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Chirality dependent inverse-melting and re-entrant
gelation in a-cyclodextrin/1-phenylethylamine
mixturest
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Solutions of cyclohexakis-(1— 4)-a-b-glucopyranosyl, a-cyclodextrin, aCD, in R-(+)-1-phenylethylamine,
aCD/R-PEA, and S-(—)-1-phenylethylamine, «CD/S-PEA, display abnormal phase transitions that strongly
depend on supramolecular diastereomeric interactions. While aCD/R-PEA mixtures show one sol-gel
inverse-melting phase transition, aCD/S-PEA mixtures show temperature dependent gel-sol-gel re-
entrant behavior. NMR, Raman spectroscopy, microscopy and X-ray scattering measurements reveal that
hydrogen bond weakening in solution, as well as changes in crystal composition are responsible for

rsc.li/rsc-advances

Introduction

Re-entrant phase transitions occur when a continuous ther-
modynamic field variation, usually temperature or pressure,
shows two or more phase transitions, and the final state visually
resembles the initial state.' In such cases, it looks as if the
system returns to, or “re-enters”, its original state. However,
even though the initial and final states are macroscopically
similar, thermodynamics dictates that these two phases must
be different, in either composition or structure. This abnormal
phase behaviour is one of few less common phase transitions,
of which the anomaly of water in the temperature-pressure—
volume space is most known and studied.>* Yet another
anomalous phase transition, sometimes found in mixtures, is
inverse-melting, also referred to as inverse-freezing,>®
describing a liquid solution that reversibly solidifies upon
heating, and melts upon cooling. Recently, these odd phase
transitions draw attention because of their relevance to
biology’® and different fields of technology.****

In a recent publication,'* we have reported on our efforts to
gain understanding of the microscopic picture of inverse
melting in mixtures of low molecular weight components. The
work focused on inverse melting solutions of cyclohexakis-(1—
4)-a-p-glucopyranosyl, a-cyclodextrin, aCD, a cyclic hexamer of
p-glucopyranose linked to one another through a-1,4 glycosidic
bonds, in aqueous pyridine.”**® As some water-pyridine
mixtures are known to show re-entrant phase behavior,"?° we
explored the possibility that the similarities between re-entrant
transitions and inverse melting processes are non-coincidental.
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entropy increase and gel formation upon heating.

NMR studies of these systems revealed surprising relationship
between inverse-melting and re-entrant supramolecular inter-
actions in the solvent, implying that these two processes are
linked to one another. In phase transitions that involve
formation of solids, re-entrant phase transition, or at least re-
entrant intermolecular interactions, could be a pre-requisite
for the appearance of inverse melting.**

Phase re-entrance phenomena are sometimes observed in
binary liquid solutions™*“** and gases,”?>* denaturation of
proteins,**?* liquid crystals,>?*" and gels.**?*® This abnormal
phase behaviour was first observed over 100 years ago.*
However, despite its role in important fields of biology and
technology,”**>" it received relatively limited attention, mainly
from physicists who developed models that put this phenom-
enon in the right thermodynamics perspective.*”* In contrast,
there is only very limited success in revealing the supramolec-
ular origins of this phenomenon.**?

Focusing on re-entrant gel transitions, most of the known
formulations are based on high-molecular-weight polymers,
composed of mixtures of at least three components.®*** The
presence of polymers in many of the inverse freezing and re-
entrant systems is not surprizing. Due to their length and wealth
of degrees of freedom, polymers have many possible conforma-
tions, of which some are enthalpy favoured, while others are
populated only at higher temperatures, invoking entropy into play.
Therefore, a system containing a polymer has a better chance to
exhibit re-entrant gel formation compared to a mixture of small
molecules, with limited number of conformations.

The present paper focuses on a new system that is composed
of two chiral low-molecular weight components: aCD and
different proportions of the two enantiomers of 1-phenylethyl-
amine, PEA. Similar to the systems reported by Zheng et al.,*****
we expected that diastereomeric interactions between enantio-
pure aCD and the two enantiomers of PEA will result in notably

RSC Adv, 2020, 10, 39195-39203 | 39195


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra07643k&domain=pdf&date_stamp=2020-10-26
http://orcid.org/0000-0002-1563-1046
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07643k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010064

Open Access Article. Published on 26 October 2020. Downloaded on 12/3/2025 12:11:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

different macroscopic phase diagrams for the two systems.
Indeed, a re-entrant gel is formed upon mixing aCD with pure S-
(—)-PEA. In contrast, under the same conditions, mixtures of
aCD and R-(+)-PEA show only inverse melting behaviour. The
phase diagram, as well as the structural and thermal properties
of «CD/PEA mixtures were characterized using viscometry, light
transmittance, differential scanning calorimetry, NMR, Raman
spectroscopy, optical and electron microscopy and X-ray scat-
tering techniques, all in order to obtain understanding of this
unique system.

Results and discussion
Molecule structures

At room temperature a mixture of 0.25 gr of aCD in 1 ml of (R)-
(+)-PEA, aCD/R-PEA, is a clear, fluid and homogeneous solution.
The solution contains about 1.1% wt water, and the mole ratio
of the components is 1:30:3 aCD : (R)-(+)-PEA:H,0. In
contrast, at the same temperature, a similar mixture of 0.25 g
aCD in 1 ml of (S)-(—)-PEA (1:30:3 aCD : (S)-(—)-PEA : H,0),
aCD/S-PEA, appears as a highly viscous, opaque microcrystal-
line gel. Clearly, the difference between the two systems stems
from diastereomeric differences in the supramolecular inter-
actions between aCD and the two PEA enantiomers, yielding
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chirality dependent match and miss-match between the
solvent, PEA, and the solute, aCD.*® This difference in matching
is also revealed from the difference in the association constant
between aCD and PEA enantiomers observed in aqueous solu-
tions, K,ss = 26.0 and 33.6 L mol ™" for R-(+)-PEA and S(—)-PEA
respectively.”” Moreover, because of this difference in intermo-
lecular interactions, cyclodextrins were found suitable for
separation of enantiomers of PEA.**** For example, a commer-
cially available column, with a stationary phase coated with -
cyclodextrin, BCD, separates R-(+)-PEA from S(—)-PEA in useful
resolution, with R-(+)-PEA being eluted first when hydrophobic
eluents are used.

Interestingly, upon heating these two mixtures, their
behaviour becomes macroscopically similar. At around 65 °C
the gel of aCD/S-PEA melts, turning into a homogeneous liquid
while aCD/R-PEA retains its homogeneous liquid-state. Upon
further heating to above 75 °C, both solutions solidify, forming
an inverse melting gel, Fig. 1. These are the only phase transi-
tions one can observe visually in the —10 °C to +100 °C
temperature range and atmospheric pressure.

Temperature dependent viscosity of o«CD/PEA mixtures

One of the main characteristics of the gel state is its relative
high viscosity compared to the fluid liquid-state.>*** To support

H\N /H H\N /H
aCD R-PEA S-PEA
a-CD:PEA:H,O
R-(+)-PEA S-(-)-PEA
Hot gel Cold gel Liquid Hot gel

90°C

Fig.1 Temperature dependent sol—gel phase transitions in aCD/R-PEA (left) and aCD/S-PEA (right) in the —10 to +100 °C temperature range.
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Fig.2 Viscosity of aCD/R-PEA (blue) and aCD/S-PEA (red) as function
of temperature. The viscosity of the pure solvent, PEA, (black) is
provided as reference. Error bars were evaluated from the standard
deviation of 4—6 measurements taken at each temperature. The error
in the temperature domain is +3 °C. The Maximal detection limit is 10*
mPa s.

gel formation and extract the gelation points, the viscosity of
aCD/R-PEA and «CD/S-PEA was measured as a function of the
temperature, Fig. 2. In accordance with the findings presented
in Fig. 1, aCD/R-PEA mixture has relatively low viscosity at
temperatures below 60 °C, 1-2 order of magnitude higher than
pure PEA. The viscosity of the system drops with increasing
temperature, resembling pure R-PEA and S-PEA. At tempera-
tures above 60 °C the viscosity increases dramatically with
temperature, reaching a highly viscous gel state at about 90 °C.
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In contrast, at low temperatures, the viscosity of «CD/S-PEA is
very high as the system is in its “cold gel” state. Viscosity starts
dropping at about 50 °C as the “cold gel” melts. Upon further
temperature increase to about 70 °C the viscosity reaches its
lowest value, 18 mPa s, and the solution turns homogeneous
and transparent. Upon further increasing the temperature the
viscosity again increases with temperature as the system
transforms into its “hot gel” state.

Temperature dependent light transmittance of «CD/PEA
systems

Temperature dependent light transmittance through samples
of aCD/R-PEA and oCD/S-PEA was studied at different aCD
concentrations and heating rates in heat-and-cool cycles.
Around the gelation points the transmittance changed rapidly
from high values, characteristic of liquid phases, to lower values
that are characteristic of opaque gel phases. For convenient
sample comparison, we have looked for a fitting function that
could best represent the gelation process. The poly-crystalline
structure of the gels (see Microscopy section below), suggests
that the formation of the gel commences with slow continuous
nucleation, eqn (1), followed by autocatalytic crystal growth,

eqn (2):

45 (1)
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1.0
c)
% S in PEA:
084 ----0
25
----50
o 06
S ----75
---- 100 ¢
0.4

0.0 .

20 30 40 50 60 70 80 90

90
d)
80 N
A4 v v
—~ 709 & A
0 A
< { ;
= 60
501 = T,, Cold gel (melting) [
® T, Cold gel (melting)
404 A Ty, Hotgel (freezing)
v Ty, Hotgel (freezing)
30— T T T T
0 25 50 75 100
% S in PEA

Fig.3 Transmittance results of «CD/PEA mixtures: (a) normalized transmittance as a function of the temperature of «CD/R-PEA having different
aCD concentrations (heat-and-cool cycle, 0.13 °C min™3). (b) «CD/R-PEA sigmoid midpoints T, and AT (as error bars) for each sample at
a heating and cooling rate of 0.13 °C min~%; red rectangle represents the solid gel state, blue rectangle represents the homogeneous liquid state
and grey rectangle represents the hysteresis region. (c) Temperature dependent light transmittance of 0.25 g ml™ «CD/PEA at different
enantiomeric excesses for the PEA solvent (heating), (d) 0.25 g ml~* «CD/PEA sigmoid midpoints T, and AT (as error bars) for each sample. Light
blue: liquid phase, light red and pink: hot gel phases, yellow and light yellow: cold gel phases, white: uncharacterized conditions. Heating rate:

0.13°C min~*.
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where A is the fraction of the molecules in the liquid phase and
B is the fraction of the molecules in the crystal phase, k; and &,
are the rate constants of the two steps. Based on the Finke-
Watzky model for this two-step process,> the transmittance,
which is proportional to the gel formation, was fitted to
eqn (3):
ki + kagy

kay + ki exp(ki + kapy T)

O(T) = (P —p) +p (3)
where @(T) is the normalized transmittance at temperature 7,
®, and p, are constants of the initial and final normalized
transmittance values respectively, k; is the nucleation rate, and
k, is the crystal growth rate.

The fitting parameters show that in all of our systems k; <
k,$o, and that the behaviour of the system can be efficiently

represented by a simpler sigmoid fitting function, eqn (4):

1

O(T) = (2o - p)
1+exp(T

(4)
a0

where T, is the sigmoid midpoint, which is defined to be the
phase transition temperature, and AT is the width of the decay
region.

Temperature dependent light transmittance of oCD/R-PEA
samples at different concentrations of aCD, Fig. 3a and b,
showed the presence of only one phase transition in the 20 °C to
90 °C temperature range and results were fitted using eqn (4).
Similar to other low molecular weight inverse melting gels,*® the
phase transition temperature, T, drops with increasing aCD
concentration. Upon heating, T, values were found to be 78, 77, 69
and 67 °C for 0.15, 0.2, 0.25 and 0.3 g mol ' aCD/R-PEA solutions
respectively. Cooling the same systems yielded T, of 55, 51, 47,
44 °C for 0.15, 0.2, 0.25 and 0.3 g mol ™" aCD/R-PEA solutions
respectively, presenting an average hysteresis of 23 °C. The
concentration of aCD in the system does not seem to influence
the gel structure as the general trend of curve is maintained
through all four measured concentrations. Similar curves were
built for systems containing S-PEA and mixtures of R-PEA and S-
PEA, Fig. 3c and d and S1.} The “cold gel” of «CD/S-PEA melts
upon heating in two sequential steps, Fig. 3c, thus a bi-sigmoidal
function was applied for fitting the normal melting region, eqn
(S1),T represented as T, 1 = 58 °C and Ty, = 68 °C at 100%, S-PEA
in Fig. 3d (see Fig. S2 and Table S17 for more details about fitting).
At Ty ; = 74 °C, this sample forms a “hot gel” with low trans-
mittance in an inverse melting transition. The use of different
enantiomeric compositions of PEA as the solvent for aCD results
with different phase transition profiles. Fig. 3c clearly shows that
the system containing a.CD and racemic PEA, aCD/rac-PEA (black
line), has one liquid-to-gel transition at high temperature, and is
macroscopically similar to the «CD/R-PEA system. However, aCD/
rac-PEA shows two clear sub-processes in the liquid-to-gel tran-
sition (T, 3 = 67 °C and T, , = 75 °C in Fig. 3d), in contrast to only
one process observed for «CD/R-PEA. The first sub-transition for
aCD/rac-PEA could be formation of gel structure made of aCD
and R-PEA, while the second sub-transition seems to be related to
the formation of gel structure made of aCD and S-PEA. This two-
step transition is observed also upon heating the oCD/75R:25S-
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Fig.4 DSC thermographs of 0.25 g ml~* «CD/R-PEA (blue), «CD/rac-
PEA (black) and aCD/S-PEA (red). Heating rate: 1 °C min™*,

PEA system, cyan line, where the solvent mixture contains more
R-PEA than S-PEA. This mixture is characterized by transition
temperatures of Tp ; = 69 °C and Ty 4 = 76 °C. The aCD/25R:75S-
PEA system (magenta line) exhibits a curve shape that is similar to
aCD/S-PEA and presents two main transitions: “cold gel” to liquid
and liquid to “hot gel”. However, the “cold gel” of aCD/25R:75S-
PEA has lower melting points, To; = 48 °C and T,, = 61 °C,
implying that it is less stable than the “cold gel” of pure aCD/S-
PEA. We assume that the disturbance of R-PEA enantiomer to
the “cold gel” structure of aCD/25R:75S is responsible for the
decrease in the observed melting points. The “hot gel” of aCD/
25R:75S-PEA which forms at Ty ; = 63 °C and Tp4 = 76 °C, is
observed at lower temperature than the “hot gel” of aCD/S-PEA.
Here too, two sub transitions are observed due to the presence
of two diastereomeric structures of aCD-PEA, as in aCD/rac-PEA
and aCD/75R:25S-PEA. Fig. 3d presents the phase transition
temperature as a function of the enantiomeric composition of the
PEA solvent. All transition temperatures were confirmed inde-
pendently using numerical first and second derivatives for each
transmittance curve.”” The dependence of the phase transition
temperature on heating rate is presented in Fig. S3.1

Differential scanning calorimetry

Thermograms of aCD/R-PEA, aCD/rac-PEA and aCD/S-PEA
mixtures were recorded using differential scanning calorim-
etry, DSC, at a heating rate of 1 °C min~', Fig. 4. All the tran-
sitions found in the thermographs are first-order with AH =
+2.30 ] g~ for melting of the oCD/S-PEA “cold gel”, and AH =
+0.6Jg",0.82] ¢ 'and 0.92] g~ " for the formation of the “hot
gel” of aCD/R-PEA, aCD/rac-PEA and aCD/S-PEA, respectively.
Melting of the “cold gel” of aCD/S-PEA as well as the solidifi-
cation of aCD/rac-PEA upon heating are composed of at least
two sub-processes, in agreement with the results obtained
from temperature dependent light transmission. The amount
of heat consumed during these liquid-to-gel transitions is
similar to the previously reported AH values for the inverse
melting process in «CD/4-MP/H,0 mixtures,'”*® and two order
of magnitude lower than that of water melting. The relatively
small AH values suggest that the strength of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Normalized H-NMR integration values of the solvent PEA
methyl peak (blue) and the solute aCD-H1 peak (red) as a function of
temperature for 0.25 g ml™%: top: aCD/R-PEA and bottom: aCD/S-
PEA.

intermolecular interactions does not change dramatically
during phase transition, and that the major effect originates
from re-ordering of the systems.

NMR spectroscopy

Temperature dependent solution "H-NMR spectra of aCD/R-
PEA and aCD/S-PEA were taken across the thermally induced
gelation points, Fig. S4 and S5, respectively. Relying on the
loss of NMR peak intensity one can quantify the percentage of
the different components turning anisotropic upon gela-
tion."**® Fig. 5 reveals that while in the liquid phase the inte-
gration of the peaks of the different ingredients match the true
system composition of 1 : 30 : 3 aCD : PEA : H,O, all gel pha-
ses possess significantly lower aCD concentrations, implying
that upon gelation most of the aCD separates from solution
and participates in the solid network. Moreover, an important
difference between the hot and cold gels of the aCD/S-PEA
system is that the solid of the “cold gel” consists of a 1:9.5
=+ 0.5 aCD : S-PEA, consuming about 28% of the PEA and 86%
of the aCD of the system, while the solid of the “hot gel”
consists of a 1: 7.5 & 0.5 aCD : S-PEA, consuming about 14%
of the PEA and 54% of the a.CD of the system. For the “hot gel”
of aCD/R-PEA, the aCD : R-PEA ratio is found to be 1:7.5 +
0.5, similar to the “hot gel” of aCD/S-PEA.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

_. 02 .
; —oc

D | | | 20%C

< 0.1 | | /“ 60°C
> Y ! | 90°c

’é 0.0 //w“ RIVANS \“ J\ =S
2 ‘

£ ‘

= 014 % j

© \ I

§ ook S\ M

o - f

B I

N 0.14 b j

= ‘ :

£ ool L \\.M/LVL s *’/ b

2 300 400 500 600 700 800 3300 3400 3500

Wavenumber (cm™)

Fig. 6 Raman spectra of PEA (bottom), aCD/R-PEA (middle) and aCD/

S-PEA (top) at different temperatures: 0 °C, 20 °C, 60 °C and 90 °C.

Focus on N—H vibrations at ~750 cm™* and 3000 cm™2.

Raman spectroscopy

The counterintuitive material behavior expressed in phase reen-
trance and inverse melting is often explained by a change in
hydrogen bonding upon heating. In the liquid phase of most of
such systems, molecules participate in hydrogen bound
networks, dictating low orientational entropy. Heating increases
the orientational entropy by populating non hydrogen bound
states, separation of solid components and formation of a gel.
Thus, for gaining more information on the systems reported
here, Raman spectroscopy was used for following the tempera-
ture dependence of hydrogen bonds in «CD/PEA mixtures.
Raman spectra taken at the different temperatures are identical
in vibration energy, except in three regions that show important
temperature dependence: N-H stretching around 3300 cm %,
N-H deformation around 750 cm ™" and broad absorption peak
around 400 cm ™, Fig. 6 (full spectra are presented in Fig. S67).
Upon heating pure PEA, the N-H stretching vibration peaks
(symmetric and asymmetric bands) shift to higher energy,
whereas N-H deformation vibration peaks shifts to lower energy,
Fig. 6 bottom, an indication of hydrogen bond weakening.*
Temperature-dependent Raman spectroscopy of inverse melting
aCD/R-PEA, Fig. 6 middle, and re-entrant aCD/S-PEA, Fig. 6 top,
show similar effects on N-H stretching and deformation peaks.
The results suggest weakening of hydrogen bonds, mainly
between solvent molecules, in both «CD/R-PEA and aCD/S-PEA
mixtures upon increasing temperature. This contributes to the
increase in orientational, and thus total, entropy upon gelation.
In all systems the absorption of the N-H stretch vibration is
composed of at least two peaks that belong to at least two pop-
ulations, and their relative intensity changes with temperature.
Work is currently directed towards fully characterizing the
origins of this temperature dependence and results will be pub-
lished in due course.

Microscopy

Light microscopy and cryo-scanning electron microscopy
(cryo-SEM) were applied to the exploration of the morpholog-
ical differences between the “cold gel” and “hot gel” of aCD/S-

RSC Adv, 2020, 10, 39195-39203 | 39199


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07643k

Open Access Article. Published on 26 October 2020. Downloaded on 12/3/2025 12:11:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 7 Light microscopy images of aCD/S-PEA cold gel (top), aCD/S-
PEA hot gel (middle) and «CD/R-PEA hot gel (bottom).

PEA and the “hot gel” of aCD/R-PEA, see Fig. 7 and S77 for light
microscopy and cryo-SEM respectively. Both light and cryo-
SEM microscopy show clear morphological differences
between the three gels. The “cold gel” of aCD/S-PEA consists of
long and thin fibres, with a characteristic length of 50-100 pm,
and an average width of 1 um, Fig. 7, top. In contrast, the “hot
gel” of aCD/S-PEA appears as an assembly of lamellar layers
with average inter-lamellar distance of ~500 nm, Fig. 7
middle, see also cryo-SEM in Fig. S7t middle. These results
agree with the thermodynamic basis of the reentrant
phenomena whereby the initial and final states are macro-
scopically similar but microscopically different. Interestingly,
the “hot gel” of «CD/R-PEA is morphologically different from
the two gels of «CD/S-PEA and is characterized by relatively
short, needle-like crystals, with a characteristic length of 1-5
pum and average width of 200 nm.

X-ray scattering

The different crystalline structures of the «CD/R-PEA and aCD/
S-PEA gels were also studied using X-ray scattering, providing
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information about the long-range order of these materials.
Fig. 8 shows the normalized SAXS profiles of the «CD/R-PEA and
aCD/S-PEA systems at room temperature, 23 °C, and at 90 °C. At
room temperature, the solvent, PEA, and liquid aCD/R-PEA
show a scattering pattern typical of homogeneous amorphous
materials, see blue dashed line in Fig. 8. The “hot gel” of aCD/R-
PEA, forming at about 90 °C, shows material inhomogeneity
with long-range order characterized by periodicity with d =
4.13 nm (peak at 7 = 1.522 nm™'). The presence of distinct
diffraction peaks in the diffractogram implies the presence of
micron size crystals, see Fig. S8.f The room temperature “cold
gel” of aCD/S-PEA shows clear material inhomogeneity with no
distinct diffraction peaks, but its “hot gel” shows periodicity
with d = 2.51 nm (7 = 2.505 nm ™). All gel-curves were fitted to
h™ function, eqn (S2)} showing large-surface particles with
background values® (fitting results are summarized in Fig. S97).

This journal is © The Royal Society of Chemistry 2020
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Background values indicate the presence of fluid in different
amounts that separate the microcrystals in the gel structure.
The values are summarized in Table S2t and clearly show that
the contribution of the fluid is more dominant in the hot gels
than in the cold gel. The fluid is a major contributor to the
disorder in the gel structure, so its presence in larger amounts
indicates a higher entropy contribution to the higher tempera-
ture gels.

Wide angle X-ray scattering, WAXS, was used to compare the
unit cells of the crystals of the different gels of aCD/S-PEA and
aCD/R-PEA, Fig. 9 and S10.1 All gel profiles show broad peaks,
indicating the presence of small crystals that are separated by
solvent. The WAXS diffraction of a room temperature “cold gel”
of aCD/S-PEA, Fig. 9 middle, has three indicative peaks at 20 =
11.7, 13.3 and 14.0°, which are typical for powders of aCD-
hydrate, a«CD-H,0, Fig. 9 bottom.** These peaks imply that
only the “cold gel” of aCD/S-PEA contains the aCD-H,0 inclu-
sion complex, while in the “hot gels” of both aCD/S-PEA and
aCD/R-PEA the aCD cavity is either empty or contains a PEA
molecule. The release of water molecules from the cavity upon
heating joins to other effects mentioned above explaining the
entropy gain in the inverse melting process.

Conclusions

Mixtures of aCD/R-PEA and aCD/S-PEA show abnormal inverse-
melting and reentrant phase transition, respectively, empha-
sizing the role of diastereomeric supramolecular interactions in
controlling such phase transitions. These mixtures were physically
and chemically characterized to understand the origin of their
abnormal phase transitions. The different transmittance-based
phase diagrams of aCD/R-PEA and aCD/S-PEA exhibit the signifi-
cant role of 3D fit between solvent and solute in inverse melting
systems. According to temperature-transmittance relation and
DSC, enantiomeric solvent mixtures show complex transitions that
should be more investigated. Characterization of aCD/S-PEA “cold
gel” and “hot gel” clearly show that the initial and final phases of
the re-entrant system are microscopically different both in struc-
ture and composition. NMR and X-ray scattering data show that
the gel-sol-gel transition upon heating involves release of PEA and
water from the crystals to the fluid, by that increasing the entropy
of the system. Raman spectroscopy indicates hydrogen bond
weakening upon heating in the PEA solvent itself as a driving force
for solidification upon heating, similar to previously reported
findings on the aCD/water/4-methylpyridine system.** Thus,
results show that the temperature dependence of the intermolec-
ular interactions in pure PEA as well as in PEA/water compositions
are the main driving force behind these inverse melting and re-
entrance phenomena.

Experimental section

Materials

a-Cyclodextrin, oCD, R-(+)-phenylethylamine, R-PEA, S-
(—)-phenylethylamine, S-PEA, were purchased from Sigma-
Aldrich and used without further purification.

This journal is © The Royal Society of Chemistry 2020
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Sample preparation

oCD/PEA mixtures. 0.15-0.4 g (0.16-0.42 mmol) aCD was
dissolved in 1 ml (7.8 mmol) PEA, either enantiomerically pure
or a mixture of the two enantiomers. The mixture was heated to
90 °C in a closed vial, reaching its gel phase, and then was
allowed to reach room temperature, forming a homogeneous
solution (for R-PEA, 50% ee (R-PEA) and racemic-PEA) or an
opaque gel (for S-PEA and 50% ee (S-PEA)). All mixtures were
used within 7 days from preparation and were stored in closed
vials under nitrogen to avoid carbamate formation.” Unless
otherwise mentioned, the composition of each sample is 0.25 g
oCD in 1 ml PEA (containing ~1.1% w/w water, as measured by
Mettler Toledo DL39 Karl Fischer coulometer). The mole ratio of
the three components is 1 : 30 : 3 aCD : PEA : H,O.

Methods

Viscosity. Viscosity was measured using a digital viscometer
(SNB-1, Shanghai Nirun Intelligent Technology Co. Ltd., China)
with spindles no. 21, 27, 28, 29. Glycerol was used as a reference
for calibration, 277 + 2 mPa s at 40 °C.**

Transmittance. Temperature dependent transmittance was
recorded using a home-made temperature controlled spectro-
photometer composed of a red LED light (A = 624 nm),
a temperature controlled cuvette holder (—10 °C to 90 °C, Peltier
device, heating/cooling rate = 0.13 °C min ‘). Data was
collected every 20 seconds, and each point was normalized to
a reference value of an empty cuvette and then to the maximal
transmittance value of the heating—cooling cycle.

Differential scanning calorimetry. DSC measurements were
carried out using a DSC1 system equipped with a HSS7 high-
sensitivity sensor (Mettler Toledo). Measurements are carried
out in closed capsules under a nitrogen atmosphere. Measure-
ments are performed at heating and cooling rates of
10 °C min~ ", between 25 °C and 110 °C. All curves reported here
were extracted from the last segment of a heating-cooling-
reheating process.

NMR spectroscopy. Sample preparation and temperature
dependent NMR were reported elsewere.™

Raman spectroscopy. Raman spectra were recorded on
a confocal micro-Raman LabRam HR instrument (Horiba
Scientific) in backscattering geometry with a X50 objective
mounted on an Olympus optical microscope. The excitation line
was provided by a 532 nm laser (Torus, 100 mW) and a Peltier
cooled charge-couple device (CCD) (1024 x 256 pixels) was used
as detector. The spectrometer was calibrated using a silicon
reference at 520 cm ™', which gives a peak position resolution of
about 1 cm ™', Each spectrum is an average of five acquisitions
with acquisition time of 30 s. All spectra were baseline corrected
for clarity. Sample temperature was controlled using
a THMS600 System (Linkam Scientific Instruments).

Light spectroscopy. Inverse melting mixtures were inserted
into Borosilicate Capillary Micro Glass Slide 0.20 x 4.0 X
50 mm (Electron Microscopy Sciences) and sealed at both ends
using a UHU® 2-K-EPOXIDKLEBER epoxy glue. The samples
were studied using a BHS microscope (Olympus) with 5.0 MP
Moticam-5 Digital Camera for Microscopes (National Optical &

RSC Adv, 2020, 10, 39195-39203 | 39201
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Scientific Instruments, Inc.) using a X10 and X20 objective for
aCD/R-PEA and aCD/S-PEA, respectively. Sample temperature
was controlled using a THMS600 System (Linkam Scientific
Instruments). Best images were obtained using the scattering
mode, with the light source perpendicular to the camera.

Cryo-scanning electron microscopy. Samples for cryo-SEM
were cryo-fixed by manual drop plunging. In this method, a 5
uL drop of the relevant gel was set atop a special planchette
which was heated to the gelling temperature. Then, the plan-
chette was manually plunged into liquid nitrogen and settled
atop a specialized sample table. Exposure of the inner part of
the drop was carried out using the BAF060 freeze fracture
system by a rapid stroke from a cooled knife. Cryo-SEM imaging
were taken according to Koifman et al.®

Small-angle X-ray scattering. Small-angle X-ray scattering
experiments were performed on a small-angle diffractometer
(Molecular Metrology SAXS system) with Cu Ka radiation from
a sealed micro-focus tube (MicroMax-002+S), two Gobel mirrors,
and three-pinhole slits (Generator powered at 45 kV and 0.8
mA). The scattering patterns were recorded by a 20 x 20 cm
two-dimensional position sensitive wire detector that was
positioned 150 cm behind the sample. The resolution of the
SAXS system is greater than /A = /2.7, ~1.16 nm.

The scattered intensity I(7) was recorded in the interval 0.07
< h <2.7 nm ', where £ is the scattering vector defined as i =
(47c/A)sin(f), 26 is the scattering angle, and 2 is the radiation
wavelength (0.1542 nm). The solutions under study were sealed
in a glass capillary of about 2 mm in diameter and 0.01 mm wall
thickness and measured at 23 and 90 °C under vacuum. I(h) was
normalized to time, solid angle, primary beam intensity,
capillary diameter, transmission, and the Thompson factor.
Scattering of the solvent, empty capillary and electronic noise
were subtracted. All calculations were performed using the
Mathcad software. All structured element appears again after
heating—cooling-heating process.

Wide-angle X-ray scattering. WAXS experiments were per-
formed using the same small/wide-angle diffractometer and
Linkam holder. The scattering patterns were recorded by a 15 X
15 cm two-dimensional imaging plate (BAS-IP-MS, FUJIFILM),
positioned about 3 cm behind the sample. The scattering
intensity was recorded together with SAXS in interval 5° < 26 <
51°, where 20 is the scattering angle. Exposition time was ~2
hours. The samples were fixed in cell closed by Mica or poly-
imide or Al films and placed on a Linkam holder perpendicular
to the beam and measured under vacuum at 23 and 90 °C
together with SAXS measurement. The imaging plate was
scanned by a Fluorescent Image Analysing System (FLA-7000)
and analysed by FLA-7000 Image Reader software (version 10)
with 100 um resolution.
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