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We  report  on the  properties  of  a new  organogelator,  which  is an  ether  derivative  of  lithocholic  acid
(7OPhOLCA).  The  correctness  of  the chemical  structure  and purity  of 7OPhOLCA  was  confirmed  by thin
layer  chromatography,  proton  nuclear  magnetic  resonance  (1H  NMR)  spectroscopy,  elemental  analy-
sis (EA)  and infrared  spectroscopy  (IR).  Phase  transition  temperatures  and  enthalpies  of  the  gel  were
obtained  by  differential  scanning  calorimetry  (DSC)  and  polarizing  optical  microscopy  (POM).  Changes  in
the  vibrational  spectra  depending  on  the  temperature  modifications  were  studied  using  the  technique  of
FTIR Spectroscopy  with  2D correlation  analysis.  The  small  angle  neutron  scattering  method  (SANS)  was
used  to  determine  the  morphology  and  internal  structure  of the  investigated  system.  It was  found  that  the
substance  forms  a non-transparent  stable  gel  with  a  spherulite  organization  at  the macro-scale  level. The
SC
ANS
D-FTIR

morphology  of the  self-assemblies  and  internal  structure  at the nano-scale  level  are  quite  different  with
variation  of the  temperature  in the  Gel  phase.  A  further  increase  in temperature  leads  to  the  formation  of
the sol  phase  again.  It turns  out that  the  temperature  of the  gel-sol  transition  changes  significantly  with
the concentration  of  7OPhOLCA.  The  results  of  the  DSC  and  SANS  measurements  indicated  the  reversible
behavior  of  the Gel-SolGel  transition  with  hysteresis  on the  temperature  during  heating  and  cooling.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Over recent years an interest in supramolecular gels based on
MOG’s (low molecular mass organic gelators) has been increas-
ng, as these substances can constitute an alternative biomaterial
o polymer gels. Since 1990 the number of publications on gels has
ncreased from near five to at least five hundred papers per year
1]. The potential applications of LMOG’s arise from the fact that
hey are sensitive to physical stimuli, such as temperature, light,
ltrasound or chemical stimuli: metal ions or anions [2]. LMOG’s
re used in drug delivery, three-dimensional cell culture [3], tissue
ngineering and regenerative medicine or photoelectronics [4].

Both natural and synthetic substances may  be used as
rganogelators. They may  be applied as three-dimensional (3D)
etworks formed from derivatives of peptides [5,6], saccharides
7], urea’s [8], or as natural nucleobases hydrogels [9–11].
Sterols – natural solid alcohols – are also commonly used for the
ynthesis of hydro- and organogelators. Their chemical structure is
ased on a saturated tetracyclic hydrocarbon perhydrocyclopen-

∗ Corresponding author.
E-mail address: dch@uph.edu.pl (M.D. Ossowska-Chruściel).

ttp://dx.doi.org/10.1016/j.tca.2016.09.013
040-6031/© 2016 Elsevier B.V. All rights reserved.
tanophenanthrene system, usually known as a steroid or sterane
nucleus [12]. The steroid system has an elongated shape and is suf-
ficiently stiff. Conformational changes within the ring under the
influence of a solvent are not possible. LMOG’s based on sterols
are most often formed as long, thread-like structures that can
easily immobilized solvent molecules. Additionally, thanks to the
presence of one or more hydroxyl groups, they can readily form
hydrogen bonds with water or organic proton acceptor solvents.

A series of azo- and polyhydroxy derivatives forming the gels
has been characterized in the literature. Some of them can even
consist of the di-sterane system [13]. Steroids are substances that
are prevalent in nature and they contain easy-to-access hydroxyl
groups. They can easily form a hydrogen bond with the proton
acceptor molecules.

Latest papers report on self-assembly LMOG’s with 2,3-
dihydroxycholestane steroids [14]. As it was described in these
papers, the presence of two  hydroxyl groups in the molecule should
facilitate the formation of hydrogen bond connections. This makes
them ideal as organogelators.
During our studies it was found that only one isomer with trans-
diaxial hydroxy groups was able to create a hydrogel with the
proposed solvents. Moreover, the presence of the gel was observed
only in chloride solvents or benzene or DMSO. The phenomenon

dx.doi.org/10.1016/j.tca.2016.09.013
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2016.09.013&domain=pdf
mailto:dch@uph.edu.pl
dx.doi.org/10.1016/j.tca.2016.09.013
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Fig. 1. Scheme of synthesis of 4-heptylox

f self-assembly after dissolving this derivative alkyl alcohol and
igher alkanes did not occur. This indicates that the type of a sol-
ent and the conformation of the asymmetric center at which the
ydroxyl group is substituted have a significant influence on the
elation process.

In recent years a new group of ionic and neutral sterols deriva-
ives containing basic amino groups has been described [15]. An
onic derivative forms the Gel phase only with chloride benzene.
ietoxyamino-derivatives are able to self-assembly in chloride
enzene or in a solvent with an addition of water, but not in pure
ater.

A special group of sterols are bile acids, which are characterized
y the presence of one or more hydroxyl groups in the sterane ring.
he presence of the carboxyl group further enhances the ability
f these substances to form intermolecular hydrogen bonds. The
ain representative of this homologous series is lithocholic acid

LCA) [16].
It is known that a molecule of LCA can easily form hydrogen

onds with proton donor-acceptor solvents. This feature makes the
imethyl sulfoxide (DMSO) is an ideal solvent. It has the ability
o form hydrogen bonds thanks to the presence of the carbonyl
xygen and acidic protons in the methyl group. Moreover, in small
oncentrations it is non-toxic to cells [17].

In this work we present a new derivative of LCA, 4-
eptyloxyphenyloxylithocholic acid ether (7OPhOLCA) as an
rganogelator in deuterated dimethyl sulfoxide (DMSO-d6). Five
alibration solutions with different 7OPhOLCA concentrations
n DMSO-d6 were prepared for checking the gelation degree.
he resulting gels were characterized by differential scanning
alorimetry (DSC), transmitted light intensity (TLI), polarized opti-
al microscopy (POM), small angle neutron scattering (SANS) and
he technique of two-dimensional Fourier transform infrared cor-
elation spectroscopy (2D-FTIR).

. Material and methods

.1. Synthesis
The synthesis of the organogelator – 4-heptyloxyphenyl-
lithocholic acid ether (7OPhOLCA) – was carried out starting
ith lithocholic acid (acronym–LCA) (99.8% purity), which was
nylo-lithocholic acid ether − 7OPhOLCA.

purchased from Sigma–Aldrich Company. Phase behavior of this
compound was  described in the literature [16]. The first step of
the synthesis was  the esterification reaction of lithocholic acid
using dried methanol (Fig. 1). LCA (Fig. 1A) had been previously
dried over phosphorus oxide (P2O5). The methanol was  a reaction
medium and a solvent. The methanol of purity 99,8% was purchased
from Sigma–Aldrich Company. Methanol was  further dried by addi-
tion of magnesium turnings and distillation of the protection from
moisture. 3 g LCA was dissolved in 45 ml  anhydrous methanol. The
reaction was  stirred for about 15 h at a temperature of 35–40 ◦C
and was monitored by thin layer chromatography (TLC). The eluate
was a mixture of methylene chloride: acetone in a ratio of 9:1. After
the reaction, the methanol was  removed by rotary evaporation. The
methyl ester of lithocholic acid (Fig. 1B) was  isolated using column
chromatography.

The next step was  etherification of the hydroxyl group of the
ester (B) using 4-heptyloxy-4′- hydroxybenzene (OHC6H4OC7H15)
in Mitsunobu reaction [18]. The product was purified using column
chromatography (eluate dichloromethane). The resulting ether
was hydrolyzed in a mixture of water-ethanol (1:1) at 40–45 ◦C
for 10 h. The hydrolysis was monitored by thin layer chromatog-
raphy. The crude 4-heptyloxyphenylolithocholic acid 7OPhOLCA
(Fig. 1C) was  purified using column chromatography (eluate
dichloromethane–methanol 95:5) and by crystallization from ethyl
acetate (three times) to constant melting point, Tm = 128.7 ◦C.

The purity of 7OPhOLCA was  denoted by TLC (Rf = 0.738,
CH2Cl2:CH3OH 9.5:0.5) and spectroscopy method 1H NMR, 13C
NMR  (Varian 400 MR), Fig. 2.

The correctness of the structure of 7OPhOLCA was  verified by
1H NMR, 13C NMR, IR and elemental analysis: 1H NMR  (400 MHz,
CDCl3 �H 7.26 ppm, 25 ◦C, TMS): ı 6.82–6.84 (d, 2H, Ph orto to

O Ph), ı 6.81–6.79 (d, 2H, −Ph orto to −O-steroid), ı 4.46 (s, 1H,
O CH , ring A), ı 3.90–3.87 (t, 2H, CH2- � to COOH), ı 2.44–2.36
(m,  1H, steroid), ı 2.29–2.22 (m,  1H, −steroid), ı 2.17–1.99 (m,  2H,
−CH2-, � to OPh), ı 1.98–1.71 (m,  9H, steroid), ı 1.58 −1.25 (m,
19H, aliphatic and steroid), ı 1.15–1.05 (m,  6H, −CH2- aliphatic), ı
0.98 (s, 3H, −CH3 steroid), ı 0.93–0.87 (m,  6H, −CH3, steroid), ı 0.66

(s, 3H, −CH3, aliphatic). 13C NMR  (400 MHz, CDCl3 �C 77.00 ppm,
25 ◦C): ı 120.04 (COO), 153.23 (ArC O-steroid), 151.53 (ArC O R),
117.62 (Ar2C,orto to O-steroid), 115.26 (Ar2C, orto to O R),
73.27 (C O, ring A steroid), 68.53 (aliph.-C-O-R), 56.62 (steroid,
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Fig. 2. NMR  spectrum of 7OP
ingC C(H)-ringD), 55.95 (steroid, ringD-C-R1), 42.77 (steroid,
ingC-C(CH3)-ringD), 40.23-12.06 (25C steroid and aliphatic). IR:
OH 3415.69 cm−1; asymmetric �CH 2929.72 cm−1; symmetric
CH − 2859.09 cm−1; �C O 1705.12 cm−1; �C C 1508.16 cm−1;
A, (a) 1H NMR, (b) 13C NMR.

−1 −1
C O H in plane 1448.46 cm − 1383.16 cm ; �O H 1227.68cm-
1; �C O 1035.62 cm−1. EA: C-77.94%, H-10.02% (calculated:
C-78.09%, H-10.11%)
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.2. Samples preparation

For SANS experiment the gel samples were prepared
y dissolving white crystalline powder of 7OPhOLCA at
oom temperature in deuterated DMSO-d6 with concen-
ration: “S1”—0.005 g/ml, “S2”—0.01 g/ml, “S3”—0.015 g/ml,
S4”—0.02 g/ml and “S5”—0.025 g/ml. DMSO-d6, isotopic purity
9,8% was purchased from Deutero GmbH Company. A deuterated
olvent is used in order to enhance the neutron contrast and
herefore the sensitivity of the SANS technique. For better homog-
nization the solutions were mixed using a shaker at temperature

 = 60 ◦C and cooled to 20 ◦C. The samples for SANS experiments
ere placed in quartz cells as shown in Fig. 3 and incubated at

oom temperature for 12 h. A non-transparent, stable gel was
bserved in the concentration above 0.015 g/ml. In this publication
e present the results of optical, spectroscopy and calorimetry

xperiments for the samples in the concentrations of 0.015 g/ml
nd 0.025 g/ml.

.3. Experimental techniques

DSC measurements at the rate of 5deg/min were performed
sing a DSC 822e Mettler Toledo Star System calorimeter. Calibra-
ion of the DSC822e Mettler Toledo Stare System was  performed
sing indium. The results of the indium check are within the toler-
nce limits defined by Mettler Toledo: Onset temperature: 156.6 ◦C
±0.3 ◦C), our results 156.3 ◦C; Heat flow 28.45 J/g (±0.6 J/g), our
esults 27.89J/g, Our calibrations correspond to the requirements of
he Mettler Toledo Stare Thermal Analysis System (User Handbook,
nstruction of the Mettler Toledo).

IR spectra of the gel materials (concentration 0.015 g/ml) were
ecorded using a FTIR Nicolet Magna 760 spectrometer. The mea-
urements were performed with a minimum of 64 co-added scans
t a resolution of 1 cm−1. For temperature-dependent FTIR mea-
urements the Linkam temperature controller was used, operating
t ±2◦/min. The temperatures were stabilized and kept constant
hile taking FTIR scans. Baseline correction was performed using

he PeakFit v4.12 [19]. The distribution of peaks on FTIR scans was
athematically described by fitting Gauss functions to the data. The

umber of peaks, peak centers and band shapes was  assigned before
tting. The heights, areas and widths (full-width at half-maximum,
WHM)  were allowed to vary during fitting. The sample of the gel at
oom temperature was placed between the ZnSe windows. During
eating and cooling, the spectra were taken at 30 ◦C, 40 ◦C, 42 ◦C,
4 ◦C, 46 ◦C, 48 ◦C, 50 ◦C, 52 ◦C, 54 ◦C, 56 ◦C, 58 ◦C. The implemen-
ation of spectrum below room temperature was not possible for
easons related to the apparatus.

Small Angle Neutron Scattering investigations were performed
t YuMO time-of-flight spectrometer at the IBR-2 pulsed reactor
Dubna, Moscow region, Russia). The studied samples were placed
n 1 mm thick quartz cells (Hellma, Germany). During data collec-
ion the samples were kept in the temperature controlled holder
±0.2 ◦C) connected to the liquid thermostat (Lauda, Germany).
tandard data acquisition time per sample was 30 min. Two ring
ire He3-detectors [20] at distances of 4 m and 13 m from the sam-

le position were used in our experiment. The scattered intensity
differential cross section per sample volume) was registered as a
unction of the momentum transfer modulus q = (4�/�) sin(�/2),

here � is the scattering angle and � is the incident neutron
avelength. An incident neutron beam distribution provides an

vailable wavelength range of 0.5 ÷ 8 Å, which corresponds to

omentum transfer range q of 0.007 ÷ 0.5 Å−1. The raw data treat-
ent was done by the SAS program [21]. The measured SANS

pectra were converted to the absolute scale by normalization to
he incoherent scattering cross section of a standard vanadium
a Acta 643 (2016) 1–12

sample. Additionally the measured spectra were corrected taking
into account scattering from the setup and empty cells, as well as
the background. The final small-angle neutron scattering curves
are presented in the absolute scale with background subtraction
[22]. The analysis of the SANS spectra was performed by the mod-
els proposed in the next sections using SasView software [23]. The
morphology of the samples at the macro-scale was  monitored using
an optical microscope OLYMPUS SZX − ILLK 200 with max  magnifi-
cation of 6.3 x (OLYMPUS OPTICAL CO (EUROPA) GMBH, Hamburg,
Germany).

3. Result and discussion

3.1. DSC measurements

For the organogelator samples with the concentration of
0.015 g/ml (mass 14.02 mg)  two full cycles of heating and cooling
at a rate of 5◦/min were performed. The second cycle is shown in
Fig. 4. The phase transition between the Crystal and Gel phases
was observed during heating in the range of temperature: from
To = −5.25 ◦C to Te = 6.32 ◦C with a peak temperature Tp = 4.72 ◦C (To,
Te—onset and endset temperature) with a high value of enthalpy
amounting to �H  = 61.21J/g.

Additionally, we  have observed transitions with small enthalpy
in the Gel phase. These transitions will be discussed in detail the
next section. Here, we  indicate the physical parameters of the tran-
sitions Gel 1 (G1) → Gel 2 (G2) and Gel 2 (G2) → Gel 3 (G3) only.

The transition from G1 to G2 occurred at 28.42 ◦C (To)—34.92 ◦C
(Te), (�H = 0.20J/g). The second transition from G2 to G3 was
observed above 39.82 ◦C (To) (�H = 0.03J/g). The phase transition
to Sol was  not observed. The substance did not decompose, while
heating up to 60 ◦C. The cooling cycle was performed immedi-
ately after the heating cycle. A minor change heat was  observed at
18.58 ◦C (�H = 0.21J/g). It was probably characterized by the transi-
tion from Sol to G3. This means that the sample was  going to at least
Sol state during heating. However, the heat of this transition was
not high enough for its registration by DSC method. G3  appeared
in the range of about 7.50 ◦C. Then, at 14.99 ◦C the transition to
G2 (�H = 0.08J/g) was observed. A suitable rate of measurement
made it possible to observe of the transition from G2 to G1 phase at
11.46 ◦C (�H = 0.09J/g). Crystallization of the substance was  iden-
tified due to an exothermic peak in the range from To = −5.37 ◦C to
Te = 7.53 ◦C (�H = 81.90J/g).

In order to verify the effect of the concentration of the gel on the
phase transition temperatures shifts, the DSC experiment for a sam-
ple with the concentration of 0.025 g/ml (26.21 mg)  was conducted
at a rate of 5deg/min. During heating an endothermic peak of melt-
ing Crystal phase to G1 phase at Tp = 4.37 ◦C (1 cycle, �H  = 52.99J/g),
4.62 ◦C (2 cycle, �H = 56.74J/g) and 4.78 ◦C (3 cycle, �H = 57.93J/g)
was observed. Unfortunately, the transitions G1 → G2 and G2  → G3
were not registered in DSC measurements for this sample. That is
the reason to make SANS experiment.

The greatest change in the phase transition temperature dur-
ing the heating cycle was observed for the phase transition
from Gel 3 to Sol phase. For a sample with the concentra-
tion of 0.015 g/ml the phase transition occurred in the range of
temperatures 39.82 ◦C–43.08 ◦C. A precise determination of this
temperature for sample “3” was  not possible, which was due to the
fact that this transition was  not observed using DSC method. For

sample “5” (concentration of 0.025 g/ml) the temperature of phase
transition from Gel 3 to Sol phase was characterized by an exother-
mic  peak in a temperature range from To = 28.75 ◦C to Te = 35.27 ◦C
(�H = 1.29J/g).



M. Ordon et al. / Thermochimica Acta 643 (2016) 1–12 5

Fig. 3. Solutions of gel 7OPhOLCA in DMSO-d6 in concentrations: 1–0.005 g/ml; 2–0.010 g/ml; 3–0.015 g/ml; 4–0.020 g/ml; 5–0.025 g/ml at room temperature.

Fig. 4. Thermograms of full cycle heating and cooling for 7OPhOLCA in DMSO-d6 (0.015 g/ml), in the range of −20 ◦C to 60 ◦C with a rate of 5deg/min for a sample with mass
14.02  mg.

Fig. 5. SANS curves (symbols) with fits (lines) for 7OPhOLCA in DMSO-d6 at concentrations C = 0.005, 0.010, 0.015, 0.020 and 0.025 g/ml at T = 10 ◦C after single heating-cooling
cycle.  The dashed lines indicate a border between regions of low and high q-values; q1 and q2 correspond to the positions of the Bragg peaks maxima. The OM images were
obtained for samples incubated in quartz cells at 10 ◦C during 12 h. Inset: variation of the correlation length L and exponent m with concentration.
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Fig. 6. Variation of the SANS spectra with temperature increase for 7OPhOLCA in
DMSO-d6 at C = 0.015 g/ml. Inset: SANS spectra (circles) for S3 at T = 20 ◦C during
cooling; red line is the result of the SANS spectra fitting by model M2;  green dashed
line is the SANS data analysis using the model M3;  blue dashed line shows the
contribution of the scattering by the cylinders (Eq. (7)). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
 M. Ordon et al. / Thermo

.2. Small angle neutron scattering (SANS)

The images of the 7OPhOLCA in DMSO-d6 with C ≥ 0.010 g/ml
shown in Fig. 5) are obtained using OM indicating the spherulite
rganization with a radius of about several millimeters at room
emperature. The similar structure has been found in gels based on
MOG’s. CNC (5�-cholestan-3�-yl N-(2-naphthyl) carbamate)/n-
lkane sols, when cooled rapidly to 0 ◦C and incubated there, are
nown to yield gels with self-assembled fibrillar networks in the
orm of highly branched, small fibers in spherulitic aggregates
24,25]. The formation of the tubular spherulites in an aqueous
olution at pH = 7.5 has been observed in self-assembling litho-
holic acid [26].

.2.1. Morphology and internal structure
The morphology and internal structure of self-assemblies at the

ano-scale was performed by small angle neutron scattering. The
otal SANS intensity I(q) is a sum of three contributions

(q) = I(q)L + I(q)S + IIncoherent (1)

he first term in Eq. (1) describes the scattering from large
elf-assemblies and corresponds to the region at low q values
q < ∼0.1 Å−1), where the shape of the investigated samples can
e obtained. In this region the scattering cross-section does not
epend on the particles interaction. The fractal dimension D can be
etermined in this region using the Porod regime (log I(q) vs. log q)
27]. In this case the scattering intensity is determined by a power
aw:

(q)L ∼ q−n (2)

where n is a power-law (Porod) exponent, which gives infor-
ation assemblies at the length scale of ∼100–900 Å. It should be

oted about the morphology of the self- that the size of large self-
ssemblies is apparently quite bigger than the d-space which can
e determined from the available q region by SANS method. The n
alue is related to a surface fractal dimension as Ds = 6 − n, when n
aries from 3 to 4 or the mass fractal dimension as Dm = n, when

 has a values of 1–3 [28]. The Ds = 3 indicates the surface with
aximum roughness, while at Ds = 2 a Porod scattering (I(q) ∼ q−4)

xhibits a perfectly smooth surface and can be interpreted in our
ase as a scattering from self-assemblies with a sharp interface
o the surrounding solvent. The fractal dimension Ds less than 2
ndicates that the surface is diffuse. The second term I(q)S in Eq.
1) originates from small structures at the length scale ∼ 100–10 Å
nd characterizes the interactions between small self-assemblies or
ndividual molecules and solution. Ornstein-Zernike (Lorentzian)
quation is commonly used to describe the solution scattering from
elf-assembled hydrogels [29,30]:

(q)S C/[1 + (q L)m] (3)

here m is a Lorentzian exponent, L is a correlation length and C
s a constant. Then the SANS data can be analyzed using a simple
unction:

(q) = A/qn + C/[1 + (q L)m] + B (4)

n Eq. (4), B is a q-independent (mostly incoherent) scattering back-
round.

The SANS spectra for 7OPhOLCA in DMSO-d6 at concentrations
 = 0.005, 0.010, 0.015, 0.020 and 0.025 g/ml at T = 10 ◦C in a double

og scale (log I(q) vs. log q) are presented in Fig. 5. The scattering
t high q region is characterized by two Bragg peaks with positions

f the maxima in the relation q1:q2 = 1:2, indicating the lamellar
tructure of the system. The corresponding inter-lamellar distance
an be calculated as dN = N 2�/qN. This is confirmed by the result
f [31] where the lamellar structure of lithocholic acids (0.1 wt%)
of  this article.)

recrystallized from DMSO/H2O (1:9) at the molecular length scale
was observed by atomic force microscopy and wide angle X-ray
scattering.

In order to analyze the measured SANS data, the following model
(M1) is used

I(q) = A/qn + C1/[1 + (|q−q1|L)m] + C2/[1 + (|q−q2|L)m] + B(5)

where A, n, m,  C1, C2, L, qN1 and B are all floating parameters in the
nonlinear least squares fits to the SANS data.

Analysis of the SANS data in the low q region specified the
Porod exponent n = 2.4 and n = 4 for 7OPhOLCA in DMSO-d6 with
C = 0.005 g/ml and C ≥ 0.010 g/ml, respectively. It means that the
morphology of the self-assemblies changes with the increasing
concentration up to 0.010 g/ml only. The self-assemblies exhibit
a sharp interface to the surrounding solvent while the studied
system has the spherulite organization at the macro-scale. Never-
theless all investigated samples demonstrate a short-range order.
The inter-lamellar spacing decreases with the increasing concen-
tration: 50.2 ± 0.5 Å (S1), 45.9 ± 0.1 Å (S2) and 44.5 ± 0.1 Å (S3–S5).
It is remarkable that the computed end-to-end distance of the
7OPhOLCA molecule (lm) in optimized geometry equals 25.6 Å
(MOPAC2016, PM7). The value of 50.2 Å is approximately of a
doubled molecule length. Thus it can be assumed that the lamel-
lar structure is formed by the repetition of the dimers elongated
orthogonally to the plane of the layer as it was  discussed in details
in the case of bile acids [31]. The statement about the dimer asso-
ciations is based on the nature of the 7OPhOLCA molecules that
make hydrogen bonds between the COOH groups only as com-
pared to the LCA molecules. In lithocholic acid the COOH group
of one molecule may  associate itself in hydrogen bonding with
the COOH (predominantly) or OH groups of another LCA molecule
[26,31]. Decreasing of the d-value for samples S2–S5 induced by
the increasing concentration can be interpreted as the interdigita-
tion, perhaps combined with molecular tilting with respect to the

lamellar planes. At the same time the coherent length increases
from 34.5 ± 5.8 Å to 79.2 ± 10.5 Å, while the exponent m decreases
from 3.7 ± 0.1 Å to 2.1 ± 0.4 (shown in Fig. 5).
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Fig. 7. Optical microscopy image for 7OPhOLCA in DMSO-d6 at concentration C = 0.025 g/ml (A) after preparation, (B) after 4 days (inset: max. magnification of 6.3× for the
crystallization center) and (C) after 14 days.

Fig. 8. SANS curves for 7OPhOLCA in DMSO-d6 with concentrations C = 0.015, 0.020 and 0.025 g/ml at T=20 ◦C after preparation (left) and after 14 days (right).

Fig. 9. Diagram of the Sol–Gel transition in depending on the temperature and sample concentration for (A) heating and (B) cooling.

Table 1
The variation of the parameters Porod exponent (n), Lorenzian exponent (m), correlation length (L), radius (rc) and length (lc) of the 7OPhOLCA molecule with temperature
during heating (↑) and cooling (↓).The data are obtained for 7OPhOLCA in DMSO-d6 with C = 0.015 g/ml (S3) and C = 0.025 g/ml (S5) using Models M1,  M2 and M3 for analysis
the  SANS spectra: M1  (Eq. (5)) for G1 state, M2  (Eq. (4)) and M3  (Eq. (9)) for G2, G3 and Sol state.

T (◦C) n m L, Å n lc, Å rc, Å

S3 S5 S3 S5 S3 S5 S3 S5 S3 S5 S3 S5

10 ↓ M1  3.9(0.1) 3.9(0.1) 2.5(0.3) 2.1(0.4) 64.1(4.9) 79.2(6.9)
20  ↑ M1  3.7(0.1) 3.9(0.1) 1.5(0.3) 1.5(0.2) 83.2(5.3) 82.2(7.1)
20
↓

M1  3.9(0.1) 1.8(0.3) 30.7(4.2)
M2  3.5(0.6) 2.9(0.4) 5.6(0.6) M3 3.6(0.5) 24.5(0.8) 6.6(0.6)

25  ↑ M1  3.8(0.1) 3.8(0.1) 1.9(0.4) 1.4(0.2) 23.4(2.7) 58.9(4.8)
25  ↓ M2  3.8(0.3) 3.8(0.1) 3.6(0.4) 3.5(0.3) 5.6(0.3) 5.7(0.4) M3 3.9(0.6) 3.8(0.5) 24.6 (0.7) 25.0(0.8) 7.1(0.6) 8.3(0.6)
35  ↑ M2  3.5(0.4) 3.1(0.3) 3.6(0.3) 3.8(0.2) 5.6(0.4) 5.7(0.3) M3 3.5(0.3) 3.1(0.6) 24.1(0.9) 24.3(1.2) 6.9(0.7) 8.4(0.8)
35  ↓ M2  3.7(0.5) 3.5(0.2) 3.6(0.4) 3.4(0.5) 5.4(0.3) 5.9(0.4) M3 3.8(0.5) 3.6(0.4) 24.2 (0.6) 25.3(0.8) 7.1(0.6) 8.5(0.9)
45  ↑ M2  3.2(0.5) 3.2(0.2) 3.4(0.3) 3.2(0.3) 5.5(0.7) 5.6(0.4) M3 3.3(0.4) 3.3(0.3) 23.8(0.5) 24.0(0.9) 7.1(0.9) 8.2(0.7)
45  ↓ M2  2.8(0.3) 3.3(0.3) 3.4(0.4) 3.3(0.4) 5.3(0.6) 5.8(0.5) M3 2.9(0.4) 3.5(0.4) 23.8(0.9) 24.7(1.0) 7.0(0.3) 8.7(0.9)

0.5) 

0.4) 

0.4) 

3

s

55  ↑ M2  3.1(0.3) 2.6(0.1) 3.4(0.2) 3.4(0.3) 5.2 (0.4) 5.6(
55  ↓ M2  2.1(0.8) 2.4(0.2) 3.2(0.3) 3.7(0.4) 5.3 (0.7) 5.6(
65  ↑ M2  2.4(0.3) 2.4(0.3) 3.7(0.4) 3.4(0.2) 5.1(0.3) 5.7(
.2.2. Effect of temperature on the SANS spectra
The lamellar structure has been observed for initially prepared

amples S2–S5 at T = 20 ◦C and has been preserved up to T = 25 ◦C.
M3 3.1(0.3) 2.6(0.2) 23.6(0.7) 24.6(0.8) 6.9 (0.7) 7.7(0.8)
M3 2.3(0.4) 2.3(0.3) 23.8(0.4) 23.9(0.8) 7.1(0.6) 7.3(0.9)
M3 2.8(0.4) 2.5(0.2) 23.6(0.9) 23.0(1.1) 7.1(0.5) 9.1(0.7)
However, the increasing temperature destroys the short-range
ordering and induces the changes in the self-assemblies mor-
phology. It should be noted that the sample with concentration
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Fig. 10. The full-width at half-maximum (FWHM) as a function of temperature of
 M. Ordon et al. / Thermo

.005 g/ml (S1) does not show the lamellar structure in the whole
ange of the investigated temperatures (20 ◦C → 65 ◦C → 20 ◦C). The
ehavior of the samples S2–S5 with a change in the temperature
as identical and for this reason we discussed the SANS data for

3 only in the present article. The variation of the SANS spectra
ith the increasing temperature for 7OPhOLCA in DMSO-d6 with

 = 0.015 g/ml is presented in Fig. 6. The parameters n, m and L
or S3 at 20 ◦C and 25 ◦C were obtained using model M1  (Eq. (5))
nd presented in Table 1. The expected decrease in the correla-
ion length from 83.2 ± 5.3 Å to 23.4 ± 2.7 Å and increase in the
nter-lamellar spacing from 41.6 ± 0.3 Å at T = 20 ◦C to 44.5 ± 0.1 Å
t T = 25 ◦C were observed. A further increase in the temperature up
o 35 ◦C led to the destruction of spherulite organization of the large
elf-assemblies at the macro level, as it was seen with the naked
ye, and it was accompanied with rebuilding of the internal struc-
ure. In this case Eq. (4) was used for SANS data analysis. The fitted
arameters n, m and L are collected in Table 1. The 7OPhOLCA in
MSO-d6 forms self-assemblies with n and m values in range 3–4

surface fractal) for two scales investigated by SANS with no signif-
cant reduction of the correlation length from 5.6 Å to 5.1 Å in the
emperature range 35–65 ◦C. It should be noted that the morphol-
gy change of the large self-assemblies occurs in the temperature
ange 55–65 ◦C. The mass fractal (n = 2.4) was observed at T = 65 ◦C.

A different model can be used for SANS data analysis (Fig. 6)
t temperatures higher than 25 ◦C. In the first approximation the
OPhOLCA molecule is a cylinder with a length (lc) and a radius of
ross section (rc). In this case we expect that the cylinder structure
akes a significant contribution to the scattering in high q region.

hen the second term in Eq. (4) can be replaced by the scattering
ntensity function for right circular cylinders with uniform scatter-
ng length density [23,32]. The form factor P(q) is normalized by
he particle volume Vc:

(q) = scale
Vc

f2(q) + bkg (7)

here

(q) = 2(��)VC
sin(qlccos�/2)

qlccos�/2
× J1(qrcsin�)

qrcsin�
(8)

n Eq. (8), � is the angle between the axis of the cylinder and the
-vector, ��  (contrast) is the scattering length density difference
etween the scatterer ( �̄) and the solvent (�s) and J1 is the first
rder Bessel function. Finally, Eq. (4) can be rewritten as:

(q) = A/qn + (D/Vc)f2(q) + B, (9)

here D is a scale factor. The values obtained for relevant param-
ters (n, lc and rc) from the nonlinear least squares fits of model
3 (Eq. (9)) for the SANS spectra of 7OPhOLCA (0.015 g/ml) in
MSO-d6 solution are summarized in Table 1. The scattering from

elf-assemblies is described by the same term A/qn for both mod-
ls (M2  and M3). As a result the values of n coincide with a good
ccuracy for both models at all investigated temperatures. For
he M3  model the average cylinder length of 23.7 Å (with a non-
ignificant change of ∼1 Å with variation of T) and radius of 6.9 Å are
btained within the fit errors. As it was mentioned before, the com-
uted length of the 7OPhOLCA molecule is 25.6 Å. The difference
etween lc and lm values can be easily explained. The length of the
OPhOLCA molecule was obtained for a crystal structure when all
H groups demonstrated a trans-conformation. Increasing the tem-
erature induces a decrease in the molecule length, which is due to
he trans-gosh-isomerisation and translational motions involving

any bonds. It can be concluded that the total scattering from the

olution 7OPhOLCA in DMSO-d6 is a sum of the scattering from the
elf-assemblies in the low q-region and the scattering from the indi-
idual molecules in the high q-region. Thus the both models (M2
nd M3)  can be used successfully to analyze the SANS spectra for
deformation vibrations (�CH) in the range of temperature from 30 ◦C to 60 ◦C for
sample “3”. Blue—Gel phase, red—Sol. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article.)

solution 7OPhOLC/DMSO-d6 as depicted for S3 at T = 20 ◦C (shown
in Fig. 6). The SANS spectra indicate two  Bragg peaks at tempera-
ture 10 ◦C (Fig. 5). It means that the formation of the self-assemblies
with the lamellar internal structure is a reversible process with a
hysteresis on the temperature during heating and cooling.

It is remarkable that the gel-sol-gel transition for S5 has been
observed in the range of temperatures 45–55 ◦C and the forma-
tion of the lamellar phase startds at ∼25 ◦C. The variation of the
parameters: Porod exponent (n), Lorenzian exponent (m), correla-
tion length (L), radius (rc) and length (lc) for 7OPhOLCA in DMSO-d6
with C = 0.015 g/ml (S3) and C = 0.025 g/ml (S5) with temperature
during heating (↑) and cooling (↓) are summarized in Table 1.

Three areas G1, G2 and G3 on the DSC diagram (Fig. 4) consti-
tute a conditional split of the gel state and can be interpreted as
the states when the internal structure or morphology of the self-
assemblies at one of the hierarchical levels is changed. G1 is the
state with a lamellar internal structure, while the G2 and the G3
are the states with a non-lamellar internal structure. The G1 → G2
transition was observed in the temperature range of 25–35 ◦C for
S3. The difference between the morphology of G2 and G3 states
cannot be distinguished by SANS method within the available size
range. The fitting parameters n and m indicate the scattering from
surface fractal (see data in Table 1). Additionally a further increase
in the temperature leads to the sol formation (55–65 ◦C for S3), as
has been observed with the naked eye and characterized by the
mass fractal (n = 2.4) of the self-assemblies at T = 65 ◦C. The cool-
ing process from 60 to 10 ◦C, accompanied with the transition of
Sol → G3 in the range of temperatures from 45 ◦C to 35 ◦C and tran-
sition G2 → G1, finishes at T = 10 ◦C.

3.2.3. Time stability effect
The Gel state of the samples S3–S5 was stable for a long

time. However, it should be noted that the density of spherulites
increases while its size decreases with time at the macro- scale,
as it is illustrated in Fig. 7 for 7OPhOLCA (0.025 g/ml) in DMSO-d6
at room temperature. The splitting of the lamellae becomes barely
visible. The SANS has been used to investigate the morphology of
the self-assemblies and the internal structure of the samples S3–S5
at the nano-scale.
The fitting of the SANS curves by Eq. (5) indicates the morphol-
ogy change in the self-assemblies for 7OPhOLCA from the surface
fractal (n = 3.7 for S3, n = 3.9 for S4 and S5) after the prepara-
tion of the sample (Fig. 8, left) to the diffusive fractal structure
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ig. 11. Two-dimensional correlation spectroscopy (2D-IR) asynchronous spectrum

n = 4.2 ± 0.1) for samples kept at room temperature for 2 weeks
Fig. 8, right).

The analysis of the SANS spectra in high q-region indicates
hat there is scattering from the mass fractal (m ≈ 1.5 ± 0.2) with a
amellar structure for both experimental series. However, the inter-
amellar distance increases up to 43.6 ± 0.1 Å with time, while the
resh-prepared samples have the d-value of 41.6 ± 0.3 Å.

.2.4. Sol–Gel transition
The Gel–Sol transition for 7OPhOLCA in DMSO-d6 at the con-

entrations of C = 0.005, 0.010, 0.015, 0.020 and 0.025 g/ml was
nvestigated in a wide range of temperatures (Fig. 9). The results
rom data analysis at low q values are presented in Fig. 9, A for
eating and in Fig. 9, B for cooling, respectively. The values in the fig-
res correspond to the slopes of the SANS curves obtained from the
quation (1). The diagrams were simplified for better understand-
ng (shown in Fig. 9, A and in Fig. 9, B). The purple area corresponds
o the objects with a smooth surface, the red area—to the surface
ractal, the green area—to the lamellas and the blue area—to the

isordered system. The hatchings mark the area where the slope
f the curves is not defined since the statistics of the experimental
ata were poor. The Sol–Gel transition observed by SANS corre-
ponds to the transformation of the system from the ordered into
OPhOLCA/DMSO-d6, during heating cycle, in the range of temperature 30 ◦C–58 ◦C.

the disordered state (blue area in Fig. 9) and it takes place is present
in all investigated samples.

The analysis of the experimental data suggests that the
transition temperature (Tt) decreases with the increasing sam-
ple concentration during heating, for example, the Tt = 52 ◦C
for 7OPhOLCA in DMSO-d6 at the concentrations of 0.010 and
0.015 g/ml. At the same time Tt is equal to 34.8 ◦C for C = 0.025 g/mi
and this value is concordat with the DSC data (Table 2).

The decreasing of the Tt values comes as no surprise to us. It
is well known that an increase in the concentration of the sulfox-
ides, such as dimethyl sulfoxide and diethyl sulfoxide, leads to an
increase in the temperature of the main phase transition of the
model phospholipid membranes DPPC, as was discussed in detail
in [33] and in the references in this paper.

The temperature of the Sol–Gel transition does not change sig-
nificantly in the concentration range of 0.010 g/ml ≤ C ≤ 0.020 g/ml,
as shown in Fig. 9, B. The Tt increases from 18 ◦C to 29 ◦C with the
increasing sample concentration up to 0.025 g/ml.

Summarizing, it can be concluded that small angle neutron scat-
tering yields satisfactory results related to the determination of the

morphology of the 7OPhOLCA self-assemblies with varying tem-
perature and concentration in the available q region. The SANS
technique can be used successfully for investigation of the inter-
nal structure of the scattering objects. Nevertheless, a combination
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Table 2
The values of temperatures, enthalpies and entropies for morphology and phase transitions within the 7OPhOLCA in DMSO-d6 during heating and cooling in the range of
−20 ◦C − 60 ◦C; T [◦C], �H [J/g], �S  [J/g K] (Tp—peak temperature, ±0.3 ◦C; �H − ±0,6 J/g). The measurements 1 day after preparation of the sample. �H* concern exclusively
to  the very low enthalpy of phase transition determined by DSC although they are considerably lower than the accuracy of the DSC method. (Air static). G1, G2, G3–Gel
phases.

Type of transition HEATING CYCLE

0.015 g/ml 0.025 g/ml
DSC SANS FTIR DSC SANS
5◦/min 2◦/min
14.02 mg  26.21 mg

Cr–G1 Tp 4.7 X X 4.4 X
�H  61.2 53.0
�S 0.22 0.20

G1–G2 Tp 32.9 X X X 25
�H* 0.2 X
�S  0.00065 X

G2–G3  Tp 42.3 45 42 X 28
�H* 0.03 X
�S  0.00010 X

G3–Sol Tp X 52 50 33.6 35
�H  X 1.3
�S  X 0.0042

Type  of transition COOLING CYCLE

0.015 g/ml 0.025 g/ml
DSC SANS FTIR DSC SANS
5◦/min 2◦/min
14.02 mg 26.21 mg

Sol–G3 Tp 18.6 18 X X 29
�H* 0.2 X
�S  0.00072 X

G3–G2 Tp 15.0 15 X X 21
�H* 0.08 X
�S  0.00028 X

G2–G1 Tp 11.5 11 X 15.3 18
�H* 0.09 1.2
�S  0.00032 0.0041
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G1–Cr Tp −6.4
�H 81.9 

�S 0.29 

f different methods should be used for getting credible informa-
ion about the internal structure of the objects at the nano-scale
evel.

.3. Infrared spectroscopy (FT-IR)

SANS measurements provide information about the morphol-
gy of individual phases, but do not allow us to determine the
orrelation between the molecules during the phase transition.
he infrared spectroscopy measurements and two-dimensional
orrelation spectroscopy analysis were performed to confirm the
hase transition temperatures and to determine—which functional
roups were involved in the transition.

The positions, intensities and shapes of the bands are depen-
ent on the molecular interactions and for this reason attempts
ere made to determine the phase transitions temperatures, as

heir registration was not possible using DSC method.
For the gel sample (concentration 0.015 g/ml) at 30 ◦C

he bands occur in the FT-IR pattern at the positions
a—asymmetric; s—symmetric, �—stretching, �—deformation):
(O H) 3690–3111 cm−1; �a(C H) 3066–2770 cm−1; �s(C H)
700–2334 cm−1; �a(C-D) 2254 cm−1; �s(C-D) 2135 cm−1;
(C O) 1706 cm−1; �(C C) 1541 cm−1; �(C H) 1447 cm−1;
(C O) 1314–1185 cm−1; �(S O) 1048–997 cm−1; �(C H, C-D)
30–720 cm−1. The location of the functional groups of DMSO-d6

as determined on the basis of the literature [34].

Analysis of full-width at half-maximum (FWHM) was  made on
he basis of deformation vibrations of the C H group (1447 cm−1)
Fig. 10.). It was found that the temperatures of phase transitions
X X −4.9 X
69.6
0.25

from the G1 → G2 and G2 → G3 in the Gel state (blue in Fig. 10.) cor-
respond to temperatures of this transition obtained with the DSC
method. Additionally, the interpretation of the spectra of FWHM
in the function of temperature allowed us to determine the phase
temperature of the G3–Sol transition at about 52 ◦C.

The phase transitions temperatures observed by the FTIR spec-
troscopy are in good agreement with the results of previous
calorimetric studies.

3.3.1. FTIR spectroscopy with 2D correlation analysis
Systematic changes within the vibrational spectra as changes

of temperature can be studied using two-dimensional correlation
spectroscopy (2D-IR). It is a mathematical tool used to assess spe-
cific interactions of molecules within two  phases. It is possible to
define relationships between the dynamics of various fragments
of molecules in the function of temperature. The definitions of
synchronous and asynchronous 2D-IR spectra are given in the lit-
erature [35–38].

Increasing the temperature of the Gel 2 has a significant effect on
the symmetric and asymmetric stretching vibration: �C H, �C D,
�O H and �S O (Fig. 11).

The transition from the fractal form G2 to the lamellar form
of the G3 phase is followed by the reorientation of the C H
group, which is specifically against the reorientation of the S O

(1048–997 cm−1) (Fig. 11B). The reorientation of the hydroxyl
group was  not observed. This indicates that in this phase transi-
tion the hydrogen bonds involving the hydroxyl group probably
have a smaller share.
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Higher dynamics of the hydroxyl group is accompanied by the
ransition from the Gel 3 form to the Sol phase. According to the
oda’s rule, during this transition it is first the hydroxyl group

hat undergoes reorientation, followed by C H and C D bonds
Fig. 11C). The C D bond has the priority of reorientation in this
ransition before the C H bond. This means that when tempera-
ure increases there are changes in the hydrogen bonding occurring
etween the molecules 7OPhOLCA and DMSO. Probably a portion
f the hydrogen bonds tears off, which results in the release of
olecules of the compact lamellar structure (Gel 3). The forma-

ion of Sol is especially characterized by dynamic movements of
he hydroxyl, carbonyl and thionyl group (Fig. 11D). An increase in
he temperature causes firstly the reorientation of hydroxyl group
nd then multiple bonds, in particular C O and S O. It is preceded
y the reorientation of C H and C D bonds.

As a summary of the morphology and phase transition inves-
igations, in Table 2 we present the data obtained with the use of
ifferent methods: infrared spectroscopy, neutron scattering and
canning calorimetry. Thus, we can conclude that both an increase
s well as a decrease in the temperature can induce the morphol-
gy and phase transitions. In the present work we  have observed 3
hase states (Crystal, Gel and Sol) and 3 morphology states in the
el phase (G1, G2 and G3). Gel 1 corresponds to the objects with a

mooth surface, G2–surface fractal, and G3–lamellas in solution.

. Conclusions

1) Five samples of organogelator 7OPhOLCA in DMSO-d6 with
different concentration levels were prepared. The substance
heated from room temperature up to the 60 ◦C did not undergo
decomposition. It was found that the phase transition occurred
between Gel and Sol. Three morphology states in the Gel phase
were found using the DSC method. The temperatures of the
transitions during heating for the sample with the concentra-
tion of 0.015 g/ml were determined: Cr − G1 (4.7 ◦C), G1–G2
(32.9 ◦C). G2–G3 (42.3 ◦C), G3 − Sol (the temperature was not
possible to register) and during cooling: Sol − G3 (18.6 ◦C),
G3–G2 (15.0 ◦C), G2–G1 (11.5 ◦C), G1–Cr (-6.4 ◦C).

2) Small angle neutron scattering yields satisfactory results on
the determination of the morphology of the 7OPhOLCA self-
assemblies with varying temperature and concentration in the
available q region. Three areas G1, G2 and G3 on the DSC dia-
gram (Fig. 4) constitute a conditional split of the Gel state and
can be interpreted as the states when the internal structure or
morphology of the self-assemblies at one of the hierarchical
levels is changed. G1 is the state with a lamellar internal struc-
ture, while G2 and G3 are states with a non-lamellar internal
structure. The G1 → G2 transition was observed in the tem-
perature range of 25–35 ◦C for S3. The difference between the
morphology of G2 and G3 states cannot be distinguished by
SANS method within the available size range.

The fitting parameters n and m indicate the scattering from
surface fractal (see data in Table 1). Additionally, further
increase in the temperature leads to the sol formation (55–65 ◦C
for S3), as has been observed with the naked eye, and is char-
acterized by the mass fractal (n = 2.4) of the self-assemblies at
T=65 ◦C. The cooling process from 60 to 10 ◦C accompanied with
the transition of Sol → G3 in the range of temperatures from
45 ◦C to 35 ◦C and the transition of G2 → G1 finishes at T=10 ◦C.

The SANS technique can be used successfully for investigation
of the internal structure of the scattering objects.
3) Analysis of mid-infrared spectra during heating showed that
the temperature strongly influenced hydrogen bonds in the
fractal form of the fractal Gel. This is demonstrated by a sig-
nificant decrease in the intensity of stretching bands of the

[

[
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hydroxyl group (3690–3111 cm−1). The reorientation of the
hydroxyl group does not take part in the morphology transi-
tion to the lamellar form of the Gel. However, it has a significant
impact on the system during the transition to Sol. Some hydro-
gen bonds were broken, and the molecules released from the
lamellar structure could freely float in the solvent.

(4) Comprehensive methods presented in this work allowed us to
draw conclusions about the reversible morphology and phase
transitions for all investigated samples.
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