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Sodium deoxycholate forms supramolecular aggregates in aqueous solution that are strongly dependent
on temperature and pH. Upon fine tuning of these physicochemical parameters, two supramolecular
aggregates can be achieved: a nanotubular phase having viscoelastic, gel-like, behavior and a sponge liq-
uid phase. In this work, the thermodynamics of the transition between the two phases is characterized.
Temperatures, volumes, and enthalpies of such transition have been experimentally determined using
vibrating tube densitometry and differential scanning calorimetry. In addition, electron microscopy is
used to follow the morphological transition between the two supramolecular structures. The dependen-
cies of the thermodynamic properties with the pH and surfactant concentration of the solution are char-
acterized, and the micrographs obtained from electron microscopy is used to explain the
thermodynamics of the system.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Natural bile salts are amphiphilic molecules considered as non-
classic surfactants[1–3]. Unlike classic surfactants with a polar
head attached to an apolar flexible chain, bile salts have a rigid
steroid skeleton with three methyl groups, one or more hydroxyl
groups, and a flexible chain that ends in a carboxylate group
attached to this skeleton (see Fig. 1). The bifacial orientation of
the polar and apolar substituents over the skeleton is responsible
of their tensioactive behaviour in aqueous solution, including the
formation of several structures, like micelles, nanotubes, or fibers,
depending on the bile salt and experimental conditions.[2,4–10].

Common surfactants follow the aggregation model described by
Israelachvili, [11,12] where different structures can be found: an
isotropic phase in liquid solution at very low concentrations,
micelles, rods, cubic or sponge phase, depending on the degree of
ordering in their internal structure, lamellar phase, in which lamel-
lar sheets, vesicles and nanotubes can be found, and the same
structures as the former phases, but inverted at higher concentra-
tions. The presence of a specific phase depends on the type of sur-
factant, its concentration, and the conditions of the external
environment.

In this context, it was recently found that one of the natural bile
salts, sodium deoxycholate (Fig. 1), shows an aggregation model in
water that follows the behavior of classic surfactants [13]. A nan-
otube bundle phase with a self-standing gel consistency and a liq-
uid sponge phase with a thixotropic phase change between them
[14,15] were detected among the mesophases assembled by this
bile salt. The hydrogel (nanotube bundles) are transformed into a
liquid phase (sponge) as the pH or the temperature are increased
(Fig. 1).

The behaviour of this gel has been extensively studied by X-ray,
fluorescence, NMR and rheological techniques [14–20]. It must be
pointed out that the observed structural changes for this bile salt
appear in physicochemical conditions of high interest from a phys-
iological perspective: aqueous solutions with a pH around 7 and
slightly above room temperature, i. e, within the ranges where
these molecules are involved in the living organisms[21–23]. In
order to get a wider picture on the physical phenomena that are
involved in this transition, and thus, to obtain a more precise mod-
elling of the internal architectures that appear in this system, in
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Fig. 1. Sodium deoxycholate mesophase transition between a self-standing gel (nanotube bundles) and a liquid solution (sponge phase) [13].
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this work, a thermodynamic study of this gel-liquid phase change
is carried out. In addition, new images of the microscopic structure
of both phases are obtained from electron microscopy experi-
ments. It must be noted that tiny variations in the external condi-
tions of the medium triggers this mesophase change, and,
therefore, this could be useful for future practical applications such
as the dosage of poorly soluble drugs and their targeting or con-
trolled release through the external stimuli modulation (pH or T)
either physiologically or artificially controlled.
2. Experimental

Solutions were prepared by weighting the powders with a Met-
tler AE240 balance, having an estimated uncertainty of 0.1 mg.
Besides sodium deoxycholate (NaDC), NaH2PO4 or Na3PO4 were
also added to the solutions, since they stabilize the structure of
the aggregates [13]. The pH was measured in a Jenway 3520 pH
meter and adjusted by adding HCl or NaOH. The solutions were
vigorously stirred to achieve homogeneity. Once the sample is pre-
pared, gel consistence appears within 5–15 min. The gelling time is
strongly dependent on the solution pH: the higher the pH value the
longer the aggregation time.
2.1. Vibrating tube densimeter (VTD)

Density was measured using an Anton Paar VTD DMA5000.
Uncertainty in these measurements is estimated in 1�10-4 g�cm�3,
although much better reproducibility, around 2�10-6 can be
achieved [24]. Calibration was done using Milli-Q water and dry
air. It is a well-known fact [24] that samples with high viscosity
provoke a damping in VTDs oscillation that induces a wrong value
of the density-the measured density is larger than the real one-,
which must be corrected. This instrument performs automatically
this correction, which is very relevant in the context of the present
work. The gel solutions present a large viscosity, whereas the liquid
ones are only slightly viscous. Therefore, the viscosity correction
can be used as an experimental, very sensitive, probe to detect
the transition between these two states. Since this instrument is
designed to perform measurements for liquids, and the aggregated
state has viscoelastic behavior, density measurements in this phase
2

could show large uncertainties. This issue has been studied for dif-
ferent materials[25,26], concluding that this kind of densimeters
are usually very reliable for viscoelastic samples. However, in order
to check the results obtained with this apparatus, density measure-
ments have been also performed in a dilatometer. It consists in an
Erlenmeyer flask closed with a screw cap connected to a capillary
tube with internal diameter of 1.9 mm, submerged in a thermo-
stating bath. The dilatometer was calibrated with milliQ water,
being its density taken from [27]. The solution density was deter-
mined by weighing and by measuring the position of the meniscus
in the capillary. A comparison for some samples using vibrating
densitometry and dilatometry has been carried out, finding excel-
lent agreement, better than 0.00003 g�cm�3. Therefore, only data
from vibrating tube densitometry is included throughout the
paper. Relative standard uncertainty in transition volume and
uncertainty in transition temperature, Tt, are estimated in 7% and
3 K, respectively.
2.2. Differential scanning calorimeter (DSC)

Transition enthalpy of the solutions was determined using a
DSC-Q20 from TA Instruments, Eschborn, Germany. Around
15 mg of sample was introduced in the closed aluminum experi-
mental pan, whereas the same amount of water was used as refer-
ence. Experiments were performed at 2 K�min�1, in the
temperature interval (283.15 – 358.15) K giving 30 min of equili-
bration at the lowest temperature. Calibration of the instrument
was carried out using Milli-Q water, being its fusion enthalpy data
obtained from literature [28]. Relative standard uncertainty in
transition enthalpy is estimated in � 8%.
2.3. Transmission electron microscopy (TEM)

TEM images were recorded on a JEOL JEM-1011 transmission
electron microscope (80–100 kV) with a MegaView G2 camera.
Samples were prepared by dropping solutions onto copper grids
coated with Carbon-type A film. Excess water was removed by fil-
ter paper and the samples were dried at room temperature. Elec-
tron microscopy images of sponge-type phase and lamellar
sheets were collected at a short exposure time to avoid damages



A. Jover, J. Troncoso, Maria Chiara di Gregorio et al. Journal of Molecular Liquids 361 (2022) 119621
of the aggregates and their internal structure. The micrographs col-
lected on these samples exhibit a dark contrast since low voltage
electron intensity was used and due to an abundant presence of
lamellar structures that covers the whole grid.

2.4. Cryogenic-transmission electron microscopy (cryo-TEM)

The vitrification process of the samples was performed with a
FEI Vitrobot. A 3 ml drop of an aqueous solution of the samples
was placed on a TEM Lacey carbon copper grid, the excess of water
was blotted with filter paper and the grid was freeze-plunged into
liquid ethane. Samples were then transferred under liquid nitrogen
atmosphere to a Gatan TEM cryo-holder equipped with a liquid
nitrogen reservoir. In this way, samples were handled and
observed at T = 100 K. Cryo-TEM images were obtained in a Tecnai
T20 (Thermofisher) with a working voltage of 200 KV and a CCD
Veleta (lateral camera).

2.5. Scanning electron microscopy (SEM)

SEM and STEM images were recorded on a FESEM Ultra plus-
ZEISS (20–30 kV). Images were collected using InLens, secondary
electrons (SE), and STEM (transmission mode) detectors. Samples
were prepared by placing a drop of samples on copper grids coated
with Carbon-type A film, removing the excess solution with filter
paper and air for drying them.

2.6. Cryogenic-scanning electron microscopy (cryo-SEM)

For the sample preparation, a drop of the solutions was depos-
ited in a SEM holder and submerged into liquid nitrogen. The fro-
zen samples were kept in liquid nitrogen and transferred by using
a vacuum cryotransfer device (GATAN ALTO2100). Samples were
freeze-fractured at � 120 �C and were observed at the same tem-
perature in an JEOL JSM-6360LV by using a secondary electron
detector (5 kV).

2.7. Crystalographic data

CCDC 1,123,586 (RbDC-H2O (1/10)) [29], CCDC 1,247,414
(RbDC-H2O (1/1)) [30], and CCDC 211,570 (HDC-H2O (1/2)) [31]
contain the supplementary crystallographic data used to assemble
the related figures. These data can be obtained free of charge from

The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.

uk/structures.
3. Results and discussion

Density correction due to the sample viscosity Dqwas obtained
from corrected, qcorr, and raw density data, qmeas from:

Dq ¼ qmeas � qcorr ð1Þ
This correction is directly proportional to the viscosity, g, for

samples with moderate viscosity. However, for g greater than
around 700 mPa�s it remains almost constant, i. e. the damping
effect over the vibrating period induces very small further density
increments for gJ 700 mPa�s [32–34]. Thus, the only region for
which Dq is sensible to variations in the sample viscosity is
approximately the interval (10–700) mPa�s. It matches with the
viscosity range where the studied transition takes place, because
the sample viscosity strongly falls at the gel-sol transition. The
transition temperature Tt was obtained as the temperature for
which Dq starts to fall from the plateau, as Fig. 2 shows for a rep-
resentative sample.
3

There are some works [35,36] that have analyzed the density of
NaDC solutions. However, the experimental conditions strongly
differ from those of the present work, making a comprehensive
comparison between both data sources not feasible. As a general
comment, it can be said that the results are consistent with litera-
ture; the increment in density induced by the NaDC is around
0.0002 g�cm�3 per milligram of NaDC dissolved in 1 g of water. Vis-
cosity and density of either gel [14–20] or liquid phases [36,37],
have been previously studied, but measurements in experimental
conditions close to the sol–gel transition have not been reported.

Molar volume of the sample v (v ¼ V=N, N being the total num-
ber of moles of all species and V the total volume), was obtained
from density data and it was subtracted from that of the solution
without NaDC to observe the increment in molar volume Dv due
to the creation or destruction of the aggregates. Fig. 2 shows the
results for one of the studied samples. There, it is clearly shown
that the gel-like system presents a smaller volume than the liquid
one; i. e. gelling process involves a contraction of the system. More-
over, the transition does not seem to take place at one point, but in
a range of temperatures of 5–10 K. To get a quantitative estimation
of this transition volume, Dvt, Dv below and above the transition
was fitted to a straight line and the transition volume was obtained
as the difference between both fits at the transition temperature
(Tt). It must be pointed out that this transition volume is the differ-
ence between the two phases per one mole of solution, not per mole
of the solute. It is worth to note that Dv in the liquid phase follows
better the linear fit than in the gel, and, therefore, a narrower tem-
perature range has been selected for the latter.

The transition enthalpy was obtained by integration of the heat
capacity versus temperature curves. Fig. 3 shows the difference
between the measured heat capacity and that of the baseline for
a selected sample. There, it can be observed that the transition
from gel to liquid state is endothermic; all studied solutions show
this behavior. As above said, the transition seems to happen within
a wide temperature range. Since the molecules need time to rear-
range from tubes to sponge phases, and the calorimetric measure-
ments are dynamic, i. e. temperature is not stable, but a
temperature ramp is applied, the transition enthalpy is extended
over a large temperature range. This is significantly wider that
those obtained from density measurements, where the effects of
the transition kinetics are mostly excluded. This makes the tradi-
tional methods to determine phase change temperatures from
calorimetry to be inaccurate. Therefore, these measurements are
used only to evaluate the transition enthalpy, and not for the Tt,
which was obtained from the viscosity estimations.

As commented in the introduction, pH has a strong effect on the
appearance of the highly ordered structures observed for these
solutions. As a result, their thermodynamic properties are also
strongly influenced by the pH. Fig. 4 and Table 1 show Tt versus
pH for the studied samples. A clear negative correlation with the
pH is observed. Tt drops from 316 K at pH = 6.76 to 298 K at
pH = 7.24 for NaDC and NaH2PO4 concentrations of 40 mM and
20 mM, respectively. For larger pH values, the gel phase does not
appear, and for pH values lower than 6.7, the solution is no longer
stable, and a precipitate is observed. If sodium deoxycholate or
NaH2PO4 concentrations are increased to 80 mM and 60 mM,
respectively, the Tt raises, as shown in Fig. 4, being the lines of Tt
versus pH almost parallel to those of [NaDC] = 40 mM and [NaH2-
PO4] = 20 mM. The effect of increasing the NaH2PO4 concentration
is comparable to rising the NaDC concentration. Besides being Tt
higher, these solutions are in gel phase over a larger pH range,
obtaining stable structures up to pH around 7.5.

Fig. 5 and Table 1 show the transition volume versus pH. This
quantity hardly varies with any of the controlled physical parame-
ters: almost all solutions have shown quite similar transition vol-
umes, �0.004 cm3�mol�1, irrespective of the NaDC and NaH2PO4
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Fig. 2. Left.- Density correction (blue squares) and transition temperature obtained from these data (marked with the green line). Right.- Difference between the sample
molar volume and that of the solution without NaDC, blue squares: experimental data; red line: fits in the liquid and gel phases. Sample with [NaDC] = 80 mM,
[NaH2PO4] = 20 mM and pH = 7.34.

Fig. 3. Difference between the sample heat capacity and that of the base line for the
sample with [NaDC] = 80 mM, [NaH2PO4] = 20 mM and pH = 7.32. This sol–gel
transition shows endothermic behavior.

Fig. 4. Transition temperature Tt as a function of pH for the studied samples: blue
squares [NaDC] = 40 mM, [NaH2PO4) = 20 mM; red diamonds [NaDC] = 80 mM,
[NaH2PO4] = 20 mM; black circles [NaDC] = 40 mM, [NaH2PO4] = 60 mM.
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concentrations and pH value. Only for the most basic solutions
(pH > 7.4), a clear drop in Dvt is observed. Fig. 6 and Table 2 show
the transition enthalpy versus pH for the studied solutions. As done
for transition volume, this quantity is given by mole of solution,
not for mole of the solute. The results are quite similar to those
found for Tt, a clear negative correlation with the pH is observed
and increasing the NaDC or NaH2PO4 concentration makes the
enthalpy to raise. It is worth to note that the obtained values, are
of the same order of the micellization enthalpies for the NaDC
[38,39].

Although thermodynamic data provide very important informa-
tion about the physics of the transition, having information about
the microscopic structures that form the observed phases would
enrichen the understanding of the observed behavior for these sys-
tems. Moreover, it would allow to relate the microscopic picture
with the thermodynamics of the system. Fortunately, recently
[13], it has been shown that this is possible, and electron micro-
4

scopy images in similar conditions to those studied here have been
reported. Fig. 7 shows new images of the supramolecular struc-
tures existing in both phases. An intermediate state in the phase
transition from the sponge to the nanotube bundles phase is
shown in Fig. 8. The structure of the gel can be observed in these
pictures: bundles of nanotubes form this phase (panels a-b of
Fig. 7). On the other hand, the panels d-f of Fig. 7 clearly show that
the liquid phase retains some structure; it is not a simple liquid,
but a sponge phase. The system would be made up of deoxycholate
bilayer structure packed in a back to back way, with the apolar sur-
face (a side) towards the inside of the membrane and the polar
area surface (b side) and the side chain with its counterion fraction,
towards the aqueous environment. Such a molecular model was
previously discussed by crossing Small and Wide X ray Scattering
(SAXS-WAXS), single crystal X-ray structures and different elec-
tronic microscopies [11,13,30]. This liquid phase does not present
high organization at the molecular level like the linking of the nan-



Table 1
Transition temperature Tt and volume Dvt for the studied solutions at different deoxycholate and disodium phosphate molarities [NaDC] and [Na2HPO4].

pH Tt/K Dvt /cm3�mol�1 pH Tt/K Dvt /cm3�mol�1

[NaDC] = 40 mM, [NaH2PO4] = 20 mM [NaDC] = 40 mM, [NaH2PO4] = 20 mM
6.76 316 0.0041 7.12 299 0.0042
6.79 314 0.0047 7.13 306 0.0039
6.81 314 0.0042 7.17 300 0.0048
6.86 310 0.0036 7.22 299 0.0039
6.93 309 0.0041 7.22 300 0.0048
6.98 312 0.0041 7.24 299 0.0041
6.99 310 0.0042 [NaDC] = 80 mM, [NaH2PO4] = 20 mM
7 306 0.0036 6.98 313 0.0049
7.02 309 0.0038 7.05 310 0.0049
7.03 308 0.0038 7.16 308 0.0041
7.03 308 0.0039 7.34 305 0.0038
7.05 308 0.0039 7.42 296 0.0025
7.06 307 0.0039 [NaDC] = 40 mM, [NaH2PO4] = 60 mM
7.08 306 0.0037 6.84 317 0.0045
7.09 306 0.0036 6.94 314 0.0043
7.11 305 0.0040 7.08 311 0.0041
6.93 309 0.0041 7.17 309 0.0039
6.76 316 0.0041 7.29 307 0.0044
7.05 308 0.0039 7.46 290 0.0009
6.79 314 0.0047

Fig. 5. Transition volume Dvt as a function of pH for the studied samples: blue
squares [NaDC] = 40 mM, [NaH2PO4] = 20 mM; red diamonds [NaDC] = 80 mM,
[NaH2PO4] = 20 mM; black circles [NaDC] = 40 mM, [NaH2PO4] = 60 mM.

Fig. 6. Transition enthalpy Dht as a function of pH for the studied samples: blue
squares [NaDC] = 40 mM, [NaH2PO4] = 20 mM; red diamonds [NaDC] = 80 mM,
[NaH2PO4] = 20 mM; black circles [NaDC] = 40 mM, [NaH2PO4] = 60 mM.
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otubes [13,29,40]. Nanotubes and sponge arrangements in both
phases coexist with lamellar sheets as can be seen in the cryo-
SEM photographs (panels c and f of Fig. 7). It must be noted that
the liquid phase in Figs. 7 and 8 is shown at ambient temperature.
This has been accomplished by increasing the pH (see Figure cap-
tions). In a previous paper, [13] it has been demonstrated that the
effect of the pH increasing on the gel is similar to the effect induced
by the temperature increase (transitions observed at pH values
from 7.0 to 7.6 or temperatures from 20 �C to 40 �C). Therefore,
the same structures would be observed for the liquid phase at
higher temperatures.

The detailed molecular structure of the nanotube is hardly
detected from the electron microscopy images. However, recent
SAXS data of the gel-like system [13] suggest elongated structures
that present six sharp peaks in the WAXS range 0.83–0.50 nm, thus
indicating a relevant degree of molecular order inside the aggre-
5

gates. Five of these signals are similar to the spacings of a hexago-
nal arrangement of 8/1 trimer helixes observed by Giglio et al [40–
42] in solid state fibers drawn from NaDC gels. The highly orga-
nized arrangement at the molecular level along with the electron
and optical microscopy techniques strongly suggest that nanotube
bundle structures describe the gel mesophase. Fig. 9 displays a
molecular model for the nanotubes [13], built up from the two
crystal structures of monoclinic [30] and hexagonal [29] rubidium
deoxycholate (RbDC). This salt was used instead of NaDC because
attempts to determine the NaDC crystal structure were unsuccess-
ful. However, it has been confirmed that in the NaDC crystal has
helices and hexagonal structure, very likely identical to the RbDC
as Giglio et al confirmed [28,31,33]. The evident chemical similar-
ities between both salts, avails that the results for the RbDC can be
extrapolated to NaDC. Assuming structure similarity in both
helixes (gel and solid state), a water channel should exist inside



Table 2
Transition enthalpy Dht for the studied solutions at different deoxycholate and disodium phosphate molarities [NaDC] and [Na2HPO4].

pH Dht /J�mol�1 pH Dht /J�mol�1 pH Dht /J�mol�1

[NaDC] = 40 mM [NaH2PO4] = 20 mM [NaDC] = 80 mM [NaH2PO4] = 20 mM [NaDC] = 40 mM, [NaH2PO4] = 60 mM
6.79 6.5 7.07 13.2 6.68 10.9
6.82 5.9 7.11 9.0 6.95 7.2
7.00 5.1 7.25 7.4 7.10 6.4
7.17 3.6 7.32 4.8 7.31 5.4
7.25 1.5 7.40 5.0 7.60 1.8
7.28 0.9

Fig. 7. a) Cryo-TEM, b,e) TEM, e) SEM c,f) Cryo-SEM images of representative aggregates found in sample for a) [NaDC] = 80 mM pH = 7.36, gel b) [NaDC] = 40 mM,
[NaH2PO4] = 20 mM, solution pH 7.00, gel. c) [NaDC] 85 mM NaH2PO4 20 mM, pH 7.45, gel. d) [NaDC] 80 mM, NaH2PO4 20 mM pH 11.65, liquid. e) [NaDC] = 20 mM, pH 11.84
NaH2PO4 20 mM, liquid. f) [NaDC] = 40 mM NaH2PO4 50 mM, pH 9.15 liquid. T = 20 �C. a-c images correspond to the gel-like phase made of nanotube bundles and c-f to the
liquid (sponge) phase. Lamellar sheets coexist with both phases and can be seen in c-f micrographs.

Fig. 8. STEM images of representative aggregates found in NaDC 80 mM pH 11.65 NaH2PO4 20 mM, T = 20 �C. Lamellar sheets (yellow arrow), sponge phase (pink arrow) and
initial nanotube bundles (green arrow).
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the helix connecting the nanotubes in the gel phase. This helix
would be hydrophilic in his inner part and apolar in the external
surface, as Fig. 9 shows. The channel should have inside a mini-
mum of 3.6 water molecules for each deoxycholate anion (crystal
data [30]) and might coexist with a Na+ cation for neutrality. The
water molecules inside the NaDC channel should be less organized
than in the crystal, but more structured than water molecules in
the bulk solution. Ion-ion, ion–dipole interactions, and a network
of hydrogen bonds placed inside the helix are the forces that stabi-
lize this structure [29]. As shown in Fig. 9, this helix acts as a joint
between the nanotubes and it is, in last term, the main responsible
6

for the appearance of the gel phase. This structure can be consid-
ered as the precursor of the hexagonal crystalline arrangement of
NaDC in solid state [29,40,41].

A pH decrease in the global system increases the fraction of the
protonated bile salt (deoxycholic acid, HDC) [43]. From the per-
spective of each single molecule, when the deoxycolate anion cap-
tures a hydrogen ion, the negative global charge of the molecule is
cancelled, the polarity distribution of the molecule areas changes,
diminishing the Hydrophilic-Lipophilic Balance (HLB) [44]. The
polar and apolar molecular areas are now modified and the mole-
cules will be reorganized inside the aggregates bilayer, remodelling



Fig. 9. Molecular model for the NaDC nanotube bundles and the tubes junction[13]. Bilayer in the real structures would present certain molecular disorder. The helix
connecting the nanotubes would have a similar structure to that of the Fig. 3D models were constructed from the crystal structures of monoclinic [30] and hexagonal [29]
RbDC.

A. Jover, J. Troncoso, Maria Chiara di Gregorio et al. Journal of Molecular Liquids 361 (2022) 119621
its internal and external parts[11–13] as well as the intermolecular
forces that hold the aggregates. Small changes in the HLB can pro-
duce great variations in the external shape of the lamellar struc-
tures [12], and the neutralization of a fraction of NaDC molecules
in the membrane should vary the external shape. HDC has a low
solubility in water at acidic pH [45], and, therefore, there is a limit
in the amount of HDC molecules that can be rearranged in the
bilayer structure before HDC precipitates. The creation of the heli-
coidal structure inside the membranes, shown in Fig. 9, allows
NaDC molecules to be kept in solution in its ionic form. Coherently,
it has been found out that the helix formed by NaDC is more stable
at low pH, and therefore, the NaDC conversion into HDC does not
happen inside the channel [40]. As a consequence, the fraction of
NaDC assembling the water channel is protected from the hydro-
gen exchange and can be maintained in the structure of the trans-
parent gel system. The infinite nanotubes organization in the gel-
like system gives rise to a tricontinuous phase [12] where three dif-
ferent percolation channels coexist: the microenvironment inside
the tubes, the bulk solution, and the bilayer that form the nan-
otubes; this allows the solubilization of the HDC molecules for tak-
ing place in a much greater extent than in the bulk.

The thermodynamic measurements shown in Figs. 4-6 reveal
that two clear different phases are observed, the gel at low temper-
ature and pH and the liquid at high pH and temperature. By mak-
ing use of Dut ¼ Dht � pDv t it can be concluded that the
contribution to the change in internal energy Dut comes mainly
from enthalpy, since the term pDv t is around 0.0004 J�mol�1, ten
thousand times smaller than the typical values found for Dht . Thus,
internal energy is more positive for the liquid, a fact that reveals
that, as expected, molecular interactions are stronger in the gel
phase. Moreover, considering that at constant pressure the Gibbs
free energy variation, Dgt , is 0 at the phase transition, since
Dgt ¼ Dht � TDst , the transition entropy Dst must be positive. As
a result, the disorder increases in the gel-sol transformation. This
is also coherent with the molecular model in Fig. 9 for the gel
structure: a more ordered self-assembly helical structure of deoxy-
7

colate ions and an ordered water channel inside, differing from the
more random bilayer that generates the sponge phase.

The sol–gel transition occurs in different systems where the
gelation is carried out through processes that differ substantially
at the molecular level. Examples of these systems in liquid solu-
tions are the connection of polymers generating a three-
dimensional network through covalent bonds [46,47] or weak
interactions, as hydrogen bonds, [48] where ions or small mole-
cules can be involved [49]. This transition may also be related to
a change of the supramolecular structures including self-
assembled architectures as rods, sheets or nanotubes [50,51]. All
these processes can modify the viscoelastic properties of the whole
system and they are the main mechanisms which contribute to the
enhancement of the viscosity in gels. Traditionally, gels have been
divided into two classes: strong or quenched, and weak or
annealed [52], being the gelation irreversible for the former and
reversible for the latter. The studied deoxycholate systems belong
to the annealed gels, since gelation are made up through hydrogen
bonds and other weak interactions, being reversible as previous
works have shown [14–19].

The first theoretical models of gelation, based in percolation
concepts [53–56], had considered the sol–gel transition as purely
geometric; therefore, no singularities in the free energy would be
expected. Thus, typical phase transition magnitudes, like transition
enthalpy or volume, would not make sense. Later works, which
used more elaborated concepts based on percolation theory, led
to the conclusion that quenched gels do show singularities in its
free energy [57–61] but annealed gels do not [59,62]. Nonetheless,
it has been argued [63,64] that this is not correct, because the con-
tribution of large and complicated cyclic clusters to the free energy,
previously neglected, should have been considered. As a result, the
gel-sol transition even in weak gels would be a genuine thermal
phase transition, in fact, a first-order phase transition [63]. In any
case, the nature of the sol–gel phase change is nowadays an open
subject and a complete understanding of this transition is still lack-
ing [65].
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The experimental results reveal that the observed transition has
changes both in the volume and enthalpy, that is, it is first-order.
On the other hand, the electron microscopy images reveal that
nanotubes are observed in the gel, but they disappear in the liquid
phase. Therefore, this nanotube vanishing must have a contribu-
tion to the transition volume and enthalpy. If the sol–gel phase
transition would be purely geometric, the change in the thermody-
namic properties, i. e. the transition enthalpies and volumes, could
not be due to this gel-sol phase change and, therefore, Dv t and Dht

would come from the transition between two supramolecular
structures (from nanotubes to sponge phase). Under this hypothe-
sis, the gel would appear due to the self-assembly of the nanotubes
in a three-dimensional structure; when nanotubes vanish, the
sponge phase would emerge. Thus, the observed changes in the
enthalpy and volume would come only from the destruction of
the nanotubes, and it would not be directly related to a gel-sol
transition. Therefore Dv t and Dht would be considered as thermo-
dynamic properties that would correspond to the transformation
of the nanotube-bundled structure that forms the gel into the
sponge phase. However, if the transition from sol to gel is not
purely geometric, but it would imply some discontinuities in the
free energy -i. e. it is a first-order phase transition- this does not
apply. In this case, there would be two contributions to the transi-
tion volume and enthalpy one due to the sol–gel transition, and the
other one to the nanotube destruction. Distinguishing which
amount belong to the transition and which one to the nanotube
destruction is not an affordable task with the available precision
of the present experimental methods.

The results for Tt and enthalpy (Figs. 4 and 6) clearly show the
enhancement of the supramolecular structures as the solution
becomes more acidic, since both Tt and Dht increases as pH
decreases. This perfectly fits the above cited explanation about
the nanotube assembly: low pH values make the concentration
of the protonated bile salt to increase, modifying the hydrophilic-
lipophilic balance, and making more stable the helix that links
the nanotubes. Therefore, the nanotube phase becomes more
stable at low pH, and, as a consequence of this, the difference in
the energy between this phase and the sponge one becomes
higher, reverting in larger transition enthalpies as pH becomes
lower. This also explain the decrease in Tt with the pH: since the
nanotube structure is more stable at low pH, higher temperature
is needed to destroy it. The same tendency is attained if, instead
of decreasing pH, NaDC or NaH2PO4 concentration is raised,
although this effect is significantly more marked for the former:
doubling [NaDC] has almost the same effect than tripling [NaH2-
PO4]. This is what is expected, since the NaDC form the nanotubes,
and NaH2PO4 plays only an adjuvant role in developing these
supramolecular structures [17]. These results match previous find-
ings regarding the rheological behaviour of this system [19], since
the gel strength follows the same trends. Therefore, any of these
factors –acidity of the solution and NaDC or NaH2PO4

concentrations- promotes the formation of the nanotubes bundles,
which makes the gel to become a more structured system, as the
raise in Tt and Dht shows. As for the volume changes between
the gel and liquid phase, this effect is much milder (cfr. Fig. 5).
The volume contraction due to the formation of the nanotube bun-
dles is almost independent of the pH or NaDC or NaH2PO4 concen-
tration; only for pH > 7.2 Dvt clearly decreases. Therefore, one can
conclude that the effect of the gel structure enhancement over the
volume contraction is only relevant when the system is very disor-
dered, that is, at large pH. Further pH decrements strengthen the
gel structure, but they do not have a relevant effect over the vol-
ume contraction of the system.

Finally, it is interesting to point out that, for a given pH, Dht is
around twice larger for the solutions with [NaDC] = 80 mM than
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for [NaDC] = 40 mM. This implies that, if the enthalpy is calculated
per NaDC mole, instead of per solution mole, quite similar values
are obtained for both concentrations. Therefore, the bonding
energy between the NaDC molecules that form the nanotubes are
not significantly affected by the NaDC concentration. However, this
does not hold for Dvt: since it does not change with NaDC compo-
sition, if we consider the transition volume per NaDC molecule, we
get values twice larger for the solutions with [NaDC] = 40 mM. A
feasible explanation could be a shift in the equilibrium towards
the lamellar sheets coexisting with the bundles in the gel as the
NaDC concentration rises. The NaDC molecules of the bilayer
sheets would have a similar volume per molecule as the sponge
phase as they do not have the helical structure.
4. Conclusions

The thermodynamic and structural analysis of sodium deoxy-
cholate in aqueous solution presented in this work gives new
insights about the supramolecular structures that these solutions
present. The gel state is formed by nanotubes bundles that form
a three-dimensional structure over the whole system, whereas
the liquid state is a sponge phase. The density measurements show
that the volume difference between the gel and the liquid phases is
almost independent on the pH; only for the most basic solutions a
clear decrement in the transition volume can be observed. How-
ever, both transition temperature and enthalpy do vary with pH,
signifying that, although the structure of the sample would be
quite the same, it is weaker as pH raises: temperature breaks easier
the structure as pH becomes larger –lower Tt and as pH increases-,
and the energetic difference between gel and liquid phases is also
smaller as pH increases –lower Dht as pH raises. Therefore, the
general picture that can be extracted from these thermodynamic
analyses is that, although pH hardly affects the volumetric behav-
ior of the gel state, it strongly affects its strength and stability.

It is important to emphasize that unlike certain classes of mate-
rials as polymers [66], the transition enthalpy values between dif-
ferent phases of surfactants [67–71], and even more not classical
surfactants, are uncommonly reported. As concerns bile salts, to
the best of our knowledge, transition enthalpy data have been
reported only for few derivatives [72,73] but not for pure bile salts.
Therefore, future experimental work devoted to the study of the
thermodynamics of these compounds would give new insights that
could help to get a better understanding of the physicochemical
behavior of these systems.
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