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ABSTRACT: Binary c¢-T phase diagrams of organogelators in
solvent are frequently simplified to two domains, gel and sol,
even when the melting temperatures display two distinct regimes,
an increase with 7" and a plateau. Herein, the ¢-T phase diagram of
an organogelator in solvent is elucidated by rheology, DSC, opti-
cal microscopy and transmitted light intensity measurements. We
evidence a miscibility gap between the organogelator and the
solvent above a threshold concentration c;. In this domain the
melting or the formation of the gel becomes a monotectic trans-
formation, which explains why the corresponding temperatures
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are non-variant above c;. As shown by further studies by variable temperature FTIR and NMR, different types of H-bonds drive

both the liquid-liquid phase separation and the gelation.

INTRODUCTION

The field of organogels has expanded during the last two
decades and is now a recognized domain of soft matter sci-
ence."”” Their chemical diversity has been considerably devel-
oped with the aim of improving and tuning their properties for
applications envisioned for example in tissue engineering and
drug delivery,” ion conducting materials®® or electronic de-
vices™®. A large library of organogelators has been synthe-
sized, but the mechanism of gelation and the molecular fea-
tures necessary to design gelators are often poorly understood.
This low predictability is partly due to the lack of thermody-
namic studies and data available for correlation. As pointed
lately by Weiss,” the formation of gels itself is difficult to
reproduce when experimental procedures are not described
with enough details. For instance the cooling protocol is cru-
cial: as shown by careful studies,'”'? the temperature of gela-
tion, the morphology of a gel and its mechanical properties are
function of the quenching temperature and of the cooling rate
applied. More generally, the phase diagrams are seldom
mapped out. Yet they are powerful tools to compare the effi-
ciency of gelators and improve organogels properties. Their
knowledge is also a prerequisite to study the mechanisms and
the dynamics of the self-assemblies. Under different ¢ and T
conditions, the gel formation may follow different pathways
that should be reflected in the phase diagrams. In the literature,
most of phase diagrams of organogels are reduced to two
domains labeled gel and sol, separated by a line often modeled
by Schroeder-Van Laar’s law. But sometimes, the gel melting
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temperatures follow two distinct regimes: a continuous

increase and a plateau, markedly separated by a derivative
discontinuity, which suggests the existence of two distinct
domains. This complexity is revealed when a wide range of
concentrations is explored. The lower concentration limit is
imposed by the sensitivity of the measuring technique. Phase
diagrams are mainly elaborated by rheology, since the gel is
characterized by a solid-like rheological response. The sol-to-
gel transition can be defined by the point where the real part
G' of the shear modulus (storage modulus) becomes larger
than the imaginary part G" of the shear modulus (loss modu-
lus) in the low frequency domain. Since the storage modulus
decreases with concentration, it is hard to characterize gels at
low concentrations. Alternatively, differential scanning calo-
rimetry (DSC) can detect enthalpic changes associated to the
self-assemblies, but is also subjected to a sensitivity threshold.
For these reasons it is hard to distinguish the gel-sol boundary
at low concentrations. Studies of organogels at higher concen-
trations are easier but are simply not considered in the litera-
ture since they are not relevant to characterize good gelators.

In previous work, we have studied a series of diamide form-
ing gels in alkanes at low concentrations. The resulting gels
are composed of self-assembled nanotubes.'”'™ In the present
study, in order to understand the different mechanisms associ-
ated to the gelation of such a compound, we have investigated
its sol-to-gel transition by mechanical measurements, DSC,
optical microscopy (OM) and light intensity transmission. By
a suitable choice of experimental set-up (stress rheometer with
different types of cells, microcalorimeter) we achieved the



study of the transition over two decades of concentrations
(from 0.05 % up to 15 %) and proved that the transition tem-
perature increases with concentration below a given concen-
tration and remains constant above. We have investigated this
change of regime by optical microscopy and light intensity
measurements to account for the observed plateau. In addition
FTIR and NMR experiments provide insight into the different
state of H-bonding in the different phases.

EXPERIMENTAL SECTION

Materials. BHPB-10 was synthesized following a described pro-
cedure.'” Trans-decalin was purchased from TCI chemicals and
purified by filtration on a column of silica.

Mechanical measurements. The real and imaginary parts of the
complex shear modulus were measured with a commercial stress
controlled rheometer (Haake, Mars III) working in the oscillatory
mode. The principle of this device consists in applying a torque (i.e. a
stress) and in measuring the strain transmitted though the sample.
Depending on the gelator concentration, two types of measurements
cells were chosen: plate-plate type (35 or 60 mm diameter) for high
concentrations and Couette (DG41, Haake) for low concentrations.
The temperature in the Couette cell was regulated by a heated bath
(Haake F3) and that in the plate-plate cells by Peltier elements em-
bedded in one of the plates. In both cases, the temperature was con-
trolled between 25 and 95 °C at + 0.05 °C. The rheology experiments
consisted in following, at a given frequency, the evolution of the
complex shear modulus from the liquid phase to the organogel phase
by progressively lowering the temperature from 95 °C to 25 °C at a
controlled cooling rate. For all experiments, shear measurements were
performed with applied stresses lower than 5.107 Pa to ensure the
data belong in the linear response regime. The thickness of the sam-
ples was ~400 um for the Couette cell, and ranging between 400 um
and 800 pum for the plate-plate cells. Finally, measurements were
preceded by an experiment conducted without the sample in order to
know the residual stress, in phase with the strain, related to the exper-
imental limit of the device. This residual stress has been subtracted
from the rheological measurements presented in this study.

Optical microscopy. The solutions were observed and character-
ized with an optical microscope (Leitz 12 POLS) equipped with a
1024x768 pixel Sony CCD camera and a Nikon D50 digital camera.
The studied mixture was first heated and homogenized into the iso-
tropic phase in an oven. Rectangular capillaries (Vitrocom, 200 pum
thick x 2mm wide) were filled with this solution by capillarity and
immediately flame-sealed to prevent solvent evaporation. The capil-
laries were then placed in an Instec hot stage regulated at + 0.1 °C and
observed in bright-field microscopy. The phase behaviors under
cooling and heating were determined at a rate of 0.25 °C/min like in
FTIR experiments (see below).

Differential scanning calorimetry. The thermograms were rec-
orded with a SETARAM III microcalorimeter. The measuring cell
was filled with a BHPB10/trans-decalin mixture (between 100 and
200 mg). For amounts larger than 500 pg, BHPB10 was weighed
directly in the measuring cell. Smaller amounts were introduced by a
titrated solution of BHPB10 in chloroform and chloroform was evap-
orated under vacuum overnight before adding trans-decalin. The
reference cell was filled with trans-decalin up to the same mass as the
first cell to within 0.1 mg. The gel was formed during a first cycle of
heating at 1 °C/min and cooling at 0.3 °C/min. The thermograms were
measured during a second cycle at 0.25 °C/min.

Light intensity measurements. The liquid-liquid phase separation
was also examined with an optical device able to follow the light
intensity transmitted through the sample when temperature varies. A
monochromatic light beam (A = 632.8 nm), provided by a HeNe laser
(Melles Griot 05-LHP-151), successively passed through an attenuat-
ing filter (10™), a pinhole (50 pm), then through the sample over a 5
mm length and through a second pinhole (150 pm). At the end, the
beam was focused onto the objective of a CCD camera (Retiga
2000R) to measure its intensity. The light intensity measurements
were carried out while temperature was decreased from 95 °C to 25

°C at a constant and imposed rate. Typical exposure times were in the
range of 500 to 2000 ms. The sample temperature was controlled by
an oven driven by a PID controller (SHINKO 100). In order to com-
pare the results of light intensity measurements with those from
mechanical experiments and those from microscopic observations the
same cooling rate was applied to the sample.

FTIR. Mid-IR spectra (600-4000 cm™) as a function of tempera-
ture between room temperature and 373 K were measured in solution
on a Bruker IFS 66V spectrometer using a Mercury Cadmium Tellu-
ride detector, a KBr beam splitter and a blackbody source. For the
micro infrared experiments, a Hyperion 2000 microscope (Bruker
Inc.) coupled to the infrared spectrometer was used. The spectral
resolution was 2 cm™ and 128 scans were co-added for each spectrum.
The liquid cell sample holders were filled with a weight fraction of 2
% of BHPB-10 in trans-decalin. The macroscopic gel formation was
studied in a homemade liquid cell equipped with two NaCl windows
spaced by an indium flat O-ring. The cell was inserted in a stage
thermoregulated at 0.5 °C. The liquid-liquid domain was studied by
high temperature micro infrared with the same stage as for OM. The
gel was placed between two Imm thick CaF, windows. Micro IR
spectra were performed inside and outside the droplets using a beam
size of 80 x 80 pum’. The cooling or heating rate were the same as
OM.

NMR. The NMR experiments were performed on a Bruker ad-
vance 400 Mhz. BHPB-10 (9.0 mg) and trans-decalin-d;s (441 mg,
Cambridge Isotope Laboratories) and bis(trimethylsilyl)acetylene
(TCI) were introduced in a NMR tube. The tube was sealed, heated
and shaken until complete dissolution and allowed to cool at RT to
form a gel. The weight fraction was 0.02 in the deuterated solvent.
The temperature probe was not calibrated, the temperatures indicated
by NMR differ from other techniques from ~ 5 °C. The spectra were
recorded every 5 °C from 25 to 60 °C (heating rate 1°C/min), every 1
°C from 60 to 75 °C (0.2 °C/min), every 2 °C from 75 to 90 °C (0.5
°C/min) and every 5 °C from 90 °C to 100 °C (1 °C/min). The intensi-
ties of the spectra were first roughly calibrated with
bis(trimethylsilyl)acetylene as an internal reference and it showed that
the overall intensity increases and reach a plateau at 60 °C. The over-
all intensity of the signals of 2 NH and 3 Aromatics was set at 5 and
the same normalization factor was applied to the curves below 60 °C.

RESULTS AND DISCUSSION

The structure of the organogelator studied in this paper,
BHPB-10, is shown Scheme 1. BHPB-10 forms gels in al-
kanes and aromatic solvents. We have shown previously that
the gels formed at concentrations of a few wt. percent are
composed of nanotubes with lengths of several micrometers
and diameters of 27 nm with a very low dispersity (< 5 %).'""®
Here we have studied this gelator in trans-decalin to prevent
evaporation during the experiments, especially the rheological
measurements.

Schemel. Chemical structure of BHPB10 with numbering of
the aromatic protons for NMR studies.
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Establishment of the phase diagram. We have first built
the phase diagram of BHPB10/frans-decalin mixtures upon
cooling. Samples at different concentrations were heated at
100 °C and cooled at a rate of — 0.25 °C. The sol-to-organogel



transition has been studied by different methods: mechanical
measurements, DSC, optical microscopy and light intensity
transmission. As an example, Fig. 1 represents all the quanti-
ties measured by the different techniques on samples at ¢ = 2
wt %. The left axis reports the variations of the elastic modu-
lus G' and loss modulus G” with temperature. At high temper-
atures, the response of the sample is of liquid type with G"” >>
G'. As the temperature decreases, G' and G"” values do not
show any significant change up to ~ 54 °C. At this tempera-
ture, G’ and G" increase abruptly and G' becomes greater than
G". Therefore the response of the sample switches from lig-
uid-like (G"” > G") to solid-like (G'> G") in a small tempera-
ture range. The temperature for which G’ = G" is noted T,
and is considered as the temperature of the liquid-solid transi-
tion. This change in behavior from liquid to solid was ob-
served and T,,; was measured for concentrations ranging from
0.05% to 15%.
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Figure 1. Temperature dependence of the quantities determined
by rheology, DSC and light transmission on a BHPBI10/trans-
decalin sample (¢ = 2 wt. %; cooling rate: - 0.25°C/min). O: G;
®: G’ (shear measurements performed at 1 Hz). The gelation
temperature T, is defined as the temperature for which G' = G".
A\ intensity of light transmitted through the sample. The strong
decrease at the temperature called 7 corresponds to a liquid-
liquid phase separation. For ¢ = 2%, Tp = 70.5 °C. [I: heat flow
measured by DSC. Tpgc is defined as the maximum of the
exotherm. T, is the temperature where the formation of the
fibers becomes visible by optical microscopy.

A striking feature of the G’ and in G” curves in Fig. 1 is the
abrupt increase at T.;. Above T, G" varies slightly and regu-
larly. The viscosity derived from G” follows Arrhenius’ law,
which means that before T, the solution is a fluid without
aggregates. Therefore the gelation does not proceed through
an increase of the size or proportion of aggregates for which a
progressive increase of G’ and G” is expected. The steep in-
crease in G’ and G" suggests a nucleation-growth mechanism.
This statement is valid for concentrations above 0.6 %. Below
this concentration, gradual increase in G' and G" may occur,
but it is too close to the detection limit to draw any firm con-
clusion.

The samples were studied also by DSC at the same cooling
rate of 0.25 °C/min. The thermograms show a sharp exother-
mic peak, characteristic of a first order transition, for concen-
trations as low as 0.1 wt. % (Fig. 2). The temperature corre-
sponding to the maximum of the peak is noted Tpgc and is
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Figure 2. Temperature-concentration phase diagram for BHPB10-
10/trans-decalin for a cooling rate of - 0.25°C/min. @: T,,. O:
Tpsc- ¥ Thicro (see text and legend of Fig. 1 for the definition of
the temperatures). M: Ty, temperature of the liquid-liquid phase
separation, measured by light intensity. V: Tp measured by mi-
croscopy. Above ¢; ~ 0.6%, T, is independent from c, which is a
consequence of the miscibility gap. The lines are just guides for
eyes.

measured for concentrations up to 8 %. Tpsc and Ty, values are
plotted together in Fig. 2. Below ¢, ~ 0.6 %, T and Tpsc
progressively increase with c. For concentrations above ¢, T
and Tpgc remain at constant values of 53.1 £0.3 °C and 55.3 +
0.4 °C respectively. The plateau spreads over a decade of con-
-centrations and cannot be attributed to a lack of precision in
the measurements. In summary, both mechanical and thermal
experiments clearly show two regimes: an increase at low
concentrations and a plateau above a threshold concentration.

In order to explain the existence of the plateau, samples at
different concentrations above ¢; were observed by microsco-
py while they were cooled at the same rate as for rheological
and thermal experiments. The figure 3 presents the micro-
graphs obtained for two concentrations in the regime of the
plateau: 2 and 10 %. At high temperature, the sample is ho-
mogeneous. At a temperature named T, droplets form and the
sample becomes heterogeneous. As shown by X-ray experi-
ments, the system is completely amorphous so both the drop-
lets and the continuous phases are liquid. It is also consistent
with the absence of variation of G’ or G” while the biphasic
system appears. Below T3, the system lies therefore in a mis-
cibility gap where two liquids of different compositions coex-
ist, liquid 1 + liquid 2. When the sample is cooled further, at a
temperature called 7., the droplets explode and give birth to
long fibers. For ¢ = 2%; T,icro = 48 °C. The transition occurs at
a front corresponding the fiber ends. When the temperature
decreases, the fibers grow and the front moves from areas
containing mainly fibers to the liquids. The observed dynamic
and morphology are consistent with a nucleation-growth
mechanism. Finally, well below T,,.,, the front has moved
past the limits of the observed area, leaving an increased frac-
tion of fibers. 7., was measured for different concentrations
and is also plotted in Fig. 2. For this ¢ > ¢y, T, 1S constant
within uncertainty (48-51 °C), like T, and Tpgc.

The liquid-liquid phase separation was also studied by
measuring the light intensity transmitted by samples cooled at
—0.25 °C/min (same as microscopy and mechanic). As an



Figure 3. Optical micrographs of BHPB10/¢rans-decalin (2 and
10 %) at different temperatures. T is the temperature for which
the droplets appear. 7., is the temperature for which the fibers
and the liquid phases coexist.

example the intensity measured for a 2% sample is represented
on Fig.1. The curve shows two changes: the first is a brutal
decrease of the intensity at 70.5 °C. It corresponds to a sudden
increase in light scattering because the droplets form. The
steep decrease yields another value of T3, close to the one
measured by microscopy (71 °C). The second change is a
broad peak with a moderate and fluctuating intensity starting 2
°C above T, measured by rheology (G’ and G" crossover at
53 °C) and ending 4 °C below. This peak is too wide to define
a sharp transition temperature; nevertheless the light intensity
experiments clearly distinguish two distinct transitions as for
the OM measurements: the liquid-liquid phase separation at
high temperature and the formation of the gel at lower temper-
ature.

Assignment of the phase diagram. As shown by the dif-
ferent experiments described above, the phase diagram estab-
lished on cooling shows three domains (Fig. 2): a homogene-
ous liquid phase at high temperature (liquid), a heterogeneous
liquid phase consisted of a suspension of droplets (lig-
uid 1+liquid 2) also called miscibility gap, and the gel (solid +
liquid 1). In the gel, the solid phase corresponds to the aggre-
gates containing mostly the gelator and possibly a small ratio
of solvent. Below the threshold ¢; ~ 0.6%, there is no miscibil-
ity gap: when the solution is cooled the only transition is the
formation of the gel at Tg,: liguid— solid. T, increases with
¢, and its aspect is frequently encountered in organogels.
Above c;, the miscibility gap appears and the sample under-
goes two transitions when cooled. The first one, at T corre-
sponds to the liquid-liquid phase separation (lig-
uid — liquid 1+liquid 2). T depends on the concentration and
simply corresponds to the binodal curve. Both liquids consist

of solutions of BHPB10 in #rans-decalin, but the concentration
is low liguid 1 and high in liguid 2. For a given temperature,
the abscissa of the binodal curve (its ascending branch) equals
the concentration of BHPB-10 in liquid 1. The second transi-
tion observed upon cooling is the gel formation and occurs at a
lower temperature. It can be written liguid 1 + liquid 2 —
liquid 1 + solid due to the miscibility gap. It is a monotectic
transformation and its temperature noted T, here is invariant
by virtue of Gibbs’ phase rule.'”” All the temperatures meas-
ured by different techniques follow this rule, since they are all
related to the same transition.

Comparison of the measured temperatures. The transi-
tion temperatures measured by DSC and mechanical meas-
urements, Tpsc and Ty, are separated by less than 3 °C. Tpgc is
slightly greater than T, above ¢, ~ 0.6% and slightly smaller
than T, below. The temperature of the formation of the fibers
Tonicro 18 5 °C below Ty, and 8-9 °C below Tpge as shown by
(Fig. 1). A strict comparison between the techniques should be
done after extrapolation at zero cooling rate. However the gap
observed between T, and T, for the same cooling rate, may
be due to the small volumes observed by OM. As shown in
Fig. 3, one usually observes the displacement of a single front
across the observation field, which is not instantaneous and
takes 1 minute. Moreover when the front appears in the view
field it has already moved for several minutes from a nucle-
ating point which appeared at a higher temperature. Indeed,
the whole capillary volume (less thanl pL) contains a single
(or a few) nucleating points. This low nucleating density ex-
plains why 7., is the lowest measured temperature. In addi-
tion, OM detects the aggregates only when they reach micro-
metric size, while mechanical and light intensity measure-
ments detect aggregates with smaller sizes, about 100 nm,
therefore at a higher temperature than 7,,.,. The size differ-
ence also explains why Tp values determined by microscopy
and by light intensity differ for ¢ > 3%. Light intensity meas-
urements yield higher temperatures than OM, because they are
more sensitive. They detect droplets before they grow large
enough to be seen by microscopy.

Comparison of diagrams on heating and on cooling. The
diagram on Fig. 2 is established only during cooling but the
observed transition temperatures and the extent of the domains
depend on the cooling rate. Especially does the two liquid
phases domain still exist upon heating and what are the
boundaries of the corresponding domain? This question has
been addressed by establishing the diagram during the heating
phase from DSC and optical microscopy experiment as shown
by the results reported on the diagram below (Fig. 4).

The optical micrographs obtained during heating show the
transformation liquid 1 + solid — liquid 1+liquid 2, opposite
to that observed on cooling. The temperatures 7., reported
(Fig. 4) are defined as the temperature where both liquids and
fibers coexist on micrographs. They are non-variant with ¢ like
for the cooling stage, which reflects a monotectic melting.
T icro Values obtained on heating (avg. 59.8 = 1.7 °C) are high-
er than values obtained on cooling (avg. 49.9 £ 1.3 °C). The
thermograms measured by DSC showed endothermic peaks
for concentrations as low as 0.01 % and we have reported Tpsc
as the temperature of the maximum of the peak (Fig. 4).

Like the experiments during cooling, Tpsc follows two re-
gimes: below ¢;, it varies with 7 and above ¢; it becomes
constant (avg. 64.8 £0.5 °C). Throughout the diagram, the
values obtained by DSC on heating are 10 °C higher than
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Figure 4. c-T phase diagram for BHPB-10/frans-decalin. Cooling
and heating rate: 0.25 °C/min. O: Tpgc upon cooling; V: Tp
measured on cooling by microscopy; ¥ : T, (Same as in Fig. 2).
[: Tpsc measured on heating (maximum of the endotherm). A:
T measured on heating by DSC. A: T, measured on heating
(temperature of coexistence of fibers and biphasic liquid).

those for the values obtained by OM. The significant discrep-
ancy highlights that the gelation of this compound proceeds
via homogeneous nucleation: gelation starts only from a criti-
cal nucleus of BHPB-10 molecules unlike other systems where
impurities trigger the nucleation and growth. This process is
commonly observed in other gels. Within the gap the two
liquid phases are observed on cooling, but are metastable. By
optical microscopy during heating, we observed the transition
from the biphasic liquid to the homogeneous liquid, liguid 1 +
liquid 2 — liquid. Tt occurs at temperatures slightly higher
than for the reverse transformation, but the gap between the
temperature on heating and cooling is less significant the gap
between gel formation and gel melting. It is justified, since the
Liquid — Liquid 1 + Liquid 2 transition occurs also through a
nucleation and growth process but in most cases through het-
erogeneous nucleation as an impurity will do. In summary, the
complete diagram has been mapped out both on cooling and
heating. In both cases, we explain the presence of a plateau on
an experimental basis, by a monotectic transformation. This
approach is different from that of Feng and Cavicchi,”' based
on solubility parameters theory. They show that for some
parameters, the gel melting temperatures curves can flatten out
at high c. In their study, the whole curve corresponds to a
continuous liquidus; in our case the liquidus exists only below
¢~ 0.6% and is replaced by a monotectic above.

Study of the molecular interactions in the different
phases. These interactions have been investigated by FTIR.
Indeed, the characteristic modes of the amides are very sensi-
tive to H-bonds and their shifts represent semi-quantitative
markers of the strength of the H-bonds:*** the amide A aris-
ing from interatomic NH stretching (vny), the amide I corre-
sponding mainly to CO stretching coupled to CN and NH
vibrations (vco) and amide IT (vey + Onn). A sample at 2 wt. %
was heated at 100 °C and cooled to 25°C at the same cooling
rate than the previous experiments (- 0.25 °C/min) and spectra
were recorded at different temperatures (Fig. 5).

We shall first discuss the aspect of the spectra in between
100 and 70 °C, in the monophasic liquid. In the 3200-3500
em’ range (Fig. 5 right), the principal contributions are the
amide A bands. At 100 °C, they consist in a broad band at
3354 and a narrow band at 3455 cm™'. The band at 3455 cm™
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Figure S. FTIR of BHPBI10 in frans-decalin (2 wt. %) at decreas-
ing temperatures (100, 90, 80, 70, 63, 60, 58, 55, 53, 47, 39, 30,
25 °C) Left: region of amide I and II bands. Right: region of the
amide A bands. The bold line at 70 °C is the first spectrum below
the biphasic transition and the bold line at 53 °C, the first spec-
trum below the gel transition. O: BHPB10 in CHCl;. O: trans-
decalin.

corresponds to non-bonded NH groups. Indeed, it is compara-
ble with the only band exhibited in CHCI; where no aggrega-
tion occurs. The broad band centered at 3354 cm’™, absent in
CHCI;, proves that part of the amide groups is H-bonded, even
at high temperature. It also indicates a broad distribution of H-
bonding strengths (fitting in Fig. 6). The position of the maxi-
mum of the feature is typical of average weak H-bonds. As for
the amide I modes (Fig. 5 Left), at 100 °C, they form a com-
plex massif from 1635 to 1710 cm™ The most intense peak is
localized at 1692 cm™ and corresponds to the free amides; at
lower wavenumbers, between 1676 and 1655 cm™, the spec-
trum shows a complex structure assigned to H-bonded amide
I, indicating a dispersion of the H-bonding strengths in agree-
ment with the behavior of the amide A. The shifts of 1676 cm™
and 1655 cm™' correspond to amide 1 weakly and more strong-
ly H-bonded respectively. The amide IT mode gives rise to two
peaks at 1550 and 1500 cm™, corresponding respectively to
bonded and free amides.

When T decreases from 100 °C to 70 °C, while the liquid
remains monophasic, the spectra retain the same features, but
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Figure 6. Decomposition of the amide A in different contribu-
tions for different temperatures.



the free amide fingerprints at 3454, 1694 and 1500 cm™, that
predominate at 100 °C, diminish in intensity while their fre-
quency remain constant. Concomitantly, the intensities of the
H-bonded amides bands increase (3354, 1654 and 1550 cm™).
As a consequence, the maximum of the H bonded amide A
bands (from 3354 to 3310 cm™) and amide I bands (from 1654
to 1649 cm™) shifts toward lower frequencies when tempera-
ture decreases. The weight transfer of the high frequency
modes to the lower frequency ones shows that the H-bonds
between amides strengthen when the solution cools.

The transition between the monophasic and biphasic liquids
occurs at 72 °C. Just below, at 70 °C, the spectrum shows a
decrease of the intensity of the modes of the free amides that
eventually vanish at 55 °C. The spectra on Fig. 5 represent the
average signal for both liquids, but by IR microscopy we
measured separately the spectra of each phase (Fig. 7), inside
the droplets (liguid 2) and outside the droplets (liguid 1). The
intensity of the spectra is weaker in liquid 1 than in liquid 2
(for clarity the spectra of liquid I have been multiplied by
4.3). Liquid 2 (droplets) is rich in solute, while liguid 2 is
poorer in solute, which is consistent with the phase diagram.
In the amide A band, the relative contributions of the modes
associated to the free amide is higher in liquid I than in liquid
2 as shown Fig. 7 right and Fig. 6 (70 °C lig! and lig2). In
parallel, the ratios 11698/116535 11680/11653 and 11500/11535 are hlgher
in liquid 1 than in liquid 2, which proves a higher proportion
of bonded amides in liquid 2. In conclusion, both the gelator
concentration and the rate of H-bonded amides are higher in
liquid 2 than in liquid 1.
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Figure 7. FTIR Spectra in the lig/-/lig2 domain (70°C). W: lig-
uid 1 = outside droplets; O: liquid 2 = inside droplets. The inten-
sities in /ig/ are multiplied by 4.3 to normalize the intensities of
the most intense amide I peaks in lig/ and lig2.

At 53 °C the systems transits to the gel and the spectrum is
characterized by a drastic increase of the intensities of the
modes associated to the H-bonded amides: the NH stretching
band at 3313 cm™', the amide I at 1654 cm™ and the amide 11 at
1550 cm™. Moreover, the peaks associated with free amides
have disappeared. The present peaks are narrower than in the
biphasic liquids and can be resolved in two components only
(Fig. 6). These observations are consistent with H-bonds in an
ordered system.”**

Because of the many modes observed, it is difficult to deter-
mine their molar absorption coefficient and derive the rate of
H-bonded species by FTIR. For this reason we have studied
the H-bonds in the liquid phases by NMR. A gel of BHPB-10
in trans-decalin d18 (2 wt. %) was heated from 25 °C to 100 °C
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Figure 8. A) NMR spectra of BHPB-10 in trans-decalin d/8 (2
wt. %) at temperatures from 25 to 100 °C. The intensities meas-
ured at the first five temperatures (30, 35, 40, 45 and 50°C) were
multiplied by 10 B) Shifts of the NH1 and NH2 signals vs. tem-
perature. C) Normed integrals of the different signals of the spec-
tra. NH1 and Ar4 were integrated together because they overlap in
a large range of 7.

while the NMR spectra were recorded at various temperatures
(Fig. 8).

At room temperature the peaks of BHPB-10 are not visible
and can be detected only at 40 °C. Their intensities increase
with T up to 60°. The molecules immobilized in the gel aggre-
gates are not visible in the spectra, and the visible signal corre-
sponds to the fraction of BHPB-10 that dissociates from the
aggregates and solubilizes. This fraction is low at 40 °C and
increases with 7. The spectrum at 40 °C shows two peaks at
6.45 and 7.05 ppm that correspond to the aromatic protons,
and a broad peak at 5.3 ppm that corresponds to the amide
protons (NH). The chemical shift of this peak is the molar
fraction average of the shifts of all NH groups, whether they
are H-bonded or not: 6 = XjounaOpound T (1-Xbouna) Opees Where
Opouna and I, are the shifts of the bound and free amide re-
spectively, and X4 is the molar fraction of bounded amides.
From this relationship the fraction X,,,,, can be derived from
the values of Ojpums and Jj.. when they are known. These val-
ues have been estimated in the literature’™”” by measuring the
shifts of solution of model amide with increasing concentra-
tions. The lowest value, reached at lower concentrations, is
Oj.c whereas the highest value, reached at high concentrations,
i Opoung. For instance the Opee-Opouns intervals are 5.2-8.4 ppm
for N-methylacetamide in CD,Cl,; 4.8-8.4 for the same com-
pound in a CCl;-CgDg mixture;’® 4.6-8.2 for N-iso-
propylacetamide in C¢D;,.”” We have measured the shifts for
CsH3sNHCOC;H,; in trans-decalin which models more close-



ly the amide part of BHPB-10. We found the values & =
4.89 £ 0.05 ppm and &pp,ne= 8.29 £ 0.05 ppm.

The chemical shift of BHPB-10 at 40 °C is low (5.35 ppm)
and close to Jj... It can be deduced that 85% of the amides
groups of the soluble molecules are free and only 15% of the
amides are H-bonded with each others, including through
intramolecular bonds. When the temperature increases, the
shift increases because the concentration of free BHPB10
increases, which favors intermolecular bonds.

When the gel melts, the sum of the normalized intensities
becomes constant (Fig. 8C), which proves that all the mole-
cules are in solution. Between 60 and 73 °C, the NH signal is
split in two peaks. This T interval corresponds to the domain
of the two liquid phases. The first peak at higher field, called
NH1, shifts from 6.58 to 6.38 ppm (Fig 8B), and its normal-
ized intensity increases from 1.2 to 2 H (Fig. 8C). The second
peak at lower field, called NH2, shifts from 7.65 ppm at 60 °C
to 7.44 ppm at 73 °C, while its normalized intensity decreases
from 0.85 to 0 H. In the same temperature domain, the signals
of most of the peaks are also split, although with smaller gap.
This systematic splitting proves the presence of two popula-
tions of molecules with slow exchange between both. Each
NH signal represents the amide protons in each liquid phase.
NH1 signal corresponds to the protons of the amides in liqguid
1 (outside the droplets) since its intensity increases parallel to
the liquid 1 fraction with 7. In a symmetrical way, NH2 corre-
sponds to the amide protons in liguid 2. The NH2 signal lies at
higher shifts than NH1: the fraction of H-bonded amides is
higher inside the droplets than outside. At 60°C, the shift NH2
(7.65) represents a fraction Xp,,,.0 ~ 80%, whereas the shift of
NHI1 is 6.51 ppm which represents a fraction Xj,,.0 ~ 50%.
The FTIR spectra have shown that the spectra in the droplets
are almost invariant, which suggest that the gelator concentra-
tion in liquid 2 does not vary significantly. In the T range
where this phase exists, the chemical shift of the NH2 peak
varies at a rate of - 0.015 ppm/°C, which shows that there is a
dynamic exchange between free and bounded amides, and
especially that H-bonds are probably intermolecular inside the
droplets.*

According to NMR experiments, in the liquid phase in equi-
librium with the solid, the gelator concentration and the H-
bond rate increase simultaneously with 7. The bonding rate in
this phase does not exceed ~ 50 %; once this rate is reached,
the second liquid phase forms and contains amides with a
higher H-bond rate. For single amide molecules, it has been
shown that a strong cooperative effect exists: when amide
associates, n-mers form n more easily than the dimers.”’ This
effect has been shown also for rigid diamides forming only
linear aggregates.”® BHPB10 is a flexible diamide and can
connect and with 4 neighbors and thus form branches. As
expected, above a critical bonding rate, it may form networks
at the origin of the phase separation.

CONCLUSION

We have established the full phase diagram of a gelator both
on heating and cooling, at controlled heating and cooling rates,
and over two decades of concentrations. Above a threshold
concentration, both the gel formation and gel melting tempera-
tures become invariant with temperature. We have shown by
optical microscopy and light intensity measurements that this
plateau is due to a miscibility gap. This behavior may be more
general and explain why the phase diagrams of some gelators

also exhibit plateaus. When the gel forms at concentrations
where the liquid-liquid phase separation takes place, the gel
forms abruptly at the monotectic temperature, no aggregates
are formed before. The miscibility gap corresponds to the
formation of densely and unordered H-bonded aggregates of
gelators that become insoluble above a critical size.

Since the efficiency of a gelator is estimated by very low
gel concentrations, phase diagrams are usually studied only at
low ¢ regions. But this paper shows that the study of gelators
at high concentration can give more insight into the phase
diagram and thus understand the mechanisms of formation of
gels.
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