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Cyclodextrins (CDs) constitute a unique class of p-glucose-based macrocycles that possess a truncated
cone-shaped central cavity. They are non-toxic and biodegradable. The presence of pseudo face-to-
face symmetry in the native CDs represents a distinctive advantage to design amphiphilic materials
capable of self-assembly into liquid crystals. In this work, a new family of amphiphilic B-CD derivatives
possessing 14 stearoyl chains (non-polar) and 7 functionalized tetraethylene glycols were synthesized
using an improved design and more efficient chemistry, and the synthetic targets showed excellent
ability to form stable hexagonal columnar mesophases over wide temperature ranges. We demonstrated
that the polarity and sizes of introduced functional groups can further affect the temperature ranges of
formed LC phases. Moreover, variable temperature solid-state nuclear magnetic resonance
spectroscopy studies of a lithium composite with compound 2 revealed fast local Li-ion exchange
processes with very low activation energies, suggesting the benefit of using these materials as potential
electrolytes for high ionic conductions. The results from this work can provide guidance for the design
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Introduction

Liquid crystals (LCs) are characterized by the presence of
ordered molecules in liquid states. These materials have revo-
lutionized the worldwide information and display' industries
during the last several decades and they have also found many
applications in other fields such as biosensors,>* proton and
ion conductions®"? and pharmaceutical industries.'*"*
Cyclodextrins (CDs) constitute a class of unique macrocycles
formed by 6-8 p-glucose units in the a-pyranose form.'” They
are readily available at industrial scales and are biodegradable
because of their a-(1,4)-glycosidic linkages. The CD macrocycles
adopt a unique frustum shape of different diameters, with a
hydrophobic cavity located at the centre. B-CD is the most
common member of the family that consists of 7 units of
p-glucose. In native CDs, all primary hydroxyl groups (attached
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to C-6 positions of p-glucoses) are found at the narrower face of
the macrocycle - commonly known as the primary face, and all
secondary hydroxyl groups (attached to C-2 and C-3 positions of
p-glucoses) are located at the wider face - commonly known as
the secondary face. The presence of polar functionalities at the
different faces of CDs confers to all native CDs a special type of
symmetry - face to face pseudo symmetry. The segregation of
primary and secondary hydroxyl groups at different faces of the
macrocycles provides a distinctive advantage compared to other
types of supramolecular scaffolds, as regioselective chemical
modifications can be achieved by taking advantage of the large
difference in chemical reactivity between the primary and
secondary hydroxyl groups; thus sequential introduction of
chemical functionalities of different properties to the two faces
of CDs can be achieved to afford novel materials capable of self-
assembly. Examples of such materials are amphiphilic CDs
which have already found widespread applications in drug
formulations,'® gene delivery'” and others;'® they are also
found to form LCs.'® CD-based LCs were reported in 1993 by
a simple per-functionalization of the primary face of B-CD with
alkylthio groups of different lengths to form amphiphilic
materials.”® However, CD-based LC materials have only started
to draw interest from the research community during the past
decade.”*” Amphiphilic CD materials formed via the modifi-
cation of primary face with long aliphatic chains were observed
to form a smectic LC mesophase, as the presence of numerous
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well-organized hydroxyl groups at the secondary face drives the
molecule to self-assemble via a complex network of very
strong hydrogen-bonding between two opposing amphiphilic
CDs; these materials commonly displayed high clearing
temperatures.”’”*® Chen et al®® introduced the well-known
4-methoxybiphenyl mesogenic group to the end of each alipha-
tic chain at the primary face of $-CD to form another group of
amphiphilic molecules that self-assemble via not only the
above mentioned hydrogen-bonding network but also the n-n
stacking of the 4-methoxybiphenyl groups. Interestingly, these
amphiphilic CDs initially form smectic mesophase but transi-
tioned slowly into nematic mesophase before completely melt-
ing to an isotropic liquid.

To eliminate the involvement of hydrogen-bonding net-
works and to take advantage of dipole-dipole intermolecular
forces, our lab has reported another group of amphiphilic CDs by
introducing O-acetyl-functionalized oligoethylene glycol (OEG)
groups of different lengths to the secondary face of per-6-
alkylthio-2,3-O-propargyl-functionalized p-CDs, via copper(1)-
catalyzed azide-alkyne [3+2]-cycloaddition, and we observed that
these derivatives possess excellent LC properties to also form
smectic mesophases, but with lower clearing temperatures.” By
exploiting the presence of intrinsic long-range orders in smectic
mesophases, we have reported other functionalized CD derivatives
that showed potential to be used as electrolytes for proton and
lithium conduction.>"** Interestingly, when the substitution pat-
terns of above OEG-functionalized amphiphilic CDs were inverted
between the primary and secondary face, we obtained another
series of amphiphilic CDs (1, Fig. 1) which surprisingly formed
hexagonal columnar mesophases.”®

One major challenge encountered in our previous synthesis
is to introduce 14 long aliphatic alkyl groups (> 12 carbons) to
the secondary face via ether linkages; unfortunately, due to the
low reactivity of these n-alkyl halides and a significantly
increased steric crowdedness present at the secondary face of
B-CD, the direct per-2,3-O-alkylation is extremely challenging
for introducing long alkyl groups. In fact, this reaction can only
afford the corresponding per-2,3-O-alkylated B-CD derivatives
with shorter alkyl chain lengths (< C12) in useful yield.>**" We
overcame this issue by first introducing fourteen propargyl
groups to all the O2 and O3 positions as above, and sub-
sequently extended chain lengths using copper(i)-mediated
azide-alkyne cycloaddition by the reaction with an n-alkyl
azide.”®>? Although this indirect approach successfully allowed
us to prepare the desired targets (1), the syntheses were
laborious, thus it was difficult to obtain the desired targets in
large amounts. In this work we report the efficient synthesis of
a novel class of per-2,3-O-esterified B-CD derivatives bearing
fourteen long stearoyl chains (C18, apolar) at the secondary face
and seven functionalized tetraethylene glycol chains (polar) at
the primary face. These easily obtained derivatives have shown
great capability to form stable hexagonal columnar meso-
phases. The per-2,3-O-esterified f-CD derivatives have not been
reported to form LCs yet in the literature unless a traditional
mesogenic group is attached.?® Furthermore, we demonstrate
that the stability of formed LC mesophases can be effectively
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Fig. 1 Structures of previously reported OEG-functionalized B-CD LCs (1)
and newly designed per-2,3-O-polyesterified amphiphilic B-CDs (2-3) by
carrying out a selective facial modification of B-CD with apolar aliphatic
chains and polar OEG groups. The polarity of OEG groups in newly
designed amphiphilic CDs (2—3) can be further modulated with introduced
terminal functionalities.

modulated by the nature of functional groups introduced at the
end of tetraethylene glycol chains (2-4, Fig. 1). Thus, this work
illustrates an efficient strategy to fine-tune the LC properties of
CD-based materials. Moreover, solid-state nuclear magnetic
resonance (NMR) spectroscopy studies on the lithium compo-
site with compound 2 revealed a fast local Li-ion exchange
processes and very low activation energies, suggesting the great
potential of using these materials as electrolytes for high ionic
conductions.

Results and discussion
Synthesis and characterization

The desired targets 2-4 were synthesized according to Scheme 1.
The per-6-azido-6-deoxy-B-CD (6)*° starting material was synthe-
sized by a direct substitution with sodium azide from the corres-
ponding per-6-bromide (5) in N,N-dimethylformamide (DMF) at
70 °C for 24 hours. To carry out the per-2,3-O-esterification of 3-CD
derivatives (9),*** we first converted stearic acid (7) to the
corresponding stearic anhydride (8) by a treatment of stearic acid
with N,N'-dicyclohexylcarbodiimide (DCC, 0.5 equiv.) in anhydrous
toluene at 70 °C; the obtained crude anhydride was then subjected
to a reaction with per-6-azide (6) (1.5 equiv. anhydride per OH) in
the same solvent at 70 °C using 4-N,N-dimethylpyridine as a

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthetic route to amphiphilic B-CD targets 2—4 bearing 14 O-octadecanoyl groups at the secondary face and 7 terminally functionalized

tetraethylene glycol groups at the primary face.

base;*>*° after 22 hours, the desired compound (9) was isolated in

almost quantitative yield and in gram quantities. The per-2,3-O-
substitution was confirmed by the 'H NMR spectrum of the
isolated compound (9) that showed a doublet at 5.08 ppm
(J = 3.8 Hz) and two sets of doublet of doublets at 5.32 ppm
(J = 94, 9.4 Hz) and 4.81 ppm (J = 3.8, 10.1 Hz), which are
respectively assigned to be the anomeric H-1, H-3 and H-2 protons
of all a-glucopyranosyl units.

To obtain O-monopropargylated tetraethylene glycol deriva-
tives 11, 14 and 15, the commercial O-monomethyl tetraethyl-
ene glycol (10) was subjected to an O-alkylation with propargyl
bromide in anhydrous tetrahydrofuran using sodium hydride
as a base to afford the corresponding O-propargyl ether (11)
in 86% yield. On the other hand, the O-monopropargyl-
tetraethylene glycol (13), prepared by a regioselective O-
monopropargylation of tetraethylene glycol (12),%” was either
directly O-acetylated using acetic anhydride-pyridine, or sub-
jected to a Michael addition with neat acrylonitrile using a
catalytic amount of sodium methoxide to form respectively the
desired key tetraethylene glycol intermediates 14 (~100%
yield) or 15 (50% yield). For the O-cyanoethylation of compound
13, it was found that the desired product 15 was formed cleaner
using 0.9 equivalents of acrylonitrile per alcohol. Finally, to
obtain the desired targets, the key B-CD per-6-azide 9 was first
conjugated to the O-monomethyl tetraethylene glycol alkyne 11,

This journal is © The Royal Society of Chemistry 2023

under copper(i)-catalysed Huisgen [2+3] dipolar cycloaddition
in the presence of N,N-diisopropylethylamine (DIPEA) in acet-
one; after heating at 55 °C for 72 h, the desired B-CD derivative
2 was isolated in 85% yield.

A key indication of successful coupling between the per-6-
azide 9 and alkyne (11) is a singlet that is observed at 7.74 ppm
in the "H NMR spectrum of isolated compound 2 (Fig. 2, top),
which corresponds to the newly formed 1,2,3-triazole function-
alities. It is also confirmed (from 2D 'H-'H GCOSY) by the
observation that all H-6a’s and H-6b’s of all p-glucopyranosyl
units appear at a more deshielded region at 4.82 ppm and
4.73 ppm, due to the direct attachment of C-6 to a strongly
deshielding aromatic 1,2,3-triazole ring. Additionally, all H-5
protons are observed at a more deshielded region (4.46 ppm),
due to its proximity to the deshielding 1,2,3-triazole ring. Most
proton signals appear to be broad, but the completeness in
substitution was clearly confirmed by the observation of only
one set of signals for each type of protons and by the symme-
trical appearance of each set of signals. Additionally, in the
acquired 1D "*C and 2D "H-"*C gHSQC spectra (Fig. 2, bottom),
each type of carbons in the molecule appears only as a singlet.
For example, the seven anomeric carbons of glucopyranosyl
units were observed at 96.3 ppm as a single peak while all seven
C-6’s, methoxy groups, 1,2,3-triazoles C-4’s were respectively
observed in a similar manner at 50.1 ppm, 59.0 ppm and

J. Mater. Chem. C, 2023, 11, 4153-4163 | 4155
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Fig. 2 *H NMR spectrum (top) and *H-3C gHSQC spectrum of synthesized compound 2 (CDCls, 400 MHz).

125.7 ppm. Unfortunately, attempts to characterize the struc-
ture of compound 2 by high resolution mass spectrometry
(HRMS) using electrospray ionization (positive) were unsuc-
cessful, due to its large molecular weight and extremely
hydrophobic nature. However, a MALDI-TOF mass spectrum
(positive, low resolution) was obtained which confirmed a peak
at m/z 6786.4 (100%) which correlates well to expected sodium
adduct (C;,5Hgo3N,10,,Na, M + Na") which has a calculated m/z
at 6783.1 (6.6%) and 6787.1 (100%) based on its simulated
isotope distributions.

In an analogous manner, the O-monoacetylated tetra-
ethylene glycol alkyne 14 and O-monocyanoethyl-functionalized
tetraethylene glycol alkyne 15 were respectively subjected to a

4156 | J Mater. Chem. C, 2023, 11, 4153-4163

coupling with compound 9 under the copper(r)-catalysed Huis-
gen [2+3] dipolar cycloaddition condition as above, to afford the
desired target 3 and 4 in excellent yields (86% for 3 and 88% for 4).
The two targets 3 and 4 were similarly characterized by 1D and 2D
NMR experiments as above, and each product was additionally
confirmed by MALDI-TOF mass spectrometry (see Experimental
section).

Mesomorphic properties

The phase behaviour of the final amphiphilic CD derivatives
2-4 were examined by differential scanning calorimetry (DSC),
polarized optical microscopy (POM), and X-ray diffraction
(XRD). The details of these experiments are listed in the

This journal is © The Royal Society of Chemistry 2023
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Methods section. All three amphiphilic compounds 2-4 possess
two reversible transitions by DSC (see the ESIf). In all three
cases, compounds exhibit a large enthalpy peak at low temperatures
and a small enthalpy peak at higher temperatures. POM experi-
ments indicate that these peaks correspond to the crystalline (Cr)-to-
LC and a LC-to-isotropic liquid (Iso) transitions, respectively. Slow
cooling the samples from the isotropic phase show the formation of
fan-shaped (compound 2, Fig. 3(a)) or batonnet textures (com-
pounds 3 and 4, Fig. 3(c and e)) with non-uniform birefringence.
These features have been observed in other CD derivatives, includ-
ing compounds 1,”® and are indicative of a columnar hexagonal
(Coly,) LC phase. The samples shear under mechanical stress but
show minimal fluidity, consistent with the more viscous columnar
phases. Compound 3 exhibits a small, irreversible transition shortly
after the Cr-to-LC transition; due to its narrow range, we could not
identify this phase by POM or XRD experiments, and thus assigned
it as an unknown columnar phase (Col,).

XRD samples below the isotropic phase for compounds 2-4
are consistent with Coly, phases. As an example, Fig. 4(a) shows
the X-ray diffractogram of compound 2 at 95 °C. One intense
peak, indexed to the d;q, plane, was observed along with four
peaks of smaller intensity indexed to the di10, d200, 2105 @220
planes of the hexagonal lattice. Two broad peaks are observed
at higher angles, which are ascribed to the packing of the CD
cores (9.0 A) along the column and those of the molten alkyl
chains (5.2 A). As samples are cooled to room temperature on
the microscope slide, domains become increasingly more bire-
fringent (Fig. 3(b, d and f)) and nonfluid. The XRD of the room
temperature phases (Fig. 4(b)) show retention of Coly, ordering,
but with additional diffraction peaks of the hexagonal lattice. In
addition, a sharp peak appears at 4.7 A, which likely corresponds

-\ e 'Y
) . F a

-

Fig. 3 Cross-polarized optical micrographs of 2 at (a) 99 °C (Coly) and
(b) 39 °C (Coln*), 3 at (c) 121 °C (Coly) and (d) 38 °C (Col,*), and 4 at
(e) 158 °C (Coly,) and (f) 41 °C (Col*).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 X-Ray diffractograms of 2 at (a) 95 °C (Col,) and (b) room
temperature (Col,*).

to the ordering of the PEG chains. These additional features
suggest the formation of a much more ordered Col,, phase at
low temperatures, which is supported by the large transition
enthalpy observed by DSC. Compounds 3 and 4 showed very
similar X-ray diffractograms (see ESIf). We thus conclude that
compounds 2-4 form Col;, LC phases at high temperatures, which
then transition to a more ordered Col, plastic or soft crystalline
phase (Col,*) below 60 °C.

The phase behaviour of all compounds is summarized
in Table 1. As discussed previously, the only differences
between compounds 2-4 are the terminal groups attached to
the hydrophilic tetraethylene glycol chains: R = CH; (2, methyl),
R = COCHj; (3, acetyl), or R = CH,CH,CN (4, cyanoethyl). All
three compounds melt from their plastic or semicrystalline
phases into liquid crystal phases at 56 °C, indicating that the
melting temperatures (7T},) are insensitive to the nature of the
terminal groups. In contrast, the incorporated terminal groups
clearly have a pronounced effect on the stability of the liquid
crystalline phases, as the clearing temperatures range from
108-167 °C.

These results can be understood by considering the supra-
molecular organization of the Col;, phases, which we anticipate
will be similar to the previously reported compounds 1.

J. Mater. Chem. C, 2023, 11, 4153-4163 | 4157
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Table 1 Phase behaviour of the 1,2-cyclohexyl DBP mono- and diesters
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Compound Phase” 7/°C (AH/K] mol )’ Phase® 7/°C (AH/K] mol )’ Phase® 7/°C (AH/K] mol )’ Phase”
1(n-1) or 48.8 (195) Col, 126.8 (2.48) 5o
36.1(-171) 123.9 (-1.46)
1 (n=2) or 51.0 (232) Cols 141.9 (5.47) Iso
38.1(213) 138.9 (-5.85)
) Coly” 55.7 (256) Col, 107.7 (15.6) 5o
40.1 (-261) 99.9 (-12.2)
3 Coly* 56.2 (220) Col, 124.7 (4.66) Coly 124.7 (4.66) 5o
44.7 (234) 119.4 (-5.62)
A Col* 55.9 (228) Coly 167.3 (4.57) o

44.9 (-210)

167.1 (-5.88)

¢ Phases identified by POM and vt-XRD experiments: Cr = crystalline, Col;, = columnar hexagonal, Iso = isotropic, X = unknown, partially crystalline
phase. ? Transition temperatures and enthalpies were determined by DSC (scan rate = 10 °C min™") on the first heating/cooling cycle.

Amphiphilic molecules typically self-assemble into nanostruc-
tured mesophases consisting of segregated hydrophilic and
hydrophobic domains, with morphologies that are governed
by the volume fractions ( f) of the hydrophilic and hydrophobic
components. In the case of Colye, ordering, the minor volume
component forms cylindrical aggregates within a continuum of
the major component (Fig. 5a);>*** in compounds 2-4, the
hydrophilic PEG chains are estimated to occupy approximately
25% (f = 0.25) of the total molecular volume (Fig. 5b), which
would place them at the interior of the columns. The number of
molecules per unit cell (Z) can be calculated from the relation

Z = pNad*c\/3/2M, where a and ¢ are the unit cell parameters,
M is molecular weight, N, is Avogadro’s number and p is the
density. Assuming the value of ¢ is equal to the CD-CD peak
observed between 9.0-9.3 A and estimating the density at
1.0 g mol ™" affords a Z of approximately 3 molecules per unit
cell for compounds 2-4.

In the above model, the terminal groups are confined in the
centre of the column hydrophilic domains, where their size and
dipoles are expected to strongly impact the packing and phase
stability. Indeed, CD 2, which has both the shortest and least
polar head group, has the lowest T, while 4, with the longest
and most polar terminal group, has the highest T..

To quantify these effects, density functional theory (DFT)*
calculations were carried out on truncated model compounds

(a)

Fig. 5 (a) Schematic representation of Coly, packing of compounds 2-4
showing nano-segregated hydrophilic (purple) and hydrophobic domains
(blue); model of 2 showing PEG chains (purple), CD (white) and hydro-
phobic chains (blue).

4158 | J Mater. Chem. C, 2023, 11, 4153-4163

CH;CH,-X, where X is the terminal group (-OCH;3, -OCOCH3;,
and -OCH,CH,CN). The calculations were performed on ORCA
(version 5.0.3)** using the Grimme r2SCAN-3¢ functional with
the mTZVPP basis set.*> These calculations indicate that T.
increases linearly with the dipole moment of the terminal
group (Fig. 6(a)). The clearing temperature also increases with
the length of the terminal group (Fig. 6(b)), albeit with a slightly
poorer linear fit. We also note that the column-column dis-
tances (a) of the Coly, phase increase from 65.7 A (2), to 67.0 A
(3), to 67.9 A (4), as the length of the terminal group increases
from 4.4 A to 5.7 A to 7.1 A, respectively.

180 -
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160 -
o
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120 +
100 T T T 1
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180
R%=0.96
°
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o
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9
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Fig. 6 Plots of clearing temperature (T.) versus dipole moment (top) and
length of the terminal group (bottom).
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The nearly perfect correlation between clearing tempera-
tures and dipole moment suggests that dipolar interactions
between the terminal groups at the centre of the column are
primarily responsible for the observed trends. The increase in
T. with the terminal group size may be coincidental, as group
length and dipole moment are strongly correlated in the pre-
sent series. However, we cannot rule out that increasing the
length of the terminal group also contributes to stabilization of
the phase, and, indeed, we have previously noted that clearing
temperatures of closely related compounds 1 increase from
127 °C to 143 °C when the O-acetylated diethylene glycol chains
are replaced with O-acetylated triethylene glycols.*®

Solid-state NMR studies of compound 2 and its lithium
composite

Solid-state 'H and '*C magic-angle spinning (MAS) NMR
spectroscopy were performed on compound 2 using a composite
of compound 2 + lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) to assess structural changes in the hydrogen and
carbon chemical environments upon the incorporation of Li.
The "H MAS NMR spectrum of compound 2 + LiTFSI reveals
improved 'H resolution with sharper resonances appearing
between 0 and 10 ppm after the Li addition, which were hidden
in compound 2 due to the strong '"H-'H dipolar coupling. The
sharper and more resolved resonances are suggestive of an
increase in dynamics which assist in attenuating the strong
'H homonuclear dipolar coupling (Fig. 7a). The "*C{"H} cross

a) b)
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polarization (CP) MAS NMR spectra of parent compound 2 and
Li incorporated compound 2 + LiTFSI show nearly identical
signals in the aliphatic region (0 and 90 ppm), except for the **C
peak at 70.9 ppm (compound 2) which showed a lower fre-
quency shift to 69.5 ppm with decreased intensity and slight
broadening caused by the addition of Li (Fig. 7b), supporting
that the overall backbone structure does not change upon Li
incorporation.

The variable-temperature (VT, 300 to 346 K) 'Li MAS NMR
was performed on compound 2 + LiTFSI, and a single sharp "Li
NMR resonance was observed throughout the temperature
range examined (Fig. 7c). Closer examination shows a small
isotropic chemical shift towards higher frequency (from —1.0 to
—0.9 ppm) as the temperature increased (Fig. 7d). Furthermore,
the “Li NMR linewidth narrows (from 100 to 80 Hz) with the
increase in temperature, which supports an increase in local Li-
ion motion, reducing the residual dipolar coupling of neigh-
bouring "H and “Li nuclear spins leading to an increase in the
spin-spin lattice relaxation (7%) (Fig. 7d).

To gain further insight into this Li-ion dynamics, variable
temperature “Li spin-lattice (T}) relaxometry was performed to
assess the thermally activated regions. The spin-lattice relaxa-
tion (SLR) rates (1/T;) were plotted using an Arrhenius repre-
sentation, ie., log.(1/T) is plotted against 1000/T, where T is the
temperature in K (Fig. 7e). The SLR rates were recorded at a
Larmor frequency of wo/2m(’Li) = 194.42 MHz, and a characteristic
diffusion-induced rate peak was observed with its maximum at

Compound 2 + LiTFSI Compound 2 + LiTFSI

T (K)
e) 345 333 323 312 303
0.95 ) A | . A
i T=329K
Compound 2 Compound 2 0.90 4 o R?=0.97
/ Slope = -0.6565
T T T T v T T T r y T T El"= 5.5 kJ/mol
15 10 5 0 -5 -10 200 175 150 125 100 75 50 25 O 085
~ 0.854 — 9
3("H)/ppm 5("*C)/ppm :_ 1/tgr = 1.2x10° Hz
1= R?=0.98
d) 135 = 0801 Siope =0.2327
0004 7 o o EN" = 1.9 kJ/mol
e f130
.
002 . L] 0.75 4 @® In(1/T,) values
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- 4 F1
g 094 . ° 20 2 0.70 . ; T T T
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Fig. 7 Solid-state NMR spectroscopy results acquired at 11.75 T using 10 kHz MAS frequency. Room temperature (a) *H and (b) *C{*H} CP MAS NMR
spectra of compound 2 and compound 2 + LITFSI; the dotted lines act as a guide to the eye. (c) ’Li MAS NMR spectra of compound 2 + LiTFSI recorded at
variable temperatures (300 to 346 K) with the dotted line showing a higher frequency shift of the peak maxima; and the dependence of corresponding
(d) “Li isotropic chemical shifts (3) and T3 as a function of temperature. (e) Temperature dependence of diffusion-induced NMR spin-lattice relaxation
rates (1/T,); the rate maximum was found at T ~ 329 K with activation energies of low- and high-temperature sides as 5.5 and 1.9 kJ mol™?, respectively.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. C, 2023, 11, 4153-4163 | 4159


https://doi.org/10.1039/d2tc05024b

Published on 06 Mé&erz 2023. Downloaded on 11.04.26 15:03:36.

Paper

T =~ 329 K, where the mean jump rate (1/tnyr) Of Li-ions is
typically on the order of the angular Larmor frequency w,
following the condition, wytyr & 1.** The calculated 1/Tamr
("Li) = 1.2 x 10° Hz falls in the GHz regime, and such fast Li-ion
exchange processes suggest high ionic conductivity or fast local
Li-ion hopping. The low-temperature flank (wy-tamr > 1) Of the
diffusion-induced rate peak is sensitive towards the local Li-ion
hopping processes, and an activation energy (Ei°%) of 5.5 kJ mol
was obtained from the slope of this regime, which is typically
influenced by the correlation effects, such as structural disorder or
Coulomb interactions.”® However, the high-tempertaure flank
(wotamr < 1) of the diffusion-induced rate peak gives rise to an
activation energy (E2'8") of 1.9 k] mol " hinting to favourable long-
range Li-ion conduction as the high-temperature side is influenced
by the dimensionality of the ion diffusion process.*® Previously, we
examined the activation energies from NMR on SmA and CrX
phases, which were found to be higher than those reported here
for the hexagonal columnar mesophases. The lower energy barrier
for local lithium hopping in the hexagonal mesophase may prove
to be beneficial for bulk conduction warranting further
exploration.

Conclusion

In the present work, we reported a novel class of amphiphilic
CD derivatives that can be effectively accessed with a much
improved, scalable and expediated synthetic route by a poly-
esterification of all secondary hydroxyl groups of CD scaffolds.
All synthesized compounds 2-4 form Col,, phases with a wide
temperature range; this illustrates the advantage and versatility
of CD scaffolds to be used in the design of LC materials. We
further demonstrated for the first time that the stability of the
formed LC mesophases by amphiphilic CDs can be rationally
tuned with the addition of terminal functional groups of
different polarity and sizes to the hydrophilic region. The
dipole moment of the introduced functionality has the most
important and direct impact on the stability of the LC meso-
phase formed. These should contribute to a better understand-
ing and guidance to the future design of CD-based LC materials.
Solid-state NMR studies further revealed the potential utility of
this class of materials as electrolytes for lithium-ion transport,
evidenced by the observation of generally very low activation
energies which could be correlated to the ability of conducting
Li-ion over a long range in the LC mesophases.

Experimental section
Methods

Chemical synthesis. All commercial reagents were used as
supplied unless otherwise stated. Analytical thin layer chroma-
tography was performed on Silica Gel 60-F,s, (Sigma-Aldrich®
TLC Plates) with detection by quenching of fluorescence and/or
by charring with 5% sulfuric acid in water or with a ceric
ammonium molybdate dip. Column chromatography was per-
formed on Silica Gel 60 (Silicycle, Ontario). Organic solutions
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from extractions were concentrated under vacuum with the
assistance of a heat bath. "H NMR spectra were recorded at
400 MHz and “*C NMR spectra were recorded at 100 MHz on a
Bruker spectrometer. Chemical shifts dy and ¢ are reported in
0 (ppm) and referenced to residual CHCl; (0y 7.24, d¢ 77.0,
CDCly). First order coupling constants were reported in Hz for
proton nuclei. "H and *C NMR spectra were assigned with the
assistance of DEPTQ, COSY, and HSQC spectra. Low resolution
mass spectra were obtained using mass spectrometry with
Autoflex IIT Smartbeam (Bruker Daltonics Inc.) matrix assisted
laser desorption/ionization (MALDI-TOF/TOF). High resolution
ESI-QTOF mass spectra were recorded on an Agilent 6520
Accurate Mass Quadrupole Time-of-Flight LC/MS spectrometer.

POM. Polarized optical microscopy experiments were carried
out using an Olympus BX50 microscope equipped with a Nikon
D90 DSLR camera. Sample temperatures were controlled using
a Linkam LTS350 heating stage coupled with a TMS94 tem-
perature controller.

XRD. XRD experiments were conducted on a SAXSLAB
Ganesha 300XL small angle X-ray scattering (SAXS) instrument
(Cu source, 45 kv, 0.6 mA). All samples were loaded into thin-
walled quartz capillary tubes (Charles Supper Company) with a
1.5 mm outer diameter. All measurements were performed on a
Linkam T95-PE heating stage. Each spectrum was collected for
10 minutes.

DSC. Differential scanning calorimetry experiments were
performed on a TA Instruments DSC Q2000 equipped with a
TA Instruments Refrigerated Cooling System 90. Unless other-
wise noted, all runs were carried out at a heating/cooling rate of
10 °C min !, with a one-minute isothermal equilibration at the
end of each cycle.

Solid-state NMR spectroscopy

The lithium composite of compound 2 was prepared by mixing
compound 2 with LiTFSI in molar ratio of 1:5 [LiTFSI: EO] in
tetrahydrofuran. The solvent was then evaporated under
reduced pressure and further dried under high vacuum to
afford the sample for NMR studies.

Solid-state "H, "*C, and “Li NMR measurements were per-
formed at By = 11.75 T on a Bruker AVANCE NEO 500 NMR
spectrometer equipped with a 4 mm double-resonance (H/X)
Bruker magic-angle spinning (MAS) probe using an MAS fre-
quency of 10 kHz. The samples were packed into 4 mm (outer
diameter) zirconia rotors using Kel-F and Vespel caps for room
temperature and variable-temperature (VI) measurements,
respectively. All NMR spectra were processed using the Topspin
4.1.1 Bruker software and plotted using the Origin 2021
software.

(i) 'H NMR. 'H NMR spectra (wo/2n(*H) = 500.27 MHz)
were acquired using a Bloch pulse sequence®” with a 4 us n/2
pulse (w4/27 = 62.5 kHz), an optimized recycle delay of 10 s, and
4 co-added transients at room temperature. 'H NMR data were
referenced to adamantane at 5(*H) = 1.85 ppm with respect to
TMS §(*H) at 0 ppm.

(ii) '*C cross-polarization (CP)*®* NMR. “C{'H} CP MAS
NMR spectra (wo/2n(**C) = 125.80 MHz) were acquired by using
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a 4 pus Bloch decay (m/2) pulse (w4/2n = 62.5 kHz) on 'H and,
Hartman-Hahn*® matching condition on *C was achieved
using a shaped pulse with a 1.0 ms contact time, recycle delay
of 10 s, and 256 co-added transients at room temperature. *C
NMR data were referenced to adamantane "*C higher frequency
peak at 6(**C) = 38.56 ppm with respect to TMS §(**C) at 0 ppm.
(iii) “vLi variable temperature NMR. "Li MAS NMR spectra
(wo/2n("Li) = 194.42 MHz) were acquired using a 4 ps Bloch
decay (n/2) pulse (w,/27 = 62.5 kHz), an optimized recycle delay
of 2 s, and 16 co-added transients. ’Li NMR data were refer-
enced to LiCl (1 M) at §("Li) = 0 ppm. The ’Li spin-lattice
relaxation time (7;) was measured using an inversion recovery
pulse sequence (1 — tp — m/2 — ACQ, where 1y, is the variable
delay). The “Li T; values were calculated by fitting the peak areas
using a single-exponential decay function: A, = A, + Ce” ™, where
A;and A, are the NMR peak areas recorded at time t and infinity,
respectively, and C is the pre-exponential constant. Variable tem-
perature (300 to 346 K) "Li NMR measurements were conducted by
controlling the temperatures using a Bruker VT unit, and the
sample temperatures were corrected for frictional heating and
instrument calibration using CH;NH,PbCl; powder.*

Heptakis[6-azido-6-deoxy-2,3-di-O-octadecanoyl]cyclomaltoheptaose
©

Stearic acid (7, 9.97 g, 35.04 mmol) was dissolved in anhydrous
toluene (120 mL). DCC (3.61 g, 17.52 mmol) was added to the
reaction flask and the reaction was stirred for 4 h under argon
atmosphere at 70 °C. The solid precipitate was filtered off and
the filtrate (containing 8) was reheated to 60 °C. Per-6-azido-p-
CD (6, 1.0 g, 0.83 mmol) was added to the warm solution and
the reaction was stirred for 22 h. The reaction flask was
evaporated and redissolved in DCM (25 mL) before the addition
of methanol (180 mL). The precipitate was centrifuged, and the
liquid decanted. Precipitation and centrifugation were repeated
twice to afford compound 9 as a light brown solid (3.8 g, 99%).
R¢ = 0.46 (EtOAc: Hexanes, 10:90). [o]5s + 45.2 (¢ 0.27, CHCI;).
'H NMR (CDCl;, 400 MHz): 6 5.32 (dd, J = 9.8, 9.8 Hz, 7H, 7 X
H-3), 5.08 (d, ] = 3.8 Hz, 7H, 7 x H-1), 4.81 (dd, J = 3.8, 10.1 Hz,
7H, 7 x H-2), 4.02 (m, 7H, 7 x H-5), 3.75-3.69 (m, 14H, 7 x H-4,
7 X H-6,), 3.64 (dd, J = 4.5, 13.8 Hz, 7H, 7 X H-6}), 2.45-2.12
(m, 28H, 14 x CH,COO0), 1.76-1.48 (m, 28H, 14 x CH,CH,COO),
1.41-1.20 (m, 392H, 196 x CH,), 0.90 (t, J/ = 6.7 Hz, 42H,
14 x CHj). °C NMR (101 MHz, CDCl,) § 173.3, 171.8, 96.4, 70.8,
70.2, 70.1, 58.5, 53.4, 51.6, 34.1, 33.9, 32.0, 29.91, 29.89, 29.86, 29.82,
29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 24.8, 24.76, 22.7, 14.1. LRMS
(MALDI'TOF, positive) m/z caled for Cpo4Hs30N,;04,Na (M + Na'):
5060.1 (15.6%) and 5063.1 (100%); found 5058.7 (100%).

2,5,8,11,14-Pentaoxaheptadec-16-yne (11)

Sodium hydride (60% in mineral oil, 0.38 g, 9.60 mmol) was
added to a stirring solution of tetraethylene glycol monomethyl
ether (10, 1.00 g, 4.80 mmol) in anhydrous THF (5.0 mL).
Propargyl bromide (80 wt% in toluene, 2.14 mL, 19.21 mmol)
was added after 20 minutes and the solution was stirred
for 22 h. The solution was evaporated and purified by
column chromatography on silica gel using a gradient of ethyl
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acetate - hexanes (10 — 60%) as the eluent to obtain 11 as a
clear oil (1.02 g, 86%). R¢ = 0.50 (EtOAc). "H NMR (400 MHz,
CDCl;) 6 4.21 (d, J = 2.4 Hz, 2H, OCH,C=CH), 3.74-3.63
(m, 14H, 7 x OCH,), 3.58-3.54 (m, 2H, OCH,), 3.39 (s, 3H,
H;CO), 2.44 (t, J = 2.4 Hz, 1H, HC=C). C NMR (101 MHz,
CDCl;) 6 79.7, 74.5, 72.0, 70.62, 70.59, 70.52, 70.4, 69.1, 59.0,
58.4. HRMS (ESI-QTOF, positive) m/z caled for C;,H,,05
(M + Na*): 269.1359; found 269.1371.

3,6,9,12-Tetraoxapentadec-14-yn-1-ol (13)*”

Sodium hydride (60% in mineral oil, 18.07 g, 0.45 mol) was
added to a stirring solution of tetraethylene glycol (12, 73.14 g,
0.38 mol) in anhydrous THF (500 mL). Propargyl bromide
(80 wt% in toluene, 63.9 mL, 0.56 mol) was added after
25 minutes and the solution was stirred overnight. The solution
was evaporated and purified by column chromatography on
silica gel using a gradient of ethyl acetate-hexanes (40 — 60%)
to obtain compound 13 as a light-yellow oil (40.71 g, 47%).
Re = 0.27 (EtOAc). 'H NMR (CDCl;, 400 MHz): & 4.22
(d, J = 2.5 Hz, 2H, OCH,C=CH), 3.77-3.65 (m, 14H,
7 x OCH,), 3.65-3.60 (m, 2H, OCH,), 2.68 (br, 1H, OH), 2.45
(t,J = 2.6 Hz, 1H, HC=C). *C NMR (101 MHz, CDCl;) § 79.6,
74.5, 72.6, 70.64, 70.59, 70.55, 70.41, 70.4, 69.1, 61.8, 58.4.

3,6,9,12-Tetraoxapentadec-14-yn-1-yl acetate (14)

Compound 13 (3.0 g, 1.29 mmol) was stirred with acetic anhydride
(0.24 mL, 2.58 mmol) and pyridine (0.20 mL, 2.58 mmol) for 24 h.
The mixture was concentrated in vacuo then purified by column
chromatography on silica gel using a mixture of ethyl acetate —
hexanes (20%) to afford compound 14 as a light-yellow oil (3.54 g,
~100%). R; = 0.81 (EtOAc). 'H NMR (400 MHz, CDCL;) & 4.15-411
(m, 4H, OCH,COO, OCH,C=CH), 3.65-3.55 (m, 14H, 7 x OCH,),
2.40 (t, J = 2.4 Hz, 1H, HC=C), 2.00 (s, 3H, CH;COO). *C NMR
(101 MHz, CDCl,) 6 170.9, 79.6, 74.6, 70.5, 70.48, 70.45, 70.3, 69.0,
68.99, 63.5, 58.3, 20.9. HRMS (ESI-QTOF, positive) m/z caled for
C13H,,06 (M + NH4"): 292.1755; found 292.1762.

4,7,10,13,16-Pentaoxanonadec-18-ynenitrile (15)

Compound 13 (1.0 g, 4.31 mmol) was stirred with acrylonitrile
(0.27 mL, 3.9 mmol) for 5 minutes. A catalytic amount of
sodium methoxide (23.5 mg, 0.43 mmol) was added, and the
mixture was stirred for 24 h. The mixture was diluted with ethyl
acetate (150 mL) and washed with brine (2 x 150 mL) to remove
the unreacted starting material 13. The organic phase was dried
using anhydrous sodium sulfate, filtered, and concentrated
under vacuum to obtain compound 15 as a light-yellow oil
(0.62 g, 50%). R¢ = 0.49 (EtOAc). "H NMR (400 MHz, CDCl;) 6
4.22 (d, J = 1.2 Hz, 2H, OCH,C=CH), 3.77-3.66 (m, 18H,
8 x OCH, + OCH,CH,CN), 2.64 (dd, J = 6.4, 6.4 Hz, 2H,
OCHy,), 2.45 (t, J = 2.4 Hz, 1H, HC=C). *C NMR (101 MHz,
CDCl;)  118.00, 79.6, 74.7, 72.5, 70.60, 70.59, 70.56, 70.50,
70.47, 70.45, 70.4, 70.34, 70.30, 70.2, 70.1, 69.0, 65.9, 58.3, 18.8.
HRMS (ESI-QTOF, positive) m/z caled for C14H,3NOs (M + Na'*):
308.1468; found 308.1483.

J. Mater. Chem. C, 2023, 11, 4153-4163 | 4161


https://doi.org/10.1039/d2tc05024b

Published on 06 Mé&erz 2023. Downloaded on 11.04.26 15:03:36.

Paper

Heptakis{6-deoxy-6-[(4-(2,5,8,11,14-pentaoxapentadecyl)-1H-
1,2,3-triazol-1-yl]-2,3-di-O-octadecanoyl}cyclomaltoheptaose (2)

Compound 9 (0.24 g, 0.98 mmol), DIPEA (8.6 pL, 49.4 pmol),
and Cu(1)I (9.40 mg, 49.4 pmol) was added to a solution of
compound 11 (355.4 mg, 70.6 pmol) dissolved in acetone
(7.0 mL). The reaction was heated to 55 °C and stirred for
72 h. The solution was concentrated then diluted with ethyl
acetate (200 mL) and washed with 5% N,N,N’,N-ethyl-
enediaminetetraacetic acid in water (2 x 200 mL). The organic
phase was evaporated then redissolved in DCM (10 mL) before
the addition methanol (20 mL) to form a precipitate which was
centrifuged and decanted. Precipitation and centrifugation
were repeated twice to obtain the target compound 2 as a light
brown solid (0.41 g, 86%). R = 0.50 (CH;OH : CH,Cl,, 10:90).
[o]s + 21.7 (¢ 5.9, CHCI;). "H NMR (400 MHz, CDCl;) § 7.74
(s, 7H, 7 x 1,2,3-triazole), 5.47 (br s, 7H, 7 x H-1), 5.39 (br dd,
7H, 7 x H-3), 4.90-4.65 (m, 21H, 7 x H-2, 7 X H-6,, 7 X H-6y,),
4.62-4.40 (m, 21H, 7 x H-5, 7 X OCH,-1,2,3-triazole), 3.71-3.57
(m, 98H, 49 x OCH,), 3.58-3.50 (m, 21H, 7 x H-4,
7 x OCH,), 3.37 (s, 21H, 7 x OCHj;), 2.46-2.06 (m, 28H,
14 x CH,COO), 1.66-1.45 (m, 28H, 14 x CH,CH,COO), 1.43-
1.25 (m, 392H, 196 x CH,), 0.88 (t, 42H, J = 6.8 Hz, 7 x CHj,).
BC NMR (100 MHz, CDCl;) § 173.1, 171.7, 144.7, 125.7, 96.3,
77.4,76.7, 71.9, 70.6, 70.52, 70.48, 70.41, 70.0, 64.4, 58.99, 50.1,
34.0, 33.8, 32.0, 29.94, 29.92, 29.89, 29.86, 29.82, 29.80, 29.76,
29.73, 29.7, 29.5, 29.4, 29.3, 24.8, 24.7, 22.7, 14.1. LRMS
(MALDI-TOF, positive) m/z caled for Cz;gHgo3N»;O,7Na (M +
Na*): 6783.1 (6.6%) and 6787.1 (100%); found 6786.4 (100%).

Heptakis{6-deoxy-6-[(4-(15-0x0-2,5,8,11,14-pentaoxahexadecyl)-
1H-1,2,3-triazol-1-yl]-2,3-di-O-octadecanoyl}cyclomaltoheptaose
3)

Compound 14 (76.3 mg, 0.28 mmol), DIPEA (2.4 pL, 13.9 pmol),
and Cu(1)I (2.64 mg, 13.9 pmol) was added to a solution of
compound 9 (100 mg, 19.9 pmol) dissolved in acetone (4.0 mL).
The reaction was heated to 50 °C and stirred for 4 days. The
solution was diluted with ethyl acetate (100 mL) and washed
with 5% N,N,N’,N'-ethylenediaminetetraacetic acid in water
(3 x 100 mL). The organic phase was evaporated then redis-
solved in DCM (2 mL) before the addition methanol (8 mL) to
form a precipitate which was centrifuged and decanted. Pre-
cipitation and centrifugation were repeated twice to obtain the
target compound 3 as a light brown solid (76.2 mg, 55%).
R¢ = 0.50 (CH;0H : CH,Cl,, 10: 90). [a]5s + 15.6 (c 0.45, CHCL,).
'"H NMR (400 MHz, CDCl;) § 7.76 (s, 7H, 7 x 1,2,3-triazole),
5.55-5.33 (m, 14H, 7 x H-1, 7 x H-3), 4.93 - 4.37 (m, 42H,
7 x H-2,7 x H-5,7 x H-6,, 7 X H-6}, 7 x OCH,-1,2,3-triazole),
4.26-4.18 (m, 14H, 7 x OCH,), 3.76-3.49 (m, 105H, 7 x H-4,
49 x OCH,), 2.43-2.03 (m, 49H, 7 x CH;COO, 14 x CH,COO0),
1.65-1.45 (m, 28H, 14 x CH,CH,COO), 1.38-1.16 (m, 392H,
196 x CH,), 0.88 (t, J = 6.7 Hz, 42H, 7 x CHj;). *C NMR
(101 MHz, CDCl,) & 173.1, 171.8, 171.1, 144.7, 125.8, 96.3,
70.53, 70.51, 70.4, 69.9, 69.7, 69.1, 64.4, 63.6, 50.8, 50.0, 34.0,
33.8, 32.0, 30.0, 29.93, 29.90, 29.87, 29.84, 29.81, 29.8, 29.74,
29.71, 29.5, 29.4, 29.3, 24.8, 24.7, 22.7, 21.0, 14.1. LRMS
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(MALDI-TOF, positive) m/z caled for C355HeosN510g4 (M + H'):
6957.1 (6.1%) and 6961.1 (100%); found 6959.4 (100%).

Heptakis{6-deoxy-6-[(4-(16-cyano-2,5,8,11,14-pentaoxahexadecyl)-1H-
1,2,3-triazol-1-y1}-2,3-di-O-octadecanoyl}cyclomaltoheptaose (4)

15 (79.3 mg, 0.28 mmol), DIPEA (2.4 pL, 13.9 pmol), and Cu(i)I
2.6 mg, 13.9 pmol) was added to a solution of 9 (100 mg,
19.9 umol) dissolved in acetone (4.0 mL). The reaction was
heated to 50 °C and stirred for 4 days. The solution was
concentrated and then diluted with ethyl acetate (100 mL)
and washed with 5% N,N,N’,N’-ethylenediaminetetraacetic acid
in water (3 x 100 mL). The organic phase was evaporated then
redissolved in DCM (1 mL) before the addition methanol (9 mL)
to form a precipitate which was centrifuged and decanted.
Precipitation and centrifugation were repeated twice to obtain
the target compound 4 as a light brown solid (79.3 mg, 57%).
R¢ = 0.47 (CH30H : CH,Cl,, 10:90). [a]55 + 19.5 (¢ 0.43, CHCL,).
'"H NMR (400 MHz, CDCl;) § 7.77 (s, 7H, 7 x 1,2,3-triazole),
5.57-5.34 (m, 14H, 7 x H-1, 7 x H-3), 4.96-4.25 (m, 42H, 7 X
H-2,7 x H-5,7 x H-6,, 7 x H-6,, OCH,-1,2,3-triazole), 3.80-3.47
(m, 133H, 7 x H-4, 63 x OCH,), 2.64 (t, J = 6.4 Hz, 14H,
7 x CH,CN), 2.46-1.99 (m, 28H, 14 x CH,COO), 1.67-1.44
(m, 28H, 14 x CH,CH,COO), 1.41-1.14 (m, 392H, 196 x CH,),
0.89 (t, 42H, ] = 6.7 Hz, 14 x CH,). >C NMR (101 MHz, CDCl;) 6
173.1, 171.7, 125.8, 96.3, 77.3, 70.7, 70.6, 70.5, 70.4, 69.9, 69.7,
65.9, 64.4, 34.0, 33.8, 32.0, 29.94, 29.91, 29.88, 29.85, 29.82,
29.79, 29.75, 29.71, 29.5, 29.4, 29.3, 24.8, 24.7, 22.7, 18.9, 14.1.
LRMS (MALDI-TOF, positive) m/z caled for CzgpH,0oN,50,7Na
(M + Na'): 7056.2 (5.6%) and 7060.2 (100%); found 7059.6
(100%).
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