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1. Introduction

Remarkable preference for di-substitution
in self-assembled glycolipidsf

C. Besset,® S. Chambert, @92 L. C. Abbott, 2° J. N. Moore, ©2° J. W. Goodby,”

S. J. Cowling @ *° and Y. Queneau (2 *®

Lipids are known to be amphitropic, exhibiting lyotropic and/or thermotropic liquid crystal mesophases
that can exist between the solid and liquid states of matter. In biological systems, naturally occurring
lipids can spontaneously create membraneous structures, which can support the formation of micelles
and cells that are the encapsulants for biomaterials. It appears that there is a relationship between the
structures of natural lipids, and those of the mesophases that they form, with the most common being
lipids having two aliphatic chains attached to a polar head group. These architectures allow for self-
organization or self-assembly to occur, thereby supporting the formation of columnar or lamellar
structures. In this present study we investigate the stability of lamellar liquid crystal phases as a function
of the number of aliphatic chains attached to the polar head groups via new glycolipids that we
synthesised using click chemistry, and in which triazoles were used to attach the chains to the central
sugar scaffolds. Optical microscopy, differential scanning calorimetry and X-ray diffraction were used to
study the lamellar liquid crystal behaviour and transition temperatures of these materials; the
experimental data indicated that the compound with two chains, derived from trehalose, formed a more
ordered lamellar phase than the compounds with one or three chains. DFT calculations gave optimised
structures indicating the overall shapes of the isolated molecules. Molecular dynamics simulations
enabled us to study the self-assembly of the molecules into lamellar phases. Detailed analyses of these
simulations revealed that the molecules with either two or three chains adopted a defined set of folded
and extended molecular architectures as the stable lamellar phases formed, providing insight into the
relative stability of the phase structure formed by the molecules with two chains.

Conversely, thermotropic liquid crystals were first reported by
Reinitzer in 1888 on the melting behaviour of cholesteryl esters

It is well-known that thermotropic and lyotropic liquid crystals
occur between the solid and liquid states of matter as described
in “Introduction to Liquid Crystals: Chemistry and Physics”."
The first observation of a lyotropic liquid crystal was made by
Virchow in 1854 for systems composed of myelin in water;
myelin is a fatty, insulating substance that surrounds
and protects nerve fibers, particularly axons, in the brain and
spinal cord. It’s crucial for efficient and rapid transmission of
nerve impulses, acting like insulation on an electrical wire.
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derived from plants.® From these eras to today thermotropic
liquid crystals have expanded on the materials and electro-
optics fronts to become the substances behind the driving force
in developments of flat screen displays, amongst many other
high technology applications.*™®

Since the initial studies on liquid crystals, many other
families of bio-materials have been found to be mesomor-
phic.””® Furthermore, many biological materials are amphi-
philes and amphitropic, thereby exhibiting both lyotropic and
thermotropic liquid crystal phases. For example, cerebrosides,
which are major components of the membranes of neurons,
exhibit thermotropic columnar and inverted lyotropic colum-
nar mesophases.’® In addition, cerebrosides have properties
that support cell structures, and are related to diseases such as
Gaucher’s, Krabbe’s, Fabry’s, Metachromatic leucodystrophy,
and Tay-Sachs ailments.'’ Further, many naturally occurring
biological materials which exhibit liquid-crystalline properties
can also be the toxic, for instance the glycoalkaloid solanine,
which can be found in green or sprouted potatoes, can produce
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acute poisoning when ingested by humans.">"* However, it is
not yet clear if there is a direct connection between liquid
crystallinity and biological function.

Consequently, it is not surprising that research involving
liquid crystals stretches across the breadth of the sciences from
physics, chemistry, biology, engineering, to computational
modelling and simulations. It even touches unusual areas such
as extraterrestrial materials; for example, the following com-
ment made by Dworkin et al'® that “we investigated the
chemical and physical properties of complex organic com-
pounds formed in the laboratory under simulated interstellar
conditions. We particularly focused on those properties sup-
porting self-assembly processes, in the presence of water, that
are relevant to meteoritic studies and perhaps to the origins of
life. We found that complex molecules (amphiphiles) capable
of self-assembly are produced by UV photolysis of simple,
realistic, interstellar ice analogues”. Thus, it appears that lipids
can form membraneous structures, on which biological cells
are based.

If we examine the architectures of lipids that are found in
biological cells it appears these lipids usually possess two
rather long, asymmetric fatty-chains attached to a polar, ionic
or hydrogen-bonding head group. Furthermore, such structures
tend to support the formation of columnar liquid crystal
mesophases, whereas lipids with only one chain typically
induce the formation of lamellar phases. It is somewhat
surprising that lipids, which form columnar structures, are
found more commonly in bilayer membranes. In addition, the
head groups usually fall into families of phosphates, sugars,
and steroids, and combinations thereof."®

Given it is possible to have lipids that possess a variety of
head groups, to which are attached a number of aliphatic
chains limited by the available positions of substitution, we
decided to probe the importance of chain number in synthe-
sised lipids. This approach allowed us to control our synthetic
methodologies in order to prepare pure and stable materials
with defined numbers of aliphatic chains in their chemical
architectures. To determine which of the materials prepared
possessed the most stable mesophase behaviour their phase
transitions were evaluated comparatively, on heating and cool-
ing, by thermal polarized light microscopy,'®'” differential
scanning calorimetry,'® and X-ray diffraction,"® and in-depth
computational simulations were used to probe the spatial
arrangement of the molecules and how their conformations
relate to the stability of the mesophase formed.

Given these requirements we chose target systems that were
projected to exhibit stable mesophases above room tempera-
ture. We chose to prepare materials based on the triazole
heterocyclic ring system because as a five-ring system it could
possess a maximum of four aliphatic chains. In practice, it was
used in substitution patterns for creating mono-, di- and tri-
saccharidic, amphiphilic, heterocyclic, and glycolipid target
materials, 5-8, that are shown in Fig. 1. The substitutions with
aliphatic chains were made using decyl chain lengths, because
naturally occurring lipids were usually substituted with alipha-
tic chains of relatively long length.
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The syntheses of the materials were achieved by the use of
copper-catalysed cycloaddition between azides®® and alkynes,”*
which is an efficient “click chemistry” reaction that is very useful
in many areas of carbohydrate chemistry, thanks to a remarkable
chemical stability and biological compatibility.>*>* The reaction
produced carbohydrates grafted with one or more C10-triazole
units, which, with respect to stability, can be compared to a C12
ester in terms of the contribution to a lipophilic system.?®
Importantly, glycotriazoles are more robust than glyco-esters;
they are less liable to hydrolysis or to degradation on heating
than esters,”® thereby allowing for more reproducible melting
investigations with heating and cooling cycles, which allows for
accurate studies. Thus, we were able to examine the meso-
phases that were formed through self-organization as a func-
tion of the molecular architecture, which varied the number of
alkyl chains and the number and form of the glycotriazole
head-groups, and hence the hydrophobic/hydrophilic balance
as well as the overall molecular shape.

The use of molecular dynamics (MD) simulations to explore
the mesophase structures proved to be challenging, due to
these molecules having several component groups that give the
possibility of multiple strong inter- and intramolecular inter-
actions, as well as a wide range of possible dynamic molecular
structures. In the SI we report the MD methodology and
analysis development that we carried out in order to obtain
and characterise the mesophases of these systems, since it may
be useful more widely for MD studies of glycolipids or other
related molecules with complex structures. In the main body of
the paper, we report the final set of simulations of the glyco-
lipids we studied here, which gave mesophase types that were
comparable to those observed experimentally, as well as pro-
viding a rich source of information on the structures of the
mesophases and how the dynamic molecular structures self-
organise.

2. Experimetal methods
2.1 Synthetic routes

Azido derivatives of methyl glucoside, sucrose, trehalose, and
melezitose, all of which are non-reducing sugars were prepared
using a methodology previously reported by C. Besset et al.*°
6-Azido-6-deoxy-1-O-methyl-o-p-glucopyranoside (1), 6-azido-6-
deoxysucrose (2) 6,6'-diazido-6,6'-dideoxytrehalose (3) and
6,6',6"-triazido-6,6',6"-trideoxymelezitose (4) were reacted with
1-dodecyne to give 1,2,3-triazoles 5, 6, 7 and 8, respectively.
Reactions were run in a refluxing H,O/tert-butanol (2:1)
solution using copper sulfate and sodium ascorbate and the
final products 5-8 were obtained in 87% to 92% yields after
purification by C;s reverse phase chromatography. The four
compounds were fully characterized by NMR spectroscopy,
notably showing the typical patterns corresponding to the
newly formed triazole substituent. Full details of the syntheses
and characterizations of all of the materials are given in the SI,
including DOSY studies of compound 6 which showed that it
gave a similar critical micelle concentration to sodium laurate

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structures of the amphiphilic 1,2,3-triazole target materials 5 to 8 comprising flexible decyl aliphatic chain(s), and glycotriazole head groups, and
their synthetic pathways starting from methyl glucoside, sucrose, trehalose and melezitose respectively. The reagents and conditions (i) are given as
follows: 1-dodecyne (2 equiv.), sodium ascorbate (0.1 equiv.), CuSO4 (0.01 equiv.), H,O/t-BuOH, reflux, 12 h, 87-92%. The intermediate azides are
included for completeness and synthetic details for preparation of 1-4 are reported by C. Besset et al?°

in water, demonstrating that the C10-triazole and C12 ester
groups, respectively, have a similar contribution to lipophilic
behaviour.

2.2 Characterisation of the mesophase structures and
transition temperatures of materials

Thermal polarised optical microscopy is a technique used to
observe and identify the optical defect textures of self-
organising materials. This technique involves preparing a
small amount of a sample on a microscope slide and covering
it with a coverslip. The microscope slide is then placed within
a heating stage on the microscope. The director field of
the sample can orient parallel or perpendicular to the glass
surface, which is important for liquid crystal phase classifica-
tion. For example, a smectic A phase can either give a homeo-
tropic (completely black between crossed polarizers) texture or
a focal conic texture for when the molecules are oriented

This journal is © The Royal Society of Chemistry 2025

somewhat parallel to the surface of the glass. The combina-
tion of textures allows for full classification of the meso-
phase."”

The initial identities of the phases exhibited by compounds
5,7 and 8 were made from observing the defect textures formed
using thermal polarized optical microscopy (POM) at a magni-
fication of x100 between crossed polarizers. Differential
scanning calorimetry was utilized to confirm the transition
temperatures to +0.5 °C, to determine the melting points
recorded on first heating cycles to avoid paramorphosis, and
to investigate the temperatures of recrystallization/glassifica-
tion. X-Ray diffraction studies were performed as a function of
temperature with simultaneous collection of small-angle and
wide-angle data. The resulting diffraction patterns were col-
lected, radially integrated, and the profiles of the peaks were
fitted to give structural information on the phases formed by
compounds 5, 7 and 8. Full data on the methodologies for the
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characterization of the melting behaviour and structural ana-
lyses of the mesophases are given in SI.

3. Results and discussion
3.1 Determination of phase types and transition temperatures

Initial studies on the materials by polarized optical microscopy
(POM) showed that the melting behaviours were relatively
straightforward, with compounds 5, 7 and 8 exhibiting defect
textures consistent with the formation of lamellar phases.'®
The monosaccharide 5 and trisaccharide 8 both gave textures
that were predominantly homeotropic, possibly due to
the polar, H-bonding sugar moieties strongly interacting
with the glass surface of the slides; their defect textures were
predominantly optically extinct. However, focal-conic defects at
the liquid crystal to air interfaces at the edges of the slide
and the cover slip were observed, as shown in Fig. 2(a) for
compound 8. The symmetrical disaccharide, compound 7,
exhibited focal-conic defects possessing elliptical and hyper-
bolic lines of optical discontinuity,'®*” in conjunction with
homeotropic domains; see Fig. 2(b). The defect patterns
observed here are characteristic of the presence of lamellar
phases, which for thermotropic phases are of the smectic A
type, having either mono-, bi- or interdigitated layer
structuring.

Unlike the other materials, compound 6 melted directly into
the isotropic liquid and no liquid crystal behaviour was observed
even upon rapid cooling of the sample from the liquid in order
to facilitate depression of recrystallization. This outcome would
seem to be attributable to the compound possessing a disac-
charide unit attached to a single aliphatic chain, resulting in the
hydrophilic/hydrophobic balance being unfavourable for meso-
phase formation.

Differential scanning calorimetry was used in combination
with POM to validate the transition temperatures observed by
POM and also to allow for a direct comparison between

7 N
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Fig. 2 Photomicrographs (x100 magnification) showing (a) lamellar
phase for compound 8 at 160 °C, and (b) focal-conic and homeotropic
textures of the lamellar phase of compound 7 at 200 °C. The samples are
sandwiched between a microscope slide and coverslip and viewed in
transmission mode between crossed polarizers.
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Table 1 Transition temperatures (°C) and enthalpies of the clearing

point transitions (kJ mol™Y), given in square brackets, for compounds 5,
7 and 8

Transition temperatures/°C

Compound

Number Cry Cr, Lam Iso liq
5 . 1049 e 109.8 e 115.1 [1.526] .

7 . 115.0 — — . 215.7 [3.480] .

8 . 140.0 — — . 167.9 [2.347] .

the compounds based on their enthalpies of transition. The
combined characterization studies on compounds 5, 7 and 8
gave the transition temperatures and melting points as listed in
Table 1 in °C. Interestingly, there was an increase in the melting
points as the saccharide and triazole groups increased in
number per molecule, but this trend was not observed for the
clearing points. The disaccharide 7 exhibited a much higher
clearing point than both the monosaccharide 5 and the trisac-
charide 8. The monosaccharide was expected to form a classical
lamellar phase where interpenetration of the alkyl chains
occurs at the boundary between the layers at one extreme and
the polar head groups forming a boundary on the opposing
side. This behaviour is consistent with other glycolipids
such as octyl B-p-glucopyranoside, the behaviour of which is
well documented.”® The comparatively higher clearing point
for disaccharide 7 indicates that the molecules self-organise in
a better-ordered way than those of 5, which may be due to
stronger correlations for the in-plane associations with better
packing of the molecules, and thereby a relative lowering of
the free volume. The trisaccharide 8 exhibits a clearing point
that is part way between the clearing points of 5 and 7. Using a
disaccharide such as 7 for illustration, Fig. 3 shows cartoons
and associated layers spacings, d, for (a) a classical lamellar
phase structure and (b) a bilayer lamellar phase structure,

.— Carbohydrate Units
(c)
(a)

Layer spacing (d)\

4gd

|Head Groups

Aliphatic Chains —

Fig. 3 Cartoon using a disaccharide such as 7 to show (a) a classical
lamellar phase structure, (b) a folded dimer lamellar phase structure and (c)
an extended dimer lamellar phase structure.

This journal is © The Royal Society of Chemistry 2025
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in this case both formed from conformationally folded
molecules, and (c) a lamellar phase structure formed from
extended molecules. It is not evident from the microscopy and
transition temperature data whether the disaccharide 7 (or the
trisaccharide 8) is in a folded or extended conformation. This
will be discussed in greater detail in Sections 3.3 and 3.4.

The mesophase behaviour was examined in more detail by
differential scanning calorimetry in order to obtain more
information about the lamellar phase through peak shape
and both enthalpy and entropy of the lamellar to isotropic
liquid transitions, as listed in Table 2. The results for the
thermal behaviours for the first cooling and second heating
DSC cycles of compounds 5, 7 and 8 are shown in Fig. 4. The
initial heating cycles showed broad melting peaks and settling
within the sample pan, but cooling and subsequent heating
and cooling revealed reproducible phase behaviour, with com-
pound 5 exhibiting numerous crystal to crystal phase transi-
tions. Furthermore, the lamellar to isotropic liquid phase
transition temperatures were comparable with the results
obtained by POM.

The disaccharide 7 (3.480 kJ mol™') exhibited the largest
comparative enthalpy for clearing, which is consistent with the
presence of a more ordered lamellar phase than for the mono-
saccharide 5 (1.526 k] mol™ ") or trisaccharide 8 (2.347 kJ
mol ). This larger enthalpy suggests that the lamellar phase
for 7 may have more extensive hydrogen bonding networks or
other intermolecular interactions and/or more cohesive pack-
ing of the molecules in the phase than those of 5 or 8. The
enthalpy for the clearing point transition for the trisaccharide 8
(2.347 kJ mol™") is intermediate between those for 5 and 7,
thereby following the same trend as the transition tempera-
tures. The values for the entropies given in Table 2 exhibit the
same trend as the enthalpies and transition temperatures,
ie.,7 > 8 > 5.

In terms of peak shape, compound 5 shows a typical sharp
signal, which indicates a strong, first-order phase transition
from the liquid to the lamellar phase, see Fig. 4. However,
compound 7 and compound 8 have increasingly broad transi-
tion onsets, showing a progression from strong first order
character to increasingly more second order on progressing
from 5 to 8.

3.2 DFT calculations of molecular structures

An understanding of 3D molecular shapes forms the basis for
understanding the structures of the phases that form by self-
assembly. Hence, DFT calculations were carried out using

Table 2 Enthalpy and entropy of the Lam-lIso lig phase transitions.
(Universal gas constant R = 8.314 J K™t mol™

Compound Lam-Iso Lam-Iso AS[)

number lig7°C  lig7/K  AH/Jjmol" X 'mol ' AS/R
5 115.1 388.1 1526 3.93 0.47
7 215.7 488.7 3480 7.12 0.86
8 167.9 440.9 2347 5.32 0.64

This journal is © The Royal Society of Chemistry 2025
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Gaussian 16>° to model the structures of 5, 7, and 8 as isolated
molecules. Further details of these calculations are given in
the SI

The large number of intramolecular hydrogen bonds possi-
ble within the sugar and triazole moieties of 7 and 8 resulted in
a wide range of possible DFT-optimised structures. In the
studies reported here, the alkyl chains were generally optimised
as all-trans conformers, and for 7 two main all-trans alkyl chain
conformers were examined in detail: a folded conformer and an
extended conformer.

Examples of optimised geometries of 5, 7 and 8 are shown in
Fig. 5 in a tubular bond format (left-hand column), and also in
avan der Waals surface format with colours used to distinguish
the sugar, triazole, alkyl chain, and sugar-to-triazole methylene
(CH,) linking-group moieties. These example structures are
discussed below. Total lengths and selected component lengths
and widths from these optimised structures are listed in
Table 3, and were taken between the edges of the van der
Waals surfaces, representing approximate values for these
compounds; equivalent distances between atom centres are
~2.2-3.0 A shorter than those between van der Waals surfaces,
depending on the atom types.

The optimised structure of 5 is somewhat hammer- or
wedge-like (Fig. 5) because the cross-sectional area of the head
group is larger than that of the all-trans alkyl chain. The
optimised structure of the folded conformer of 7 is also some-
what wedge-like overall, but less hammer-like than 5 due to the
second alkyl chain in 7 providing an infill to the tail shape, with
favourable intramolecular dispersion interactions giving near-
parallel all-trans decyl chains with slight intertwining (partial
cooperative twisting) towards the termini (Fig. 5). Calculations
that did not include the effects of dispersion resulted in
distinctly angular (V-or L-shaped) optimised structures of the
folded form of 7, with the two alkyl chains splayed due to the
dominance of repulsive interactions, showing that dispersion
effects are likely to be relevant to both intra- and intermolecular
interactions between alkyl chains of such compounds in their
condensed phases. The optimised structure of the extended
conformer of 7 (Fig. 5) corresponds to two parallel but slightly
offset rods with a bulbous central connector, arising from the
-C-O-C- inter-ring disaccharide connection being perpendi-
cular to the two alkyl chains, and with the structures of the two
halves being similar to that of 5. This extended conformer of 7
was calculated to be ~60 k] mol~ ' higher in energy than the
folded conformer of 7, which may be attributed at least partly to
several head-group hydrogen-bonding interactions that were
present in the folded conformer but not the extended confor-
mer. In the condensed phase, the extended conformer of 7 may
be expected to participate in head-group intermolecular inter-
actions, including hydrogen-bonding interactions, that are not
possible for the isolated molecule, such that its energy seems
likely to be closer to that of the folded form in condensed
phases. The optimised structure of 8 (Fig. 5) is angular, arising
from a folded section with some similarity to the folded
conformer of 7 plus a slightly protruding outer sugar and its
pendant alkyl chain (chain 3). The aligned alkyl chains in the

Soft Matter, 2025, 21, 9303-9322 | 9307
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Fig. 4 Left: DSC thermograms (endotherm up) showing the first cooling and second heating processes at 10 °C min~ for compounds 5, 7, and 8, all on
the same scale but offset for clarity and with the dashed lines indicating the respective zero heat-flow baselines. Right: An expansion of the isotropic
liquid to lamellar transition peaks on first cooling, all on the same heat flow and temperature scales, but offset for clarity and with the relative
temperatures set to be 0 °C for 5% of the respective peak height for each compound.

7 (extended)

Chain 1

Chain 2

Fig. 5 Examples of optimised structures of 5, 7 in folded and extended forms, and 8, determined at the ®B97X-D/cc-pVDZ level of theory. The
structures shown as van der Waals surfaces (centre and right-hand columns) are coloured according to moiety types: sugar (red), triazole (blue),
alkyl chain (orange), and sugar—triazole methylene (CH,) linking group (yellow). The left-hand and centre columns show the same orientations, and the
right-hand column shows horizontally rotated views.

folded part of 8 are closer and better aligned with each other than in 7. The optimised structure of 8 presented here is one
along their whole lengths than in the folded conformer of 7, example structure, and slightly different intramolecular alkyl-
suggesting more favourable intramolecular interactions in 8 chain dispersion and/or head-group hydrogen-bonding or other
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Table 3 A selection of approximate lengths and widths (in brackets) in A, taken between the edges of van der Waals surfaces from example DFT

optimised structures of 5, 7 and 8 (Fig. 5)

5 7 (folded) 7 (extended) 8
Total 24.4 23.6 42.6 28.6
Sugar-triazole 10.5 (5.6-8.8) 10.1 (8.9-10.5) 14.6 (9.4-10.4) 10.7 (9.9-10.7)
Alkyl 13.9 (4.7) 13.5 (5.0-9.0)¢ 14.0 (a.7) 13.9° (4.7-7.1)°
Sugar 7.7 (5.6-8.8) 8.4 (9.4-10.4)
Triazole 2.8 (3.4-5.7) 3.1

“ For both chains together. ” For each chain. ¢ For both chains 1 and 2 together.

polar interactions are likely to be relevant in other overall
geometries that may be possible for an isolated molecule of
8. As discussed for 7, condensed phases of 8 will provide the
additional possibility of intermolecular interactions of similar
types between the various sub-groups. Given the greater num-
ber of possibilities for such non-covalent interactions among
the three sugars, triazoles and alkyl chains of trisaccharide 8,
it may be expected to have an even wider range of possible
structures in condensed phases than disaccharide 7.

3.3 Phase structure characterization by X-ray diffraction

The structures of the phases of compounds 5, 7 and 8 were
investigated by X-ray diffraction, and all three compounds
exhibited simple diffraction patterns that are consistent with
lamellar phase structures; example diffraction patterns from
compounds 5 and 7 are shown in Fig. 6(a) and (b), and addi-
tional diffraction patterns, including those from compound 8,
are shown in Fig. S1 (in the SI). Compound 7 exhibits distinct
first (100) and second (200) order diffraction peaks (see Fig. 6(b)),
indicating that these molecules produce well-organized layers. For
compounds 5 and 8, only the first order (100) diffraction peak is
distinct (see Fig. 6(a) for compound 5), indicating that these
molecules produce more weakly correlated lamellar phases;
expanded radial integration patterns shown in Fig. S2 reveal weak
second order (200) features from compounds 5 and 8 that are
much less distinct than that from compound 7.

All three compounds also exhibited a diffraction peak in the
small-angle region in the isotropic liquid several degrees above
the clearing point, indicating pre-organization on cooling, or
cybotacticity, occurs in the liquid state (which is not observed

C) (b)

by DSC or POM). The pre-organization was most evident for
monosaccharide 5, as shown in Fig. 6(c), and it occurred over a
successively shorter temperature range for 7 then 8 (as shown
in Fig. S1 and S2). The positions of these peaks are close to
those from the respective lamellar phases, indicating that the
molecules form layer-like assemblies, or domains, in the iso-
tropic liquid, but that the extent to which they form depends on
the molecular structure, with 5 forming them more readily than
7 then 8. The layer spacings d, obtained for all three com-
pounds are shown as a function of reduced temperature in
Fig. 7, which includes values above the clearing point, i.e. at
(T. — T) < 0. In the region of the clearing point, the change in
layer spacing with temperature is sharpest for 5, and broader
for 7 then 8, which is comparable to the trend in the breadths
of the onsets in the DSC peaks for these transitions on
cooling (Fig. 4).

The layer spacing at the clearing point is 29.3 A for 5, 28.7 A
for 7, and 31.0 A around the clearing point for 8, as shown
in Fig. 7.

Taking 7 first, the experimental layer spacing of 28.7 A is
5.1 A greater than the total length of the van der Waals surface
of the DFT-optimised folded structure of 7 with all-trans alkyl
chains given in Table 3, and 18.5 A less than twice this length.
Hence, an experimental phase structure that is intermediate
between the cartoons in Fig. 3(a) and (b) seems plausible if the
sample consists of folded molecules of 7. A direct comparison
of the experimental layer spacing with the lengths of the all-
trans alkyl conformer quoted here implies that such a phase
structure would be closer to the cartoon in Fig. 3(a) than
Fig. 3(b), but a sample containing alkyl chains other than the

Fig. 6 X-ray diffraction patterns of (a) Compound 5 in the lamellar phase at 110 °C, (b) compound 7 in the lamellar phase showing the 100 and 200
diffraction peaks at 155 °C, and (c) compound 5 in the isotropic liquid phase showing pre-transitional organization at 140 °C.

This journal is © The Royal Society of Chemistry 2025
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all-trans conformer will give shorter molecular lengths and
hence a commensurate increase in the “relative weighting” of
the cartoon in Fig. 3(b) to match the experimental value. The
DFT-optimised extended structure of 7 with all-trans alkyl
chains has lengths of the two halves of the molecule that are
comparable to those of the two halves of the folded structure of
7, such that the total length of the extended structure is less
than twice that of the folded structure due to the offset sugars
(Fig. 5 and Table 3). Consequently, an experimental phase
structure comparable to that in the cartoon in Fig. 3(c) seems
plausible if the sample consists of extended molecules of 7,
with the extent of alkyl chain interdigitation relating to the
relative composition of all-trans versus other alkyl chain con-
formers, as discussed for the folded molecules of 7.

A comparable interpretation can be made for the other two
compounds. The experimental layer spacings of 29.3 and 31.0 A
for 5 and 8, respectively, are 4.9 and 2.4 A greater than the total
lengths of the optimised van der Waals structures with all-trans
alkyl chains given in Table 3, and 19.5 and 26.2 A less than
twice these respective lengths. Hence, experimental phase
structures comparable to the cartoons in Fig. 3(a) and (b), with
some degree of alkyl chain interdigitation, seem plausible,
with the possibility of a phase structure comprising extended
structures seeming as plausible for 8 as for 7.

An examination of Fig. 7 shows that the layer spacing increases
with decreasing temperature for all three compounds. On cooling
within the lamellar phase, the layers expand by ~0.01 A °C™*
for 7 and by ~0.02-0.03 A °C™" for 5 and 8, such that the lamellar
layer spacing of 7 has a weaker temperature dependence than
those of 5 and 8.

On cooling, the alkyl chain populations will tend towards
lower energy conformers that are more linear and can pack
together more tightly. In order to avoid the introduction of void
volumes as the tail groups pack more tightly, it seems reason-
able to attribute the increase in layer spacing on cooling
principally to the head groups moving slightly away from
the notional side-to-side arrangements shown by the cartoons
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in Fig. 3. On cooling, this effect would result in a partial and
increasing offset of the head-groups to give entropically favour-
able packing that minimises the overall free volume but
increases the layer spacing. The different temperature depen-
dences of the experimental layer spacings for 5, 7 and 8 can be
attributed to their different molecular and/or phase structures.
For 7, both the folded and extended forms have relatively rod-
like structures in which the cross-sectional areas of the respec-
tive head- and tail-groups are similar, such that potential void
volumes leading to layer expansion may occur less readily than
for 5, which has a less rod-like and more hammer-like shape. In
addition, if 7 is present in the extended form, then the out-of-
plane phase structure may be maintained over longer distances
through interpenetration, as shown in Fig. 3(c), with the
possible consequence that the layer spacing might be less
affected by temperature. The possible molecular shapes and
hence phase structures of 8 are more complex, but similar
possibilities to those for 7 also apply.

3.4 Molecular dynamics simulations of phases

Molecular dynamics simulations provide a computational
approach to studying phase structures and the self-assembly
of molecules to give ordered phases, with fully atomistic
simulations enabling the 3D structures of the molecules pre-
sent within such phases to be explored. Hence, fully atomistic
molecular dynamics (MD) simulations were performed on 5, 7,
and 8 to explore their lamellar phases.

Overview of the MD simulations. A significant set of pre-
liminary MD runs, including those at various temperatures, was
carried out in order to determine the conditions for the final set
of simulations, which is reported here in the main body of the
paper. These final simulations were started from systems that
had been pre-equilibrated in lamellar phases, and they were
run for 1000 ns at a temperature of 40 K below the clearing
point in the respective simulation (7, sim), which corresponded
to a reduced temperature of T/T¢ sim = 0.925, 0.935 and 0.938
for 5, 7 and 8, respectively. Full details of the MD simulation
methods are given in the SI, along with results, analyses and
discussion arising from the various sets of preliminary simula-
tions that led to the conditions and pre-equilibrated systems
used as the starting geometries for the final set of simulations.

The final set of simulations used a simulation box contain-
ing 512 molecules, with the simulations having started origin-
ally from molecules in a pseudo-lamellar arrangement with
their long axes aligned in an 8 x 8 x 8 grid (details in the SI).
The simulation boxes for 5 and 7 in the folded form had
initially been created with alternating layers of molecules with
the alkyl chains pointing “up” and ‘“down”, resulting in a box
containing four overall layers, whereas for 7 in the extended
form and 8 the boxes had initially been created without such
“up” and “down” alternation, resulting in a taller and narrower
box containing eight layers. The simulation boxes had been
created with molecules in the optimised structures shown in
Fig. 5, apart from the protruding alkyl chain in 8 being rotated
slightly so that the three alkyl chains were closer to parallel
to facilitate interdigitation at the start of the simulations.

This journal is © The Royal Society of Chemistry 2025
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(Started from extended)

Fig. 8 Example snapshots from MD simulations of 5, 7 started from the folded form, 7 started from the extended form, and 8, all run at temperatures of
40 K below the clearing points in the respective simulations and showing the frame at 75 ns during a 1000 ns run. The atom colours match those in the

left-hand column of Fig. 5.

The simulations used periodic boundary conditions, and
anisotropic pressure coupling that allowed the simulation box
aspect ratios and dimensions along all three axes to change
freely and independently during the runs, although most stayed
close to the starting dimensions and retained the starting
number of layers. Fig. 8 shows illustrative snapshots from the
final set of simulations; the details of these simulations are
presented and discussed below.

An analysis of the MD simulations revealed that the range of
molecular structures present in the layered phases differed
significantly from the starting molecular structures (Fig. 5)
and that the molecules of 7 and 8 were flexible enough for
the multiple alkyl chains within a single molecule to behave
relatively independently of each other. The independent beha-
viour of the alkyl chains was considered via the schematic
representations shown in Fig. 9, where the molecules of 5, 7
and 8 are represented by a glycotriazole head-group to which
one, two or three alkyl tail-groups, respectively, are attached. As
shown in Fig. 9, each alkyl chain within a molecule can be
labelled “d” or “u” for chains pointing down or up, respec-
tively, in relation to a vertical z-axis and a head-group that
resides within a horizontal layer, such as the head-group layers
shown in Fig. 8. These representations show that there are two
possible general forms of 5 (d and u), four possible general
forms of 7 (folded forms dd and uu, and extended forms du and
ud), and eight possible general forms of 8 (ddd, uuu, ddu, uud,
dud, udu, udd and duu), with the respective pairs of down/up
forms being related by a horizontal 180° molecular rotation. As

This journal is © The Royal Society of Chemistry 2025

an example, ddu corresponds to a molecule with chains 1 and 2
pointing down and chain 3 pointing up from a horizontal layer
that contains the sugar of that molecule of 8, and uud is the
paired form that corresponds to the same molecule pointing in
the opposite direction along the z-axis. The two alkyl chains in 7
are chemically equivalent due to their identical attachments to
the disaccharide within the head-group, although they may
differ within instantaneous structures. By contrast, the three
alkyl chains in 8 are chemically inequivalent due to their
different attachments to the trisaccharide within the head
group, and with the central saccharide also being structurally
different from the other two saccharides (Fig. 1). The specific
chain numbering for 8 shown in Fig. 5, and discussed earlier in
relation to the DFT-optimised structure, was used consistently.
For 7, the two chains were labelled 1 and 2 for each molecule in
a data set, and these labels were then used consistently for the
respective chains of that molecule throughout any analyses of
that particular data set.

The simulations carried out here resulted in horizontal
layers that were spaced along the vertical z-axis of the simula-
tion box (Fig. 8). Hence, each molecule within a simulation was
readily classified as one of the forms shown in Fig. 9 by
inspecting each saccharide core in turn, and using the simple
rule that each alkyl chain attached to that core was labelled “u”
if its terminal carbon atom was above a defined reference atom
within the saccharide core (i.e. it had a higher z position),
otherwise it was labelled “d”’. The reference atoms were defined
as the C2 carbon of the glucopyranose ring for 5, the central

Soft Matter, 2025, 21, 9303-9322 | 9311
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Fig. 9 Schematic representation of the general forms of 5, 7, and 8; the ovals represent the head-groups, the sticks represent numbered alkyl chains
that may point independently either down (d) or up (u), and the respective pairs of down/up forms are related by a horizontal 180° molecular rotation. The
vertical sticks represent a wide range of possible conformers for each alkyl chain.

oxygen within the glycosydic bond between the two sugar rings
for 7, and the oxygen within the glycosidic bond to the 2-
position of the central fructofuranose ring for 8.

Phase structures in the MD simulations. The fractional
populations of the general forms, the positional order para-
meters, and the layer spacings from the final set of simulations
on 5, 7 and 8 are shown in Fig. 10, along with experimental
layer spacings. Each system was fairly unchanged over the
course of these 1000 ns runs, apart from some small changes
in relative populations of the forms present and some small
fluctuations in the layering. The systems that had originally
been created with either folded or extended forms of 7 had
evolved through the preliminary sets of simulations to give
essentially the same fractional populations and phases (details
in the SI), such that both the pre-equilibrated starting systems
and the results from the final simulations of these two systems
were closely similar, as shown in Fig. 10.

An analysis of the fractional populations, taken as averages
across the whole 1000 ns simulations, is given in Table 4 as
percentages. In all cases, there are as many molecules with
chains pointing up as down, within uncertainties of ~1-2%.
The averages for 7 indicate that ~66% of the molecules are in
the folded form (dd or uu) and ~34% are in the extended form,
i.e. a ratio of approximately 2:1 folded: extended, for systems
that started initially from either folded or extended arrange-
ments. The averages for 8 indicate that ~48% of the molecules
are in the “partially folded” form where chains 1 and 2 point in
similar directions (ddu and uud), ~31% are in the “fully
folded” form where all three chains point in similar directions
(ddd and uuu), ~11% are in the partially folded form where
chains 2 and 3 point in similar directions (udd and duu), and
the smallest proportion of ~10% are in the partially folded
form where the two outer chains 1 and 3 point in similar

9312 | Soft Matter, 2025, 21, 9303-9322

directions and the middle chain 2 points in a different direc-
tion (dud and udu). These fractional populations essentially
replicate those obtained at similar temperatures during pre-
liminary simulations reported in the SI.

These runs gave phases of 5, 7 and 8 that were relatively
stable and maintained a constant number of layers, but the
systems were fluid and dynamic, with molecules changing
shape and moving between layers, and with the layers showing
some fluctuations. Histograms were constructed to show the
normalised populations of selected sets of atom centres along
the z-axes in the simulations, which correspond to the positions
of these atoms within the layers. Selected atom sets were those
of the sugar (red), triazole (blue) and alkyl (orange) groups,
using all atoms of the respective colour shown in the middle
and right-hand columns of Fig. 5, and with the populations
being normalised against all of the atoms of each respective
atom set in all of the molecules in the simulation. The
histograms were made from time-windows of 50 ns, during
which any layer fluctuations along the z-axis were smaller than
such fluctuations across the whole 1000 ns runs, and they
included plots of all the molecules (labelled total), and separate
plots of each of the general forms of the molecules shown in
Fig. 9 (d, u, dd, etc.). These histograms may be interpreted with
the aid of selected snapshots of single frames from the simula-
tions, using the same colours. Histograms made from a time
window of 50-100 ns and selected snapshots of single frames
within this time window are shown in Fig. 11-16, with a
selection of average histogram peak analysis data given in
Table 5. The results are presented and discussed below for 5,
7 and 8 in turn.

For 5, the histogram of total populations given at the top of
Fig. 11 shows that the sugars (red) form clear layers, that the
triazoles (blue) form narrower layers on either side of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Fractional populations of the general forms of 5, 7 and 8 (top), positional order parameters, T (middle) and layer spacings, d (bottom), all at 40 K
below T sim. The experimental layer spacings are shown at the equivalent experimental reduced temperature (dashed red line) and clearing point (dotted

grey line).

Table 4 Fractional populations of the general forms of 5, 7, and 8 determined by averaging across the whole 1000 ns MD simulations run at 40 K below

Tesim: the general forms that are related by a 180° rotation are paired

5 7 8
Started from folded” Started from extended®
d/u 49.8%/50.2% dd/uu 33.0%/33.0% 33.5%/33.8% ddd/uuu 15.7%/15.4%
du/ud 15.9%/18.1% 16.9%/15.8% ddu/uud 23.8%/24.5%
dud/udu 5.0%/4.6%
udd/duu 5.5%/5.6%

“ Initial arrangement in which the system had started, prior to the pre-equilibrated runs at 40 K below T sim (details in the SI).

sugars, and that the alkyl chains (orange) form a wider layer
between the sugar-triazole layers. The separate histograms for
u and d molecules show that each “full layer” is made of two
distinct sub-layers, one with the molecules pointing up and the
other with the molecules pointing down. These sub-layers
alternate along the z-axis of the simulation box, with the u
and d head-groups and the u and d tail-groups, respectively,
being interdigitated to some extent. The distance between the
peaks in the total sugar populations is ~32.2 A (Table 5), which
is less than twice the full length (~48.8 A) of the van der Waals
surface of 5 with an all-trans alkyl chain (Table 3), and is
consistent with the molecules being interdigitated (overlapped
along their long axes) to some extent.

This journal is © The Royal Society of Chemistry 2025

For each set of d or u molecules of 5, the sugar population
peaks have relatively narrow full-width-at-half-maximum (fwhm)
values of 7.4 A (Table 5), indicating a relatively narrow distribu-
tion of sugars within each sugar sub-layer. The sugar peaks of d
and u molecules in the same layer are distinct from each other,
with a separation of 5.1 A between them (Table 5). The total
sugar population peaks have a fwhm of ~10.2 A that is less than
the sum of the fwhm values from a single pair of d and u sugars,
such that the total sugar population histogram gives a single peak
for each layer. These values and profiles are indicative of some
interdigitation between the d and u sugar groups in the same
layer, although they will overestimate the extent of local overlap
because they arise from averaging across horizontal layers that are
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Fig. 11 Normalised populations of sugar (red), triazole (blue) and alkyl
(orange) sets of atom centres, taken by averaging over 50-100 ns from the
MD simulation of 5 at 40 K below T sim, and showing atom sets from all of
the molecules (top), and separately from the two different general forms (u
and d).

not totally flat. The triazole population peaks from each set of d or
u molecules are much wider than the length of a triazole group,
indicating that their distribution within each triazole sub-layer is
quite broad, and these triazole peaks have a separation for d and u
molecules in the same layer that is consistent with the triazoles
being positioned on either side of the sugar layer. The alkyl

View Article Online
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population peaks from each set of d or u molecules have relatively
narrow fwhm values of ~9.1 A, which are significantly narrower
than the distance of 11.51 A between C1 and C10 atom centres in
the DFT-optimised structure of the all-trans alkyl form of 5 shown
in Fig. 5, and they are indicative of a relatively narrow alkyl
distribution that may be attributed at least partly to the presence
of conformers that are shorter than the all-trans alkyl form. The
separation between the alkyl peaks of d and u molecules with
chains in the same alkyl layer is comparable to the fwhm of each d
and u peak and results in the double-peaked profile for the total
alkyl populations. Additional analyses of the MD simulation
showed that the all-trans alkyl form of 5 had a fractional popula-
tion of only 1.4%, and that the average distance between the
C1-C10 atom centres in the alkyl chain was 9.66 A, with both
values indicating that other (shorter) conformers are dominant.
Together, these values and the double-peaked profile for the total
alkyl populations are indicative of relatively limited overlap or
interdigitation between the alkyl chains of d and u molecules of 5.
All of these results for 5 are reflected in the snapshots shown in
Fig. 12, in which the lefthand snapshot shows whole d and u
molecules, and the other snapshots show the sugars, triazoles and
alkyl chains of the d and u molecules separately.

Systems that had initially been created from 7 in the folded
form, which gave four layers, or 7 in the extended form, which
gave eight layers, gave essentially the same results. The four-
layer system gave simpler snapshots and population plots with
slightly less noise due to having approximately twice the
number of molecules in each layer as the eight-layer system.
Hence, the results shown and discussed here are from the four-
layer system, with the results from the eight-layer system given
in the SI.

For 7, the histogram of total populations given at the top of
Fig. 13 is broadly similar to that of the total populations for 5
given at the top of Fig. 11, indicating that the overall phase
structure is broadly similar. However, there are differences in
the detail, as revealed by the separate histograms for the
different general forms of 7. The two folded forms (dd and
uu) comprising & 66% of the molecules in the lamellar phase of
7 show a very similar population distribution to that of the
d and u molecules in the lamellar phase of 5, forming two

Table 5 A selection of average separations between peaks and full-width-at-half-maximum values of peaks (in brackets), both in A, from analyses of the
MD simulation data at 50-100 ns for 5, 7 and 8 at 40 K below the respective clearing points, shown in Fig. 11, 13 and 15

5 7 8
Total Sugar 32.2 (10.2) Total Sugar 30.5 (9.7) Total Sugar 31.0 (10.5)
Triazole® 12.1 (6.7) Triazole® 10.6 (7.6) Triazole
Alkyl” 9.1 (17.8) Alkyl” 9.6 (18.7) Alkyl” (20.1)
Alkyl® 23.1 (17.8) Alkyl® 20.9 (18.7) Alkyl®
d/u Sugar” 5.1 (7.4) dd/uu Sugar” 5.7 (7.5) ddd/uuu Sugar” 8.1 (9.2)
Triazole® 12.1 (6.6) Triazole® 11.9 (7.3)
Alkyl® 9.1 (9.1) Alkyl® 8.5 (9.4)
du/ud Sugar” <0.1 (7.8) ddu/uud Sugar” 0.8 (8.5)
Triazole® 8.2 (7.2)
Alkyl® 8.5 (10.0)
dud/udu Sugar® 3.4 (9.1)
udd/duu Sugar® 5.1 (9.6)

“ peaks in or across the same sugar layer. ° Double-peaks across the full alkyl layer. ¢ Peaks in the same alkyl layer.
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Fig. 12 Snapshots from the MD simulation of 5 at 40 K below T, im, taken at 75 ns and rendering the same single frame in four different ways. From left
to right: whole molecules d (white) and u (grey); the sugars of d (red) and u (light red); the triazoles of d (blue) and u (light blue); and the alkyl chains of d

(orange) and u (light orange).

distinct sub-layers of dd and uu molecules that alternate along
the z-axis of the simulation box. The two extended forms (du
and ud) comprising ~34% of the molecules in the lamellar
phase of 7 give essentially identical population distributions to
each other. Each population peak from the sugars of these
extended molecules lies in the middle of the separate peaks
from the two distinct sub-layers formed by the sugars of the
folded molecules in the same layer. The triazoles of the
extended molecules show a relatively broad distribution on
either side of the sugars to which they are attached. The alkyl
chains of the extended molecules have peaks between the
sugar-triazole layers, while also showing a low-to-moderate
population throughout the sugar-triazole layers. The distance
between the peaks in the total sugar population is 30.5 A, which
is less than twice the full length (~47.2 A) of the van der Waals
surface of 7 in the all-trans-alkyl folded form, less than the full
length (x~42.6 A) of the van der Waals surface of 7 in the all-
trans-alkyl extended form, and less than the distance of 32.2 A
between the total sugar population peaks for 5, and it is
consistent with the molecules of 7 being interdigitated to some
extent.

The positions of the folded (dd and uu) molecules of 7 and
the extended (du and ud) molecules of 7 can be discussed
initially as separate pairs.

For each set of dd or uu molecules of 7, the sugar population
peaks have fwhm values that are comparable to those for 5
(Table 5), and any overall differences from 5 are quite small,
indicating that the folded molecules of 7 form a lamellar
arrangement that is very similar to the lamellar phase structure
of 5. These results from the histograms are also reflected in the
snapshots of the folded molecules of 7 shown in the top row of
Fig. 14, which are comparable to the snapshots of 5 shown
in Fig. 12.

This journal is © The Royal Society of Chemistry 2025

The du and ud molecules of 7 give essentially the same
peaks at the same positions as each other (averages within
~0.05 A), consistent with their equivalence by symmetry, and
so their results can be considered as a single set. For the du and
ud molecules, the sugar population peaks have relatively nar-
row fwhm values, indicating a distribution that is comparable
to that of the folded forms (Table 5), but they are centred in the
middle of the sugar layer, with their peaks lying between the
two separate peaks from the sugars of the folded (dd and uu)
forms. As a result of the structures and their relative positions,
the triazole population peaks of the du and ud molecules lie
closer to the centre of the sugar layers than the triazole peaks of
the dd and uu molecules, indicating that they form a slightly
separate set of triazole sub-layers. The alkyl population peaks of
du and ud molecules have fwhm values that are broader than
those for the folded forms of 7 and broader than those for 5,
which may be indicative of the alkyl chains adopting longer
conformers in the extended form of 7. The alkyl population
peaks have a separation for extended molecules with chains in
the same alkyl layer that is the same as that for the folded form
of 7 and smaller than that for 5. Overall, the extended mole-
cules of 7 form a separate lamellar arrangement that is distinct
from the lamellar arrangement of the folded molecules of 7 in
the same phase, and from the lamellar phase structure of 5.
These results from the histograms of the extended molecules of
7 are also reflected in the snapshots shown in the bottom row
of Fig. 14.

The histograms for the total populations, involving all the
molecules of 7, indicate that the total sugar layer of 7 is
narrower that the total sugar layer of 5, consistent with it being
a contributory factor to the spacing between sugar layers being
1.7 A shorter for 7 (30.5 A) than 5 (32.2 A) in these simulations.
The triazole total population peaks for 7 have fwhm values that
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Fig. 13 Normalised populations of sugar (red), triazole (blue) and alkyl
(orange) sets of atom centres, taken by averaging over 50-100 ns from the
four-layer MD simulation of 7 at 40 K below T im and showing atom sets
from all of the molecules (top), and separately from the four different
general forms.

are broader than those of 5, indicative of a broader distribution
within the triazole sub-layers of 7, but a spacing between
triazole peaks in the same layer of 7 that is shorter than that
for 5, indicating that the combined triazole-sugar layer is
significantly narrower for 7 than 5. The alkyl total population
peaks for 7 have fwhm values across the full alkyl layer that are
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slightly broader those of 5, and a spacing between peaks in the
same alkyl layer that is greater than that for 5. Additional
analyses of the MD simulation showed that the alkyl chain of
7 had a fractional population of only 0.7% for the all-trans alkyl
conformer, and an average alkyl C1-C10 atom centre distance
of 9.47 and 9.52 A for the folded and extended forms, respec-
tively, which is significantly shorter than the average distance
of 11.47 A for each of the two chains in the DFT-optimised
structure of the all-trans-alkyl folded form of 7 shown in Fig. 5.
Together, these values indicate that the overall degree of alkyl
chain interdigitation for 7 is limited, and broadly comparable
to that for 5. By contrast, the alkyl total population peaks have a
spacing of ~20.9 A between alkyls either side of the same sugar
layer of 7 that is ~2.2 A narrower than that for 5. Hence, the
results suggest that both a narrower sugar-triazole layer and a
narrower alkyl layer arising from the positioning of all the alkyl
groups from both forms of 7 are together responsible for the
layer spacing being narrower in the lamellar phase of 7 than the
lamellar phase of 5.

The snapshot at the bottom left of Fig. 14 shows a repre-
sentation of all the molecules of 7, and illustrates how the
extended molecules are interwoven and dispersed among the
folded molecules, both laterally and vertically. A combination
of the histograms and all the snapshots suggests that the
lamellar phase of 7 might be considered to consist of two
contiguous sub-phases. One sub-phase comprises folded mole-
cules of 7 that form two distinct sub-layers within each of the
“full layers”, similar to the lamellar phase structure of 5. The
other sub-phase comprises extended molecules of 7 that form a
more continuous system of “full layers” that sit within and to
some extent bridge the sub-layers of the folded molecules. Each
sub-phase involves interdigitation of the respective tail-groups
to some extent, and also of the sugar head-groups for the folded
form of 7. The ratio of folded to extended molecules in the
lamellar phase of 7 is approximately 2:1, which equates to a
pair of folded molecules accompanying each extended mole-
cule within a notional uu/ud/dd unit, although such distinct
units are not observed as consistent features in the highly fluid
phases present in the simulations.

For 8, the histogram of total populations at the top of Fig. 15
shows distinct sugar, triazole and alkyl layers that have a
general similarity to those for 5 and 7. The moderate triazole
and alkyl populations within the sugar layers of 8 are more
comparable to those of 7 than 5, and from this perspective the
lamellar phase of 8 appears broadly similar to that of 7.

The forms of 8 with one alkyl chain pointing in the opposite
direction to the other two alkyl chains give individual plots with
asymmetric triazole and alkyl populations, consistent with
these structures, and the equivalent pairs of forms (ddu/udd,
dud/udu, udd/duu) give profiles that are mirror images of each
other, consistent with the symmetry of the paired forms. The
individual forms with low fractional populations of ~4-6% (dud,
udu, udd and duu) give more variable histograms within the 50 ns
time-window, resulting from the presence of only ~20-30 mole-
cules dispersed across eight layers. For 8, the eight general forms
can be discussed initially as four separate pairs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Snapshots from the four-layer MD simulation of 7 at 40 K below T im, taken at 87.6 ns and rendering the same single frame in eight different
ways. The top row shows only dd and uu molecules, with du and ud molecules omitted, and from left to right: whole molecules dd (white) and uu (grey);
the sugars of dd (red) and uu (light red); the triazoles of dd (blue) and uu (light blue); and the alkyl chains of dd (orange) and uu (light orange). The bottom
row shows du and ud molecules (in the same colour because they are equivalent), and from left to right: whole molecules of du and ud (green) added to
the image in the row above, so that all the molecules in the frame are shown; the sugars of only du and ud (medium red); the triazoles of only du and ud
(medium blue); and the alkyl chains of only du and ud, in this case colour-coded so that both alkyl chains of each du and ud molecule with a sugar in the

same layer are either orange or light orange for alternate layers, to illustrate the limited extent of interdigitation in the alkyl layer.

The two fully folded forms (ddd and uuu) comprising ~31%
of the lamellar phase of 8 form two distinct sub-layers that
are comparable to the sub-layers formed by the single-chain
molecules (d and u) comprising 100% of the lamellar phase of
5, and the folded forms (dd and uu) comprising ~66% of the
lamellar phase of 7. These results are reflected in the snapshots
of the ddd and uuu molecules of 8 shown in Fig. 16 (top left of
each cluster of four snapshots).

The two partially folded forms of 8 where chains 1 and 2
point in similar directions (ddu and uud) comprising ~48% of
the phase, have sugar population peaks that lie between the
ddd and uuu sugar peaks, indicating that the sugars of these
ddu and uud forms occupy the middle of the sugar layers for 8,
which is comparable to the positioning of the sugars of the
extended molecules in the sugar layers of 7. However, whereas
the sugars of the two forms of the extended molecule of 7
(du and ud) have identical population peaks that lie at the
centre of the sugar layer, the sugars of the ddu and uud forms
of 8 give peaks that are offset by ~0.8 A from each other, such
that they form two distinct sub-layers. These sub-layers are
distinct but are very close to each other and are strongly
overlapped. This small offset between the sugars of the ddu
and uud forms results in the side of the molecule with two alkyl
groups being slightly closer to their associated alkyl layer, and

This journal is © The Royal Society of Chemistry 2025

the side of the molecule with only one alkyl group slightly
further away from its associated alkyl layer. These results are
reflected in the snapshots of the ddu and uud molecules of 8
shown in Fig. 16 (top right of each cluster of four snapshots).

The two other pairs of partially folded forms of 8 show sugar
population peaks that are offset from each other for the dud
and udu pair that comprises ~10% of the lamellar phase, and
for the udd and duu pair that comprises x~11% of the lamellar
phase. Hence, these two other pairs show population distribu-
tions that are distinct from each other, and intermediate
between those for the two dominant pairs of forms of 8.
As with the ddu/uud pair, the offset for these two other pairs
results in the side of the molecule with two alkyl groups being
closer to their associated alkyl layer. The results are reflected to
some extent in the snapshots of these pairs shown in Fig. 16
(bottom pair of each cluster of four snapshots) but they are less
discernible because of the relatively small numbers of these
forms of the molecule in the simulation.

The peaks in the total sugar population of 8 are slightly
broader than those of 7 and 5, and have a separation between
these total sugar population peaks of ~31.0 A for 8 that is
slightly larger than that of ~30.5 A for 7 and smaller than that
of ~32.2 A for 5. The overall results are consistent with various
degrees of interdigitation between the respective head- and tail-
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Fig. 15 Normalised populations of sugar (red), triazole (blue) and alkyl (orange) sets of atoms centres, taken by averaging over 50-100 ns from the
four-layer MD simulation of 8 at 40 K below T.m, and showing atom sets from all of the molecules (top), and separately from the eight different

general forms.

groups of the various forms of 8. Together, the results from the
histograms and the snapshots suggest that the lamellar phase
of 8 might be considered to consist of four contiguous sub-
phases, arising from the four pairs of forms self-organising into
distinct sets of sub-layers. For 8, three pairs of forms are
positioned in a way that is similar to the folded molecules of
7, whereas the ddu/udd pair is positioned in a way that is more
comparable to the extended molecules of 7. The ratio of these

9318 | Soft Matter, 2025, 21, 9303-9322

“more folded” to “quasi-extended” molecules in the lamellar
phase of 8 is close to 1:1, versus the 2:1 ratio in the lamellar
phase of 7, and this difference may result partly from the
“quasi-extended” molecules of the trisaccharide 8 being inher-
ently asymmetric versus the more symmetric extended forms of
the disaccharide 7.

Overview of the phase structures from the MD simulations.
The MD simulations seem to provide a plausible basis for

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 Snapshots from the MD simulation of 8 at 40 K below T sim. taken at 89.6 ns and rendering the same single frame in sixteen different ways. Each
cluster of four snapshots shows ddd/uuu (top left), ddu/udd (top right), dud/udu (bottom left) and udd/duu (bottom right) molecules. From left to right,
the clusters show: whole molecules, only sugars, only triazoles, and only alkyl chains. The top left whole molecule snapshot shows only ddd/uuu
molecules as white/grey, with the other three whole molecule snapshots also including either ddu/udd, dud/udu or udd/duu molecules, respectively,
each as green/violet. The snapshots of only sugars, triazoles and alkyls chains show ddd/uuu, ddu/uud, dud/udu and udd/duu as red/light red, blue/light

blue and orange/light orange, respectively.

interpreting the overall experimental results, albeit with the
caveat that the clearing points in the MD simulations are
significantly higher than the experimental values and the
temperatures at which the simulations were run may not
provide a good match for close quantitative comparisons with
experimental data. The simulations indicate that the mono-
saccharide 5 gives a relatively simple lamellar phase structure
that provides a basis from which to consider the more complex
phase structures indicated for disaccharide 7 and trisaccharide 8.

For 5, the layer spacing of 32.2 A from the simulation at 40 K
below the clearing point is greater than that of ~29.3 A
observed just below the clearing point experimentally (Fig. 7),
and an extrapolation of the temperature-dependent experi-
mental data suggests such a layer spacing might occur at
~ 130 K below the clearing point if the phase were maintained
experimentally in that region. The simulations of the lamellar
phase showed strong inter- and intramolecular interactions
involving the polar head-groups of 5, which packed together
in distinct sub-layers. The relatively small enthalpy change
observed experimentally at the clearing point of 5 (Table 2)
suggests that strong interactions are likely to be maintained
between head-groups in the isotropic phase, and the relatively
small experimental entropy change at the clearing point
(Table 2) suggests that the gain in positional freedom on going
to the isotropic phase may be relatively small. Both aspects are

This journal is © The Royal Society of Chemistry 2025

consistent with the strong interactions and limited motional
freedom seen in simulations we carried out on 5 in the
isotropic phase at a temperature above the clearing point in
the simulations.

For 7, the layer spacing of 30.5 A from the simulation at 40 K
below the clearing point is similar to that of ~29.3 A observed
experimentally at 40 K below the clearing point, and this layer
spacing shows only a weak temperature dependence experi-
mentally (Fig. 7). As discussed above, close inspection reveals
that a narrower sugar-triazole layer and a narrower alkyl layer
arising from a greater degree of interdigitation are responsible
for the layer spacing being narrower for 7 than 5. The enthalpy
change observed experimentally at the clearing point of 7 is x
2.28 greater than that observed for 5, which suggests that the
introduction of the extended molecules with their sugar-tria-
zole groups in the middle of the sugar layers may have
increased the strength of the polar interactions in the lamellar
phase of 7 relative to those of 5, consistent with the narrower
layer spacing for 7. The experimental entropy change at the
clearing point of 7 is x 1.81 greater than that of 5, indicating
that the gain in positional freedom on going from the lamellar
to isotropic phase is greater for 7 than 5, which seems con-
sistent with a more complex self-organised lamellar phase
structure for 7 than 5. The higher experimental clearing point
for 7 than 5 results from the greater relative increase in AH than

Soft Matter, 2025, 21, 9303-9322 | 9319
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AS at the clearing point (x2.28 versus x1.81) on going to 7 from
5, which in turn may be attributable primarily to the stronger
interactions within the polar sugar-triazole layers of 7 versus 5.

For 8, the layer spacing of 31.0 A from the simulation at 40 K
below the clearing point is similar to that of 31.9 A observed
experimentally (Fig. 7). As discussed above, close inspection
reveals that a broad sugar-triazole layer and a broad alkyl layer,
along with interdigitation of the respective head- and tail-
groups of the various forms of 8, contribute to the layer spacing
for 8 being intermediate between than for 7 and 5. Overall,
the greater number of sugar, triazole and alkyl groups per
molecule, and the way that the different general forms of the
molecule self-organise, result in a more complex phase struc-
ture for 8 than for 7 or 5. The enthalpy change observed
experimentally at the clearing point of 8 is x1.54 greater than
that observed for 5, which suggests that the polar interactions
in the sugar-triazole layer have increased relative to those of 5.
The experimental change in the entropy at the clearing point of
8 is x1.35 greater than that of 5, indicating that the gain in
positional freedom on going from the lamellar to isotropic
phase is greater for 8 than 5, which is consistent with the more
complex self-organised phase structure of 8. Both of these
increases for 8 versus 5 are smaller than those of x2.28 and
x1.81, respectively, for 7 versus 5, and the experimental clearing
point of 8 lies between those of 7 and 5. It seems reasonable to
attribute these relative values to the polar interactions within
the sugar-triazole layers and the self-organisation in the lamel-
lar phase versus the isotropic phase being particularly favour-
able for disaccharide 7 in comparison with monosaccharide 5
and with trisaccharide 8 having intermediate behaviour.

3.5 Relation to the phases of other glycolipids more generally

The series of mono-, di- and tri-saccharides, 5, 7 and 8, studied
here all exhibit only lamellar mesophases with phase structures
that are broadly comparable with each other. By contrast,
earlier studies of an analogous series of mono-, di-, and tri-O-
B-p-galactopyranosyl-O-alkyl pentaerythritols, see Fig. 17, found

View Article Online
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that they exhibited distinctly different mesophases to each
other, with the monosaccharide (9) exhibiting a columnar
phase, the disaccharide (10) a lamellar (SmA) phase, and the
trisaccharide (11) a cubic phase.*®** There are important con-
trasts between the molecular architectures of these two analo-
gous families of materials, which affect the natures of the
mesophases formed; these appear to lie in molecular shape,
flexibility, and hydrophilic/hydrophobic balance.

For example, the a-p-glucopyranosides (5 to 8) have triazole
ring units attached to the saccharide moieties that provide a
degree of internal rigidity and an extension to the molecular
architectures. Whereas, for the other family of materials
(9 to 11), the saccharides are attached to the pentaerythritol
parts, which allow for more flexibility associated with the
internal linkages or segments. The stiffer internal molecular
architectures support the formation of rod-like architectures
for the glucopyranosides, as indicated in the molecular models
in Fig. 5, whereas the flexibility in the pentaerythritols allows
for the minimization of the free volumes of the molecular
architectures to be rod-like, wedge-like, or spherical. The pack-
ing together of molecules with these shapes as a function of
hydrophilic/hydrophobic balance, consequently, induces cur-
vature into the local packing of the molecules that in turn
affects the types of mesophases formed. This is reflected across
the family of pentaerythritol compounds, which all exhibit
thermotropic mesophases, but not necessarily with all posses-
sing the same mesophase type, as seen in Fig. 17. One detail
that affects mesophase properties is the number of hydroxyl
components in the molecular structure of a material, with the
material having the largest proportion of H-bonding units
having the higher clearing point; whereas, in comparison, the
material with the largest proportion of aliphatic chains has the
lowest.

The comparisons of the results and observed properties
serve to demonstrate that materials 9 to 11 have more flexible
structures than those of materials 5 to 8 that are under
examination in this article. And moreover, the differences

%
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O-alkyl pentaerythritol derivatives having mono, di- or tri-galactosyl head

groups, along with the phase sequences for the materials with n = 12 (temperatures in °C).
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Fig. 18 Comparison between the temperatures (°C) of the phase transitions of compound 7 and 6,6’-di-O-undecanoylsucrose 12.

between the two families are likely to be focused on the triazole
ring system, which appears to support the formation of lamellar
phases.

A further comparison can be made between the two rod-like
materials shown in Fig. 18; compound 7 is taken from the
present studies, and 6,6’-di-O-undecanoylsucrose 12 was
reported previously.>> Compounds 7 and 12 possess the same
aliphatic chain lengths, and the same hydroxyl content asso-
ciated with the central carbohydrate core units. As expected, the
melting and clearing points of the triazole 7 are substantially
higher than those of the sucrose derivative 12 (i.e., 28 and 45 °C
higher, respectively). The result shows that the incorporation of
the triazole moieties in effect extends the relative molecular
lengths and increases the rigidity, thereby stabilizing the
lamellar (SmA) phase, as we see for the family series of
molecules 5 to 8. Interestingly, the 6,6’-di-O-undecanoylsucrose
was also predicted, and found, to have both folded and inter-
digitated molecular architectures located within the structure of
the lamellar phase.®* In this comparison it appears that these
molecules with softer internal molecular architectures can also
form folded and interdigitated packing arrangements similar to
those molecules that have more extended and rigid structures.
Furthermore, it appears that compounds of type 7 and 12 have
common pretransitional effects occurring in the liquid above the
clearing points as shown by X-ray diffraction studies.

4. Conclusion

Overall, the experimental studies of the mono- di- and tri-
saccharides, 5, 7 and 8, using POM, DSC and X-ray diffraction,
along with DFT calculations and MD simulations provide a
coherent view of their mesophase structures, along with general
consistency with a wider view of the dependence of glycolipid
phase behaviour on molecular architecture. Examining the
two families of materials (5 to 7) and (9 to 12), the amphiphiles
with two aliphatic chains appear to give the most stable
mesogens with the widest smectic ranges, high clearing points,
the least dependency on temperature, and the possibility of
exhibiting folded molecular structures. It may be that this
combination of artifacts is why so many natural membrane
lipids, such as glyco- and phospho-lipids, have molecular
structures composed of a head group with two aliphatic chains

This journal is © The Royal Society of Chemistry 2025

of substantial length (10 to 20 methylene units),”® thereby
resulting in overall conformationally flexible architectures.
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