coupled kC12-CTAB moieties with the further
melting of the electrostatically bonded complex.
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СПЕКТРОСКОПIЧНI ТА КАЛОРИМЕТРИЧНI
ДОСЛIДЖЕННЯ БIНАРНИХ СУМIШЕЙ
ДОВГОЛАНЦЮЖКОВИХ АЛIФАТИЧНИХ
СПОЛУК: ЛАУРИНОВА КИСЛОТА
ТА БРОМIД ЦЕТИЛТРИМЕТИЛАМОНIЮ

Р е з ю м е

Проведено комплексне дослiдження структурних та тер-
мiчних властивостей твердотiльних бiнарних сумiшей дов-
голанцюжкових катiонних i анiонних поверхнево-активних

сполук (так званих катанiонних комплексiв), що скла-
даються з бромiду цетилтриметиламмонiю, [H3C(CH2)15-
N+(CH3)3]Br−(ЦТАБ), та насичених жирних кислот
(ЖК), зокрема CH3(CH2)12COOH (лауринова кислота,
kC12). Для з’ясування впливу мiжмолекулярної взаємодiї
на особливостi кристалiчної структури та фазових перехо-
дiв у цьому класi супрамолекулярних сполук, в представ-
ленiй роботi ми придiлили особливу увагу дослiдженню бi-
нарної сумiшi 1 : 1 кС12-ЦТАБ за допомогою методiв рент-
генiвської дифракцiї, диференцiальної скануючої калори-
метрiї (ДСК) та iнфрачервоної спектроскопiї з перетворе-
нням Фур’є у широкому iнтервалi температур (20–150 ∘С).
На пiдставi порiвняння отриманих результатiв з одержа-
ними нами ранiше для iнших бiнарних сумiшей ЦТАБ з
ЖК з бiльш довгими алкiльними ланцюжками, запропоно-
вано можливу молекулярну упаковку в кристалiчнiй стру-
ктурi комплексiв ЖК-ЦТАБ та встановлено механiзм по-
слiдовних фазових переходiв у конденсованому станi таких
сполук.
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