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Crown ether—amino acid hybrids represent a promising class of amphiphilic molecules combining ion recognition with self-assembly

capabilities. Despite extensive studies on their binding properties, the influence of inorganic salt complexation on their liquid crystalline
behaviour remains underexplored. Here we synthesized amphiphilic [18]-crown-6 derivatives of L-dihydroxyphenylalanine and
tetrahydroisoquinoline analogues, systematically investigating the effects of alkyl chain length and salt type on mesophase formation.

Complexation with various salts induced liquid crystalline phases, transitioning from smectic A to columnar hexagonal structures as anion

size and alkyl chain length increased. Structural analyses and electron density mapping revealed assembly into charged superdiscs forming
columnar stacks with tunable ion channels. Broadband dielectric spectroscopy highlighted differences in molecular mobility and conductivity
linked to molecular design. These findings establish salt complexation as a key strategy to control self-assembly and ion transport in crown
ether—amino acid hybrids, advancing their potential in responsive soft materials and ion-conductive applications

1. Introduction

Hybrid materials combining crown ethers and amino acids are
highly attractive from several perspectives. The ability of crown
ethers to form supramolecular complexes with metal salts as
well as amino acid and peptide derivatives is useful for chiral
separation, molecular recognition and sensing applications.
Most of the work has exploited the binding affinities of crown
ethers for ammonium and guanidinium units of amino acids and
peptides in order to develop chiral stationary phases for HPLC1~
14 supercritical fluid chromatography>1 or capillary
electrophoresis!’18, Other reports dealt with chiral recognition
in solution monitored by colorimetry!?, guided ion beam mass
spectrometry20.21 Juminescence?223 and NMR2425 among other
methods. Supramolecular interactions between amino acids
and crown ethers were also utilized for chiral NMR shift
agents2527, The underlying proton transfer has been studied
both experimentally and theoretically?8-39, resulting in the
development of mono- or (hetero)ditopic receptors3132, liquid
membranes?3, optical?3, MRI343> and electrochemical
sensors3637, Moreover, the selective ion recognition of crown
ethers towards small spherical cations has inspired the
development of Li* ion receptors3® and ionophores for model
membranes3°42 as well as ion conductors?*3.44,

Despite this wealth of information on materials based on crown
ether/amino acid interactions and reported liquid crystalline
crown ethers38434562 and mesogenic amino acids,%374,
surprisingly little is known about liquid crystalline hybrids
combining both crown ethers and amino acid entities in one
molecular scaffold. Such a combination might lead to novel

properties of the hybrid materials, such as ionic conductivity
caused by the anions, while the chiral amphiphilic amino acid
moiety should self-assemble into mesophases with long-range
orientational order.

Depending on the presence or absence of charge, mesophase
stabilization may arise from Coulomb interactions, van der
Waals forces, m—mt stacking of aromatic units, hydrogen bonding,
and free-volume minimization, which together drive the
nanosegregation of immiscible parts. In an earlier study on
liquid crystals (LCs) derived from crown ether—amino acid
hybrids, we demonstrated that the presence, number, and
position of charges exerted a pronounced influence on the
mesomorphic properties of these hybrid materials®. In this
previous work the crown ether was directly connected with the
aryl unit of the amino acid 1 (Figure 1). Complexation with Nal
changed the columnar rectangular (Col;) mesophase of 1 to a
smectic A (SmA) mesophase for 1 e Nal.

We recently published the dynamical properties and
conductivity of L-dihydroxyphenylalanine (L-DOPA)-based
guanidinium chlorides, which result from their self-assembly
into superdiscs in Col, phases.”®

Here we demonstrate for the first time, that the salt
complexation of crown ether amino acid hybrids is essential for
liquid crystalline self-assembly and also controls their
conductive behaviour. For this purpose, we designed the
amphiphilic hybrids c-DOPA(n) consisting of an N-terminally
bound [18]-crown-6 unit and three flexible alkyl side chains with
equal chain length (n = number of carbon atoms per chain) at
the C-terminal ester and catechol ether groups of the amino
acid DOPA (Figure 1). To obtain structurally related hybrids with
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reduced conformational flexibility of the amino acid scaffold,
the corresponding rigid tetrahydroisoquinoline crown ether
hybrids c-THIQ(n) were synthesized. The synthesized hybrids
and their salt complexes c-DOPA(n) « MX, c-THIQ(n) « MX were
investigated by polarizing optical microscopy (POM),
differential scanning calorimetry (DSC) and X-ray diffraction
(XRD} to characterize the mesophase behaviour. The self-
assembly of the molecules into mesophases is governed not
only by intermolecular interactions but also by molecular
mobility.87.7576 Therefore, the molecular mobility for selected
compounds was further investigated by broadband dielectric
spectroscopy. Moreover, as the electrical conductivity of these
ionic compounds is essential for applications, this property is
also considered for the same selected compounds.
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Figure 1: Our previous work on ionic liquid crystals derived from
crown ether—amino acid hybrids (top}®*, and the current work
on DOPA(n) and THIQ(n) based crown ether hybrids (bottom}).

¢-THIQ(n) » MX

2. Results and discussion
2.1 Synthesis

As outlined in Figure 2 mesogens DOPA(n) and THIQ(n) were
prepared from enantiopure L-DOPA 2. Thus, L-DOPA 2 was
protected with Boc,0 in the presence of NEts, followed by a
one-pot, base-catalysed etherification /esterification with the
corresponding n-alkyl bromides in the presence of K,CO; and
Nal. The removal of the Boc group with TFA results in DOPA(n)
(n=12, 14, 16} in yields of 43-74 % over 3 steps.®> DOPA(n)
were then reacted with [18]crown-6-benzoic acid [18]c-6-OH in
the presence of ethylene diamine carbodiimide hydrochloride
(EDC - HCI} and 4-(dimethylamino)
sulfonate (DPTS) as well as hydroxybenzotriazole monohydrate
(HOBt - H,0) to the amides c-DOPA(nN) in yields of 18-84 %.
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Figure 2: Synthesis of amino acid and tetrahydroisoquinoline
crown ether hybrids and their complexes: a}) CH,0 (37%), 0.5 N
H,S04, 8 h, r.t.; b) Boc,O, NEt3, acetone/water (1:1), 24 h, r.t.; ¢)
n-BrCnHans1, K2CO3, Nal, MeCN, 4 d, reflux; d} TFA, CH,Cl;, 18 h,
r.t.; e} EDC - HCI, HOBt - H,O, DPTS, [18]c-6-OH, NEt;, CH,Cl,
2 d, reflux, f} MX, CH,Cl,/MeOH (1:1), 24 h, r.t..

For the synthesis of ¢-THIQ(n), a Pictet-Spengler reaction with
aqueous formaldehyde and 0.5 N H,SO4 was carried outin 77 %
yield. Compound 3 was then converted by a similar sequence as
described for the DOPA(n) series to ¢-THIQ(n) in yields of 51-
65% over 4 steps. Complexation with different salts
(MX = KSCN, Nal, KI, NaBF,, KBF4, KPFs} provided the materials
¢c-DOPA(n) « MX in yields of 83-98 % and c-THIQ(n) « KPF¢ in
yields 83-99 %.

2.2 Thermotropic properties

Investigation of the hybrids by POM suggested a strong
dependence of the mesomorphic properties of the complexes
on both salts and side chain lengths. While members of the salt-
free series c-DOPA(N), c-THIQ(n) did not show liquid crystalline
properties, for the complexes c-DOPA(n) « MX (MX = KSCN, Nal,
Kl, NaBF; and KPFg} and ¢c-THIQ(n) « MX textures were observed,
which indicated the presence of a liquid crystalline phase.

For the c-DOPA(12) « MX series with short alkyl chains (Figure 3,
top row, from left to right) c-DOPA(12) « KSCN with the smallest
anion size showed predominantly homeotropic regions with
fine fan-shaped textures and focal conic defect textures, which
are typical for SmA phases. Complex ¢c-DOPA(12) « Nal showed
mostly homeotropic regions with fine Maltese crosses, while
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unless otherwise stated on untreated slides with cooling rate: 1 K/min.
the Kl-complex features fan-shaped textures. The textures of
both iodide complexes are typical for SmA as well. The textures
of ¢-DOPA(12) « NaBF; resemble those observed for
c-DOPA(12) « KI. Therefore, we assume a SmA phase for
c-DOPA(12) « NaBF,. Complex c¢c-DOPA(12) « KPFs with the
largest anion exhibited broad fan-shaped textures. Thus, the
whole c-DOPA(12) « MX series exhibited SmA phases.

For the c-DOPA(14)« MX series with medium chain length
similar textures were observed (Figure 3, middle row, from left
to right). c-DOPA(14) « KSCN and c-DOPA(14) « Nal featured
predominantly homeotropic regions with fine uncharacteristic
textures that resemble batonnets and small Maltese crosses,
respectively. Both c-DOPA(14) « KI and c-DOPA(14) « NaBF,
featured fan shaped textures. Therefore, these complexes also
were assigned to form a SmA phase. However, the textures of
the complex c-DOPA(14) ¢ KPFs were significantly different
from that observed for the other complexes of the
c-DOPA(14) « MX series. The spherulitic textures and dendritic
growth indicate a columnar hexagonal (Coly}) mesophase. This
suggested a change of the type of the mesophase within the c-
DOPA(14) e MX series from a SmA to a Col, mesophase with
increasing anion size. The preference to form columnar
hexagonal mesophases instead of layered phases for ionic liquid
crystals with large anions like PFs has been previously reported
by Neidhardt.53

For the c-DOPA(16) ® MX series with the longest alkyl chains
(Figure 3, bottom row) spherulitic textures were observed for
the Nal, KI, KSCN and KPFg complexes. Additionally dendritic
growth was observed for the complex c-DOPA(16) ® KPFe.
c-DOPA(14) « NaBF, complex showed fan-shaped focal conic
textures with straight line defects, which are characteristic for
columnar hexagonal phases. Therefore, the mesophase types of
all complexes in this series were assigned to Col, phases.
Tetrahydroisoquinoline derivative ¢-THIQ(14) ¢ KPFs displayed
homeotropic regions featuring small Maltese crosses, indicating

50 ym
i

e c-DOPA(n) » MX complexes during cooling observed by polarizing optical microscopy (crossed polarizer),

a SmA phase (Figure S95a). For ¢-THIQ(16) ® KPFs spherulitic
textures with dendritic growth were observed (Figure S95b),
which are typical of the Coln phase and similar to the textures
for c-DOPA(14) ® KPFs and c-DOPA(16) ® KPFg (Figure 3, middle
right and bottom right), respectively.

DSC results summarized in Table 1 confirmed that both salt-free
DOPA hybrids c-DOPA(n) and THIQ hybrids ¢-THIQ(n) were not liquid
crystalline for the considered chain lengths with n=12, 14 and 16
{(entries 1, 8, 15, 21). The melting points of ¢-DOPA(n) occurred at
higher temperatures compared to ¢-THIQ(n) (n = 14, 16) and did not
dependent on the side chain length, whereas the melting
temperatures for ¢-THIQ(n) increased with increasing n. The
complexation of the crown ether unit with salt had a pronounced
influence on the melting behaviour. Except for non-mesomorphic
c-DOPA(n) » KBF4 (n =12, 14) (entries 6, 13) all other salt complexes
exhibited a liquid crystalline behaviour.

For the c-DOPA(n) » MX series, enantiotropic mesomorphism was
observed for n = 12 with Nal and KPFg {entries 3, 7), for n = 14 with
Nal, NaBF4 and KPFg {entries 10, 12, 14), and for n = 16 with KSCN,
Nal, KI, NaBF; and KPFg (entries 16-20). In contrast, monotropic
mesomorphism was detected for n=12 with KSCN, KI and NaBF,4
{entries 2, 4,5) and for n = 14 with KSCN, and Kl {entries 9, 11). For
c-THIQ(n) » MX, enantiotropic mesomorphism was observed for
n =14 and 16 with KPFs (entries 22, 24). The cation seems to play
some role in the mesomorphic properties. Despite the one hundred
times higher association constant of the potassium cation with a
[18]-crown-6 ether as compared to that of the sodium cation””78,
the mesophases of c-DOPA(12) » KI and c-DOPA(14) » KI were only
monotropic, while the corresponding sodium complexes
c-DOPA(12) » Nal and c-DOPA(14) » Nal were enantiotropic. The
absence of mesomorphism for c-DOPA(n) ® KBF, (n =12, 14) might
be due to the combination of the soft potassium cation with the hard
tetrafluoroborate anion (Table S7, ESI), which destabilized the
mesophase’®-82 (for all DSC curves see Figures $96 — 5101, ESI).
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Table 1: Transition temperatures (onset) and enthalpies of the amino
acid crown ether hybrids c-DOPA(n), ¢-THIQ(n)and complexes
¢-DOPA(n) ® MX and c¢-THIQ(n) ® KPFgs in the 3™ cooling cycle,
heating rate: 5 K/min.

¢-DOPA(n) » MX
Temperature / °C

# n MX (enthalpy / kJ-mol-1)<)

1 12 - Cr 100 (70.6) | a)
(2) 12 KSCN G 61SmA91(1.6)1

(3) 12 Nal G81SmAS83(1.0}I

4 12 KI  G63SmAT77(1.2)1

(5 12 NaBF, Cr-19(2.6)G53SmA115(0.1)1 b)
(6) 12 KBF, Cr97(61.1)1 a)
(7) 12 KPFs G 69SmA 101 (0.4} 1

(8 14 - Cr 101 (70.0} | a)
(9) 14 KSCN G 61SmAS88(1.2)1
(10) 14 Nal G81SmAS83(1.0)I
(11) 14 KI  G57SmA98(0.4)1
(12) 14 NaBF, Cr12(2.2) G58SmA 112 (0.5)1
(13) 14 KBF, Cr99(69.1)1 a)
(14) 14 KPFe G 57 Coln134(0.8)1
(15) 16 - Cr 100 (49.1) | a)
(16) 16 KSCN  Cr53(17.3) Coln 106 (0.6) |
(17) 16 Nal  Cr22(13.8)G 75 Coln 137 (0.2} |
(18) 16 KI  Cr30(17.5) G 54 Coln 116 (0.4} |
(19) 16 NaBF, Cr34(28.1)G 50 Coln 122 (0.5} |
(20) 16 KPFs Cr28(18.0) G 69 Coln 133 (0.4} |

¢-THIQ(n) » MX

(1) 14 - Cr 33 (35.0)1 a)
(22) 14 KPFs G65SmA112(0.4)1
(23) 16 - Cr 49 (62.6) | a)
(24) 16 KPFs Cr31(18.1)G 54 Coln 132 (0.4} |

a) The results of the 15t cooling cycle are listed. b) The results of the
6t cooling cycle are listed. c) The following phases were observed Cr:
crystal, I: isotropic phase, G: glass, SmA: smectic A, Coly: hexagonal
columnar.

The complexation of ¢-DOPA(n} with metal salts resulted in
significant decrease of the glass transition temperature, with the
exception of the KBF, derivatives (Figures 4a-b). For the two series
c-DOPA(12) e MX and c-DOPA(14) e MX a combination of hard
anions with hard cations {MX = NaBF,;) or soft anions with soft
cations {MX = KSCN, Kl) reduced the glass transition temperature,
stabilizing the mesophase , while a combination of soft anions with
hard cations (MX = Nal) destabilized the mesophase, resulting in
higher glass transition temperatures and mesophase ranges of only
2 K. This is likely due to enhanced nanosegregation of the mesogens
with stronger interactions of hard-hard or soft-soft ion pairs (for the
polarizability of the ions see TableS7). By further cooling of
c-DOPA(12) » NaBF, after vitrification of the sample a crystallization
is also observed at -19 °C (Figure S97a). The other complexes were
only cooled to 0°C, hence we assume they exhibit a similar
crystallisation in a comparable temperature range. Additionally, for

c-DOPA(14) » NaBF, a crystallization also seems to occur below the
glass transition temperature (see Figure 599a).

a) c-DOPA(12) » MX
ux ¢ e [Isma B Co,
none |
KSCN v, )
Nal I
KI VA
NaBF, % i
KBF, |
KPF4 | |
0 5I0 160 150
b) MX c-DOPA(14) » MX
none |
KSCN )
Nal |
K % Z)
NaBF,| | | |
KBF, |
KPF,
0 50 100 150
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MX
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kseN[ TR
Nal [ N
k[ T T
NeEr |
KPFg [ [ ]
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d) ¢-THIQ(n) » MX
n MX
none
14
KPF,4
none
16
KPF,4
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temperature [°C]
Figure 4: Mesophase ranges of crown ether complexes

¢c-DOPA(n) e MX for a) n=12, b) n=14, ¢) n=16 as well as d)
c-THIQ(n) ® MX in agreement with Table 1, monotropic phases are
dashed, heating rate: 5 K/min.

For the potassium complexes c-DOPA(16) » KX (KX = KSCN, KI, KPFg)
the glass transition temperatures increased with increasing anion
size, while decreasing with increasing anion size for the sodium
complexes c-DOPA(16) » NaX (NaX = Nal, NaBF4) (Figure 4c). Except
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for the KPFe-complexes the glass transition temperatures or melting
point of the c-DOPA(16) » MX series were observed at lower
temperatures than of the c-DOPA(14) » MX series due to the change
of the mesophase type from SmA to Coly. Furthermore for
¢c-DOPA(16) » MX (MX = KSCN, Nal, KI, NaBF; and KPF¢) a broadened
crystallization transition was detected below the glass transition in
the range of 22 — 34 °C (see Figure 4c, Figure S100). If the samples
were completely vitrified a crystallisation at lower temperature
should be suppressed, due to the restricted mobility of the
frozen molecules. This indicates that during cooling first partial
vitrification of the sample occurs due to freezing of the alkyl chains.
Upon further decrease of the temperature the hydrophilic part of the
hybrid materials finally crystallizes.

Complexation of c-DOPA(n) with metal salts resulted in decreased
clearing points in the n = 12, 14 series compared to the melting point
of the non-complexed compounds, except for the KPFg and the NaBF,
derivatives (Figures 4a-b). However, no general trend regarding
anion size was visible. The lowest clearing transition was detected for
¢c-DOPA(12) « Nal. In contrast, for the c-DOPA(16) » MX series the
temperatures of the clearing transition increased significantly upon
complexation. Clearing temperatures increased with increasing
anion size resulting in broad mesophases with 49 —102 K phase
widths except for c-DOPA(16) » Nal {Figure 4c).

Comparison of complexes c-DOPA(n) » KPFs revealed decreasing
glass and increased clearing temperatures with increasing chain
length, resulting in broader temperature ranges of the mesophases
(64 —77 K) for n=14, 16 in the Col, phase compared to 32K for
n =12 in the SmA phase. In case of ¢-THIQ(n) * KPFg glass transitions
temperatures increased slightly with increasing n, while clearing
transitions increased significantly, resulting in temperature ranges of
the mesophases of 47 K for n =14 in the SmA phase and 70 K for
n=16 in the Col, phase. Additionally in the heating cycles of
c-DOPA(14) » NaBF,;, c-DOPA(16) » Nal, c-DOPA(16) » NaBF; and
¢-THIQ(16) » KPFs Cr = Cr transitions were observed (Figure S99a,
Figures S100c, S100e, and Figure S101d). Especially the glass
transitions are  hardly visible. Typical examples are
c-DOPA(12) » KPFs (Figure 5a), c-DOPA(14) » KPFs (Figure 5b) and
c-DOPA(16) » KPFs (Figure 5¢), where the glass transition in the
cooling cycle is barely detectable.

Additionally, measurements using fast scanning calorimetry
(FSC) performed with a Flash DSC with high heating rates of up
to 10.000 K/s on c-DOPA(16) ® KPFs and c-THIQ(16) ® KPFs also
showed a glass transition above the crystallisation during
heating (Figures $181-182). Due to the high heating rates the
change of the heat flow at the glass transition is enhanced by
FSC compared to conventional DSC measurements. Thus, it can
be surmised that the amino acid-based hybrids c-DOPA(n) ¢ MX
and ¢-THIQ(n) ® MX exhibit a mesophase (M}-> G transition
during cooling, which is accompanied by a crystallisation
(G—>Cr). The only exception of this observation is
c-DOPA(16) ® KSCN, which crystallizes immediately from the
mesophase during cooling and does not form a glass.
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Figure 5: Representative DSC thermograms of c-DOPA(n) e KPFs with
a)n=12b) n=14c) n =16, heating rate: 5 K/min.

In order to assign phase geometries, XRD studies were carried out.
Smectic phases, identified based on POM textures, showed a distinct
small angle reflection assigned to the {001) reflex of a smectic
structure (Figure 6b). For the Kl-complexes c-DOPA(12) ¢ KI and
c-DOPA(14) » KI a second distinct reflection was observed in the
small angle section, which was assigned to the (002) reflex (Figure 6a,
Figures $105, S106 and Figures S115-117) that originates from the
locally increased electron density of the comparably electron-rich
KI1.83 In the wide-angle region a broad halo was visible for all smectic
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complexes, which was caused by the average distance of the liquid-
like alkyl side chains (Figures $102-122 and Figures $158-161).8*
Using Bragg’s law the periodicity distance d was determined in
dependence of the temperature from the reflexes of the SAXS

experiments by the following equation:
A
d= 2-sin (8) (1)
with A, the wavelength of the X-ray beam and 26, the scattering
angle. In case of smectic phases, d calculated from the (001) reflex,

doubles as the smectic layer spacing dops.
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Figure 6: a) SAXS diffractogram of c-DOPA(12) # Kl at 70 °C (inset: 2D
diffraction pattern) and b) SAXS diffractogram of c-DOPA(12) e KPFg
at 75°C (inset: 2D diffraction pattern) during cooling from the
isotropic phase.

For c-DOPA(12) » Kl the ratio of the 28-values of the (001) and {002)
reflexes was 1:2 confirming a SmA phase with a layer spacing of
36.9 A. Considering the calculated molecular lengths of c-DOPA(12)
Leac =29.5A (obtained via Avogadro modelling
software),® the ratio dobs/ Lealc = 1.25 suggests the presence of a
SmAg4 phase, i.e. a bilayer organization of the crown ether amino acid
hybrids with a strong degree of interdigitation of the alkyl chains as
well as at least a partial overlap of the hydrophilic region of the
mesogens, e.g. by stacking of the crown ether units.

Similar ratios for the 26-values were obtained for c-DOPA(14) ¢ KI
supporting the initial assignments of a SmA-type phase for
c-DOPA(12) e MX (MX=KSCN, Nal, KI, NaBFi, KPFs), c-
DOPA(14) e MX (MX=KSCN, Nal, KI, NaBFs) as well as
c-THIQ(14) e KPFs, based on the POM studies (Figure3 and

molecular

Figure S95). The results are listed in Table 2, the diffractograms are
depicted in the ESI (Figures $102-122 and Figures S158-161). The
smectic layer spacing dqops increases with increasing chain length. The
values of dops increase with increasing anion size for
c-DOPA(12) » MX from dops =36.9 A (KI) to 45.1 A (KPFs) and for
c-DOPA(14) » MX from dobs = 39.4 A (K1) to 46.3 A (KPFs). Meanwhile
c-THIQ(14) ® KPFs exhibited dops =36.4 A and a dups / Leaic ratio of
1.31 (Figure S170). The reduction of the layer thickness by addition
of the CH;-bridging unit is related to a change of the molecular shape,
which will be discussed below assisted by Figures 7-9.
For c-DOPA(14) « MX with MX = KSCN, Nal and KI a small increase of
the layer thickness with increasing temperature was observed
(Figure S171). Such a positive thermal expansion is atypical for SmA
phases®-91 and could be related to a compensating effect of the alkyl
chains by strong interdigitation as well as a stronger interaction
between neighbouring crown ether units at low temperatures.9293
Only for larger anions X = BF4, PFs an increase of the layer thickness
with decreasing temperature was observed, which possibly is due to
a reduction of stacking interactions between neighbouring crown
ether units caused by the larger anions (Figure $171).
Comparison of the Avogadro-optimized molecular geometry of
c-DOPA(14) with ¢-THIQ(14) revealed a smaller angle between the
DOPA aryl unit and the benzocrown unit as compared to the angle
between the THIQ aryl unit and benzocrown unit respectively
(Figure 7). This results in a larger steric demand of ¢-THIQ(n})
compared to ¢-DOPA(n) in the hydrophilic region, which could
accommodate for larger anions like PFg in the smectic mesophase.
Since the Kl-complexes exhibited two reflexes in the small angle
region the relative electron density distribution p(z) in z-direction, i.e.
parallel to the layer normal of the smectic layers, could be calculated
with the approximation:

p(z) o< /Ay cos(l-2m:z/dys) (2).
In this equation, / denotes the value of the corresponding Miller
index, a; represents the intensity of the corresponding reflex (00I)
with consideration of the Lorentz correction factor and dobs
corresponds to the experimental layer spacing.?*% The results are
depicted in Figure 8.
The accuracy of electron density profiles increases with the number
of reflexes, hence for these complexes with just two reflexes they will
not perfectly fit with regions of differing electron densities. As
exemplified for c-DOPA(14) » Kl the region of higher electron density
corresponds to the crown ether units with the free anions connected
by phenyl spacers to the aromatic core. The region with low electron
density corresponds to the aliphatic chains of the mesogens, which
are interdigitated with the aliphatic chains of the neighbouring
smectic layer. The crown ether units are stacked on each other.
Based on this proposed molecular arrangement the increase of the
layer spacing with larger anions can be explained by a larger steric
demand of the anions, which pushes the molecules outwards leading
to an undulation of the stacked crown ether units. At the same time,
the increase of the layer spacing allows the interdigitated alkyl chains
of adjacent layers to decrease their lateral distance which is evident
in the reduction of the intralamellar distance referred to as "halo" in
Table 2. The crown ether unit of the ¢-THIQ(n) system forms a larger
angle to the aromatic core, changing the effective shape of the
molecule to a cylindrical form. Thus, the molten alkyl chains are less
extended or stronger interdigitated to enable a space filling packing
of the molecules in comparison to the ¢c-DOPA molecules which
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possess a more truncated cone-like shape. This explains the small
layer spacing for c-THIQ(14)  KPFs among the KPFs-complexes.

:

‘;

Figure 9: Proposed packing pattern in the SmAy mesophase
exemplified for a) c-DOPA(12) ¢ KPFs and b) c-THIQ(14) ® KPFgs. The
interdigitation of the aliphatic region with the neighbouring layer is
indicated. The crown ether unit is depicted in orange, the phenyl
spacer in blue, the mesogenic core in pink and the anion in green.

Figure 7: Optimized molecular geometry of a) c-DOPA(14) and b)

c-THIQ(14). All complexes, which were assigned Col, phases based on the
textures determined by POM ({Figure 3 and Figure S95), exhibited

1.0 7 three distinct peaks in the small-angle regions (Figure 10) and a

BE broad halo in the wide-angle region. The 26-values of the peaks in

the small angle region, which were assigned to the (100), (110) and
(200) reflex, had a relation of 1: \V3:2, confirming a hexagonal
columnar {Coln) phase with p6mm space group.

1 v I v 1 v 1 v 1
-20 -10 0 10 20
z [A]
Figure 8: 1D electron density distribution of c-DOPA(12) e KI {blue)
and c-DOPA(14) » KI (orange).

Accordingly, a proposed molecular arrangement of
c-DOPA(12) » KPFs and c-THIQ(14) e KPFs in the SmAy phase is
depicted in Figure S.
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Figure 10: SAXS diffractogram of c-DOPA(14) e KPF¢ at 60 °C (inset:
2D diffraction pattern) during cooling from the isotropic phase.

The lattice parameter a was calculated from the periodicity distance
d1oo of the (100) reflex with the equation:

a=2-dg/V3 (3)
and corresponds to the intercolumnar distance.?’.?¢ Furthermore,
for hexagonal lattices the number of molecules Z per cell
unit?9:1% can be calculated by using the lattice parameter a and
the molecular height h of the column stratum, which was
determined with equation 1 from the wide-angle halo and

corresponds to the molecular thickness, according to

.0-Nax-h-a?
Z=\/§pNAha (4)
M

N corresponds to the Avogadro constant and M the molecular
weight of the complex. For organic materials the density p
typically ranges between 1.0 g - cm3 and 1.2 g - cm3.100 For the
calculations a density of 1.0 g - cm™3 was assumed.

The lattice parameter a of c-DOPA(n) ® KPFs increased with
increasing chain length from a=57.2 A (n=14) to 65.6 A (n = 16).
Despite n =16 for c-THIQ(16) ® KPF¢, the lattice parameter is only
58.5 A due to the shorter molecular length caused by the bridging
CH, group. These correspond to an a/Lcc ratio of 1.79 for
c-DOPA(14) » KPFs and 1.55 for c-THIQ(16) ® KPFs, revealing a much
stronger interdigitation of the alkyl chains of adjacent columns for
the latter component. The a/Lcc ratios for the c-DOPA(16) ¢ MX
complexes showed a strong dependence on the salt: for the
potassium complexes (KSCN, KI, KPFs) the a/Lcalc ratio increased with
increasing anion size and decreasing polarizability, ranging from 1.63
(KSCN) to 1.90 (KPFg) while for the sodium complexes the lattice
parameter increased with increasing anion polarizability, with a/Lcaic
ranging from 1.36 (NaBF,) to 1.79 (Nal) (Figure S172).

All complexes exhibited a negative thermal expansion, with a
noticeable decrease of the lattice parameter with increasing
temperatures. For example, for c-DOPA(16) ® KPFs a decreased from
65.6 A at 70 °C to 59.5A at 130 °C (Figure 11). A similar thermal
expansion was previously observed for DOPA-based guanidinium
chlorides and could be caused by increased intracolumnar distance
between the supramolecular disks at higher temperatures.®’

c-DOPA(14) » KPF,

(
4 c-DOPA(16) « Nal
66 ] ®  c-DOPA(16) « KI
7 * * e c-DOPA(16) « KSCN
64- * . @ c-DOPA(16) « NaBF,
] * * c-DOPA(16) « KPF
62 LA ¢-THIQ(16) + KPF,
4 ° [ ] . A A*A* .
- 60 (] L] 4a i x
o$ 4 ° [ ] A, a4
© 58 ° " AL
56 1 [ ) - [
- [ ]
1 * ° [ ] .
. *
54 ] ., . °
52- ®e PN
50 T T T T T T T T T T 1
60 80 100 120 140 160

temperature [°C]
Figure 11: Temperature dependence of the hexagonal lattice
parameter a for c-DOPA(14) ¢ KPFg (orange), c-DOPA(16) ¢ MX
(pink) and c-THIQ(16) ® KPFs (cyan) with MX=KSCN (dot), Nal
(triangle), KI (square), NaBF,4 (pentagon), KPFg (star).

Not only the intercolumnar space but also the intracolumnar space
was affected by the salt. A comparison of the intracolumnar
distances, denoted as ‘halo’ in Table 2, for the potassium complexes
c-DOPA(16) ® KX with X = SCN-, I and PF¢” showed a decrease of the
average distance of the alkyl side chains with increasing anion size
and decreasing polarizability. This indicates, similar to the results
observed for the SmA4 mesophases, that larger anions, due to their
increased space requirement, push the molecules slightly out of the
column centre which results in an increased lattice parameter. As a
consequence, the alkyl chains need to spread and flatten to still
guarantee a space filling packing, which in turn reduces the
intracolumnar distance between the alkyl chains (Figure S173).

The Z-values calculated according to equation 4 range between
5 and 7. Since for most complexes a value of Z = 6 was obtained
if the density was merely assumed to be 1.0 g-cm3, we
propose for  c-DOPA(14) e KPF;, c-DOPA(16) e MX and
c-THIQ(16) ® KPFs that six molecules of the amino acid or
tetrahydroisoquinoline crown ether complexes self-assemble to
charged superdiscs with the crown ether cation complexes and
anions located in the centre of the column surrounded by the
aromatic core of the mesogens similar to the arrangement for
DOPA-based ILCs with guanidinium headgroups known in
literature (Figure 13).6567,101-111 Space filling between the
columns is maintained by the alkyl side chains due to their
tendency to maximize London dispersion interactions.
Interdigitation and deviation from the all-trans configuration of
the alkyl chains result in a cell constant larger than the
molecular length but significantly smaller than the two-fold
molecular length.

For the different complexes the two-dimensional electron
density distribution p(xy), with the xy-plane being orthogonal to
the director, was calculated according to

21 (hx + ky)
pxy) & T A cos (- 22 4 (hk) ) (5)
with the Miller indices hk/ (note that / = O for the 2D hexagonal

structure and can thus be omitted), the intensity apx of the
reflex (hkl), the calculated lattice parameter a and the phase
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angle ¢p(hk), which can take the values 0 or  and is assigned based
on the most plausible outcome of the electron density map.

104

p(x)[a ul]
il

60 40 20 0 20 40 60

x [A]
Figure 12: 1D electron density distribution of c-DOPA(14) e KPFs
{orange), c-DOPA(16) ® KSCN (black) and c-DOPA(16) ® KPFs (cyan)
along the unit cell axis.

For the complexes c-DOPA(14) » KPF¢s, c-DOPA(16) » KSCN and
¢-THIQ(16) » KPFs the 1D electron density profiles along the unit
cell axis are depicted in Figure 12. A representative model for
the proposed molecular arrangement is depicted in Figure 13
for ¢-THIQ(16) » KPFs.The region of higher electron density is
located in the middle of the column, with an ion channel of the
anions located in the centre, surrounded by the crown ether
units, which are surrounded by the crown ether units and
subsequently the aromatic part of the molecules. The aliphatic
chains are located in the intercolumnar space and correspond
to the region of lower electron density. Larger anions like PFg
require more space in the centre of the column, resulting in a
flattening and broadening of the superdiscs. This effect is
partially compensated for c-THIQ(16) ¢ KPFs, which enables the
accommodation of larger anions due to the difference of the
shape in the hydrophilic region accommodating for larger
anions.

The results of the electron density profiles also imply, that the
six mesogens of a cell unit do assemble to a flat superdisc like it
was proposed for the guanidinium chlorides by Neidhardt.®>
Calculation of a two-dimensional electron density profile
reinforce this proposed molecular arrangement, as depicted for
c-THIQ(16) ® KPFg in Figure 14.

Figure 13: 3D depiction of the proposed self-assembly of c¢-
THIQ(16) ® KPFs into superdiscs. The crown ether unit is depicted in
orange, the phenyl spacer in blue, the mesogenic core in pink and the
anion in green.

-1 0 1

Figure 14: 2D electron density distribution in the x,y-plane with

2 3 4 5 6 738 9

schematic depiction of the molecular arrangement for
¢-THIQ(16) » KPFs with indicated self-assembly of the superdiscs into
a Col, phase.
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Table 2: Calculated and observed values of the distances associated with the observed reflexes in SAXS and WAXS for the liquid crystalline
complexes c-DOPA(n) ® MX and c-THIQ(n) ® MX with calculated cell constant a and values for Z for columnar phases. Broad reflexes are
denoted with (br).

c-DOPA(n) e MX

Lattice constant a / A and

n MX T/°C Phase type hkl d/ A s
(001) 388
12 KSCN 85 SmAy halo 4.5 (br) -
(001) 37.9
12 Nal 77 SmAy (002) 18.5 (18.4) -
halo 4.1 (br)
(001) 36.9
12 K 70 SmAg (002) 18.5 (18.4) -
halo 4.4 (br)
(001) 41.9
12 NaBF4 85 SmA4 halo 4.5 (br) -
001 45.1
12 KPFg 83 SmAy halo 4.1 (br) -
001 39.4
14 KSCN 85 SmAy halo 4.5 (br) -
(001) 39.4 -
14 Nal 75 SmA4 halo 4.5 (br)
(001) 40.1
14 Kl 80 SmAy (002) 20.0(20.1) -
halo 4.2 (br)
(001) 463
14 NaBF4 80 SmA4 halo 4.4 (br) -
(100) 49.6
(110) 28.7 (28.6) a=57.2
14 KPFs 60 col (200) 24.8 (24.8) z=6
halo 4.5 (br)
(100) 48.7
(110) 28.3 (28.1) a=56.2
16 KSCN 85 Col, (200) 243 (24.4) Joe
Halo 4.6 (br)
(100) 53.7
(110) 30.8 (31.0) a=61.7
16 Nal 93 Coly 200) 269 (26.8) s
halo 4.4 (br)
(100) 53.0
(110) 30.6 (30.6) a=61.1
16 I 80 col (200) 26.7 (26.5) 7=6
halo 4.5 (br)
(100) 47.0
(110) 27.1(27.1) a=542
1 NaBF |
6 asha 80 Colr (200) 23.7 (23.5) z=5
halo 4.6 (br)
(100) 56.8
(110) 33.1(32.8) a=656
16 KPFs 74 Col (200) 28.6 (28.4) z=7
halo 4.4 (br)
c-THIQ(n) e MX
001 46.3
14 KPFeg 80 SmAy (halo) 4.5 (br) -
(100) 50.6
(110) 29.4(29.2) B
16 KPFe 80 Coln 200) 7.4 (25.3) a=585
halo 4.5 (br)
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2.3. Retardation measurements

Temperature-dependent optical retardation measurements!12113
were conducted for c-THIQ(16) ® KPFs (Figure 15) and
c-DOPA(16) ® KPFs (Figure S177) to characterize the collective
thermotropic alignment of discotic amino acid crown ether hybrids
in cells of different surface hydrophobicity. The experimental setup
employed a He-Ne laser (wavelength 632.8 nm) as a linearly
polarized light source.

—— Cooling
—— Heating

—
L
N
|

N
1

Retardation (deg)

Col,

360 400 440

temperature (K)

320

Figure 15: Optical retardation measurements of c-THIQ(16) ® KPFg in
the bulk state under different surface conditions. a) corresponds to
cells with hydrophilic surface treatment, while (b) shows results for
cells with hydrophobic surface treatment; dashed lines indicate
phase transitions measured during 3 cooling measured by DSC.

The liquid crystalline powders were heated to approximately 20 °C
above the liquid crystalline—isotropic phase transition temperature,
then introduced into the bulk cells via capillary forces resulting in
spontaneous imbibition. The bulk cells consisted of two glass
substrates separated by a defined gap of 1.6 um. The inner surfaces
of the glass plates were chemically treated to produce either
hydrophilic or hydrophobic surface conditions, thereby imposing
distinct anchoring environments for the confined liquid crystals (for
details, see Figure S176). From the optical retardation curves the
optical birefringence can be inferred (see ESI, chapter 9).

The retardation curves c-THIQ(16) ® KPF¢ allow for the extraction of
meaningful information in both anchoring environments, as seen in
Figure 15. In both cases, the optical retardation signal is well-
reproducible in the low-temperature regime below 320 K. A distinct
transition from the liquid crystalline to the crystalline phase is
observed near 315 K for both hydrophilic and hydrophobic surface
treatments.

Within the liquid crystalline phase, c-THIQ(16) ® KPF also displays
signs of a multi-domain structure, as evidenced by moderate
fluctuations in the optical retardation signal. Nonetheless, a weak
and somewhat broad isotropic to liquid crystalline (I-LC) transition
can still be discerned. This transition appears between 400 K and
410 K upon cooling, and between 360 K and 370 K during heating,
albeit less sharply defined than the crystalline to liquid crystalline
(Cr-LC) transition. The experimental setup does not allow the
simultaneous confirmation of the multi-domain structure via POM.
The optical retardation response of c-DOPA(16) ® KPFg (Figure S177)
exhibits irregular fluctuations within a relatively narrow range and
lacks reproducibility. This behaviour is likely attributable to weak
surface anchoring, leading to the formation of a multi-domain
structure within the bulk cell. The presence of randomly oriented
domains results in minimal net optical anisotropy, which manifests
as a fluctuating and poorly defined optical retardation signal which
will not be discussed further.

It is well established that conventional LC materials typically exhibit
thermal hysteresis in their phase transitions, where the liquid
crystalline to isotropic transition (LC—l) occurs at a higher
temperature upon heating and at a lower temperature during
cooling. This behaviour arises from the first-order nature of the
transition, which involves a discontinuous change
parameters such as molecular orientation or positional order, and is

in order

associated with latent heat and a free energy barrier separating the
two phases. Upon heating, the LC phase can persist until a
superheating limit is reached, beyond which thermal energy is
sufficient to overcome the energy barrier, resulting in a transition to
the isotropic phase. During cooling, the isotropic phase may remain
metastable below the equilibrium transition temperature until
nucleation of the LC phase occurs — often delayed by surface
anchoring conditions, defects, or impurities — leading to a lower
apparent transition temperature.

However, in the present case, we observe an inverse hysteresis: the
LC—Iso transition occurs at a lower temperature during heating and
at a higher temperature during cooling. This atypical behaviour may
be attributed to slow relaxation dynamics within the system. For
instance, high viscosity, structural defects, or molecular crowding
can hinder complete reorganization during the heating cycle, causing
the LC structure to lose order prematurely and resulting in an early
transition to the isotropic phase. Conversely, during cooling,
nucleation of the LC phase may be facilitated by surface anchoring or
residual molecular order, causing the transition to occur at a
comparatively higher temperature. This reversal of hysteresis thus
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reflects the complex interplay between kinetic constraints and
interfacial effects in the phase behaviour of the material.

The observed difference in collective orientation behaviour between
the bridged and non-bridged molecules in the planar LC cell can be
primarily attributed to differences in molecular rigidity and shape
persistence. The bridged molecule, being structurally more rigid due
to its covalent constraint, likely maintains a more anisotropic and
well-defined molecular geometry. This rigidity favours stronger and
more coherent intermolecular interactions, thereby enhancing long-
range orientational order within the cell. In contrast, the non-bridged
molecule possesses greater conformational flexibility, which can lead
to a broader distribution of molecular orientations and a higher
likelihood of forming disordered or multidomain structures.
Additionally, rigid molecules typically have higher elastic constants
{especially for splay and bend deformations), making it energetically
more favourable for them to adopt uniform alignment under the
influence of surface anchoring. In contrast, flexible molecules can
more easily distort or accommodate random orientations, resulting
in weaker macroscopic birefringence signals due to poor collective
alignment. 114,115

2.4. Dielectric studies

Dielectric investigations were carried out for two samples
c-DOPA(16) » KPFs and c-THIQ(16) ® KPFs. These samples were
selected for the following reasons: First, both samples have a
columnar mesophase which is important for applications like ion or
water transport. Second, dielectric spectroscopy will allow to directly
investigate the change in the molecular mobility due to the bridged
structure in the core of ¢-THIQ(16) ® KPFs compared to that of
c-DOPA(16) » KPFs. Additionally, the electrical conductivity was
measured. The dielectric spectra of for c-THIQ(16) ® KPFs are shown
in Figure 16 as dielectric loss &”* versus frequency and temperature
in a 3D representation. Several dielectric relaxation processes are

observed indicated as peaks in & besides a conductivity
contribution. An analogous behaviour was observed for
c-DOPA(16) * KPF; (Figure S178).
Phase transition —_ )L 0.0
Conductivity ]“0 5
3 l
1 2 \ %‘TO:
| »
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Figure 16: Dielectric loss versus frequency and temperature in a 3D
representation for ¢-THIQ(16) ® KPFs at lower temperatures. The
relaxation processes and the conductivity contributions are marked
by arrows.
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Figure 17: Temperature dependence of the relaxation rates versus
inverse  temperature: Blue — c¢-DOPA(16) ® KPFs, Red-—
c-THIQ(16) » KPFs, Green — data for polyethylene taken from the
literature.116 Squares — Relaxation process 1, circles — relaxation
process 2, asterisk — relaxation process 3 and diamonds -relaxation
process 4 {a-relaxation). Solid lines are fits of the Arrhenius equation
to the corresponding data. The dashed-dotted line indicate fits of the
VFT equation to the corresponding data of the a-relaxation. The
dashed line indicates the phase transition from the glass to columnar
ordered liquid crystalline phase taken from the analysis of the DC
conductivity (see below).

The relaxation processes were labeled from 1 to 3 in order of
increasing temperature. At higher temperatures the dielectric loss
increases strongly with decreasing frequency and increasing
temperature due to electrical conductivity related to the drift motion
of charge carriers like ions and conductivity related processes like
Maxwell/Wagner/Sillars and/or electrode polarization. By a
derivative approach (conduction free loss)117 it could be shown that
a further relaxtion is hidden by the the conductivity which is called
relaxation process 4 or o-relaxation (see chapter 10, ESI).

The analysis of the dielectric spectra is based on the fitting of the
model function of Havriliak-Negami (HN) to the data.116118 For details
{see chapter 10, ESI. From the fits the maximum frequency for each
process fp {relaxation rate) is derived.

Figure 17 depicts the temperature dependence of the relaxation rate
fp versus inverse temperature (Arrhenius diagram). The temperature
dependence of the relaxation rates for process 1 follows the
Arrhenius equation which is given by

fo = fovexp (— 2) (6)
Here fw represents the preexponential factor, while Ex denotes the
activation energy and R refers to the universal gas constant. The
relaxation energies estimated to 35.4klJ/mol for
¢c-DOPA(16) » KPFs and 36.6 kJ/mol for ¢-THIQ(16) ® KPFs. These

values can be considered as similar as the error of the activation

were

energy is around 1 kJ/mol The values of the activation energy of
process 1 indicate a localized molecular process. To assign the
molecular origin of this relaxation process data for the y-relaxation
of polyethylene (PE) is included into Figure 17.11° The y-relaxation of
PE occurs in a temperature and frequency range similar to that of the
process 1 for both c-DOPA(16) ® KPFs and c-THIQ(16) ® KPFs with a
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comparable activation energy. Consequently, it is inferred that the
relaxation process 1 of c-DOPA(16) ® KPF¢ and c-THIQ(16) ¢ KPFs
arises from localized fluctuations within the alkyl side chain, which
also involve polar components.

Relaxation
Relaxation process 1

process 2

“w

o =2.0

Blue c-DOPA(16) « KPFg
Red c-THIQ(16) « KPFg

40 1 2 3 4 5 6
log(f [Hz])

Figure 18: Dielectric loss versus frequency at T = 183.1 K (90 °C): Blue
— c-DOPA(16) ® KPFg, Red — c-THIQ(16)  KPFe.

Figure 18 compares the dielectric spectra for the samples at 90 °C,
which is in the temperature range of relaxation process 2. For
c-DOPA(16) » KPFs a weak peak is observed in the spectra indicating
a relaxation process where for c-THIQ(16) ® KPFs only a shoulder on
the low frequency side of the relaxation process 1 is visible. For both
materials process 1 and 2 can be seaprated by anyalsing the the
dielectric spectra.l® This means that for c-THIQ(16) ¢ KPFg the
intensity of relaxation process 2 is smaller than that of
c-DOPA(16)  KPF;. The only difference between the samples is that
the c-THIQ(16) ® KPFs has a CH; bridge in the aromatic core. The lack
of the CH, bridge provides an additional flexibility and mobility to the
aromatic core of c-DOPA(16) ® KPFs. Therefore, the relaxation
process 2 is assigned the small angle rotational or bend fluctuations
in the aromatic core. For the sample c-THIQ(16) ¢ KPF; the flexibility
is missing. Moreover, relaxation process 2 for c-THIQ(16) ® KPFs is
observed at higher temperatures than that of c-DOPA(16) ® KPFs
(see Figure 18) supporting the assignment. For the activation energy
of relaxation process?2 a value of ca. 48 kJ/mol was estimated
pointing to a localized relaxation process in agreement with the
proposed interpretation.

The temperature dependence of the relaxation rates of relaxation
process 3 also follows the Arrhenius law with estimated apparent
activation energies of 70.6 kJ/mol for c-DOPA(16) ® KPFg and
59.5 kJ/mol for c-THIQ(16) ® KPF¢, which are too high for a localized
relaxation process. Therefore, it is assumed that relaxation process 3
is due to cooperative processes like glassy dynamics corresponding
to a glass transition. As the activation energies of relaxation
process 3 for c-DOPA(16) ® KPFs and c-THIQ(16) ® KPF¢ are different
it can be further concluded that relaxation process 3 is related to the
core and is assigned to the glass transition of the cores. A similar
assighment was made also for conventional and ionic liquid
crystals.”6120-122 Dye to the CH, bridge this process becomes more
¢-THIQ(16) ® KPFs  in the
c-DOPA(16) » KPF; resulting in a lower apparent activation energy.

localized for comparison  to

For c-DOPA(16) ® KPFs and c-THIQ(16) ® KPFs a glass transition was
detected with conventional DSC as well as with fast scanning
calorimetry. As discussed above by a derivative approach it could be
proven that a further relaxation (relaxation proceess4 or
a-relaxation) is hidden under the conductivity contribution for
c-DOPA(16) e KPFs and c-THIQ(16) ® KPFs. The analysis of the
a-relaxtion is given in the ESI, chapter 10, Figure S179.

The relaxation rates of relaxation process 4 are included in Figure 17.
The temperature dependence of relaxation process is curved when
plotted versus invers temperature which can be described by the
Vogel/Fulcher/Tammann (VFT-) equation which reads123-125

log f, = logf,, - % (7)

The parameter f. represents a pre-exponential factor, A signifies a
fitting constant, and the temperature Ty is the Vogel or ideal glass
transition temperature, which is situated 30-70 K below the glass
transition temperature. A VFT temperature dependence of the
relaxation rates of a process indicates a glassy dynamics
(a-relaxation) taking place here in the hexagonal ordered columnar
liquid crystalline phase. The glassy dynamics is connected to a glass
transition. It is worth mentioning that the glassy dynamics measured
by broadband dielectric spectroscopy is observed in the same
temperature range where a glass transition is observed for
c-DOPA(16) ® KPFs c-THIQ(16) ® KPFg by fast
calorimetry.

The glassy dynamics of c-DOPA(16) ® KPFs and c-THIQ(16) ® KPFg is
independent of the core. Therefore, it is concluded that the
a-relaxation in these compounds is due to the gassy dynamics of alkyl

and scanning

chains in the intercolumnar space.

Due to the salt character of the hybrid materials it is interesting to
consider the electrical conductivity. The complex dielectric function
is related to the complex conductivity as detailed in the ESI,
chapter 10.  Examples for the conductivity spectra and the
estimation of the electrical DC conductivity opc are also given in
Figure S180. As the samples are not oriented between the electrodes
the conductivity should be considered as an averaged one.

In Figure 19 the estimated values for the DC conductivity for
c-DOPA(16) ® KPFs and c-THIQ(16) ® KPF; are plotted versus inverse
temperature in Arrhenius coordinates.

In the plastic crystalline phase, the DC conductivity is low, and its
temperature dependence is characterized by an Arrhenius law with
an activation energy of ca. 71 kJ/mol. In the temperature range of
the phase transition from the glass to the hexagonal ordered liquid
crystalline phase opc changes step-like to higher values. This step-like
change in the temperature dependence of opc indicates the phase
transition. In the temperature range of the hexagonal ordered liquid
crystalline phase the DC conductivity increase with increasing
temperature according to the Arrhenius law but with a higher
activation energy of ca. 154 kl/mol. In the temperature range of the
Coly phase to the isotropic phase a decreased activation energy is
observed. This change is more pronounced for c-THIQ(16) ® KPFs in
comparison to c-DOPA(16)  KPFs.
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Figure 19: DC conductivity versus invers temperature: Blue squares —
c-DOPA(16) ® KPFg, Red tringles — c-THIQ(16) ® KPFs. Line are fits of
the Arrhenius equation to the corresponding data. Dashed lines
indicate the phase transitions where the phase transition
temperature from the hexagonal ordered columnar liquid crystalline
phase to the isotropic state are taken from DSC.

The DC conductivity values of c-DOPA(16)e KPFs and
c-THIQ(16) ® KPFg are similar in the Col, phase. As the ions in both
samples are the same it is concluded that the conductivity in the
considered materials is due to drift motions of the mobile anion.
Furthermore, the temperature dependence of the DC conductivity
follows the Arrhenius law where the temperature dependence of the
relaxation rates of the a-relaxation follows the VFT equation.
Therefore, the conduction mechanism is not linked to the a-
relaxation but is the drift motion of anions in the channels of the
columns formed by the superdiscs.

Conclusions

In order to understand the influence of metal salts MX on the liquid
crystalline self-assembly as well as molecular mobility, electrical
conductivity and long-range orientational order of selected samples
within LC cells, two series of amino acid crown ether hybrid materials
¢c-DOPA(n) ® MX (n =12, 14, 16; MX = KSCN, Nal, KI, NaBF,;, KBF,,
KPFs) and tetrahydroisoquinoline crown ether hybrid materials
c-THIQ(n) ® KPFg (n = 14, 16) with three linear alkyl side chains were
synthesized from L-DOPA. The THIQ series differs from the DOPA
series by the presence of a bridging CH,-unit between the aromatic
core and the N-terminus resulting in reduced rotational freedom of
the amino acid core.

The investigation of the mesomorphic properties by DSC, POM and
XRD revealed that complexation of the crown ether unit with a metal
salt is essential for the formation of mesophase where either SmA4
or Coly phases were observed. Within the c-DOPA(n) ® MX series
(n=12, 14) those complexes with KSCN, Nal, KI, NaBF; in
combination with shorter side chains (n=12, 14) favoured the
formation of SmA4 phases, whereas c-DOPA(n) ® MX with long side
chains (n = 16) favoured the Col, phase. The results revealed that the
combination of chain lengths and anion size is important for the
mesophase formation and leads to a “switch” from SmAq4 phases for

c-DOPA(14) » KPFg and c-THIQ(12) e KPFs to Cols
c-DOPA(16) ® KPFs and c-THIQ(14)  KPFg, respectively.
The choice of the complexation salt also plays a significant role in the

states for

stability of the mesophases. All SmAy4 phases were monotropic
except for the Nal- which exhibited
enantiotropic SmAq4 in the
c-DOPA(n) ® MX series yielded only small mesophase widths of less
than 5 K for the hybrid material with short and medium alky chain

and KPFg-complexes,
phases. Complexation with Nal

length (n =12, 14) in the enantiotropic SmAq4 phase, while the KPFg
complex significantly stabilized the enantiotropic mesophase,
exhibiting the broadest mesophase range with a temperature width
of more than 75 K. XRD experiments revealed a bilayer structure of
the SmA4 phase with a strong interdigitation of the alkyl chains,
deviating from the all-trans configuration as well as stacking of the
complexed crown ether units in the centre of the bilayer structure.
The proposed molecular arrangements within the Coly phase by
superdisc formation of the wedge-shaped mesogens of the
c-DOPA(n) e MX and c-THIQ(n) ® MX series were supported by
calculations of electron density maps.

The optical retardation studies show that molecular rigidity plays a
decisive role in governing collective alignment in discotic liquid
crystals. The non-bridged c-DOPA(16) e KPFs displays
anchoring and multidomain disorder, whereas the bridged c-

weak

THIQ(16) ® KPF¢ achieves more coherent orientational order and
clearer phase transition signatures. The observed inverse thermal
hysteresis further indicates slow relaxation dynamics and interfacial
effects influencing phase stability. Overall, covalent rigidification
enhances shape persistence and elastic resistance to deformation,
providing an effective strategy for improving long-range alignment
and optical anisotropy in discotic liquid crystalline materials.

To investigate the conductivity and molecular mobility two selected
members c-DOPA(16) ® KPFs and c-THIQ(16) ® KPF¢ of the two series
differing only in the presence of the bridging CH,-unit in their
molecular structure were examined by broadband dielectric
spectroscopy. These complexes exhibited both a broad enantiotropic
Col, phase in similar temperature With
temperature three low temperature relaxation processes were

ranges. increasing
observed for both complexes, all of which followed the Arrhenius
law. The first relaxation process, due to localized fluctuations of the
alkyl chains, is independent of the molecular structure of the
aromatic core and similar relaxation energies were observed with
35.4 klJ/mol and 36.6 kJ/mol, respectively, for both crown ether
complexes. The second relaxation process with an estimated
activation energy of 48 kJ/mol, is assigned to a localized relaxation
process of the aromatic core. The intensity of process 2 was
significantly less for c-THIQ(16) ® KPF;, due to the constraining effect
of the bridging CH,-unit at the aromatic core. The third relaxation
process with activation energies of 70.6 kJ/mol and 59.5 kJ/mol,
respectively, is related to a glass transition of the aromatic cores,
which due to the bridging CHy-unit is more localized for
c-THIQ(16) @ KPFg, resulting in a lower activation energy. Finally, in
the temperature region of the glass transition a fourth relaxation
process was observed for both complexes, which was independent
of the aromatic core and followed the VFT-temperature dependence.
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The process was assigned to glassy dynamics (a-relaxation) of the
alkyl chains in the intercolumnar space.

For both complexes electrical conductivity was observed in the
dielectric loss spectra, The temperature dependence estimated DC
followed the Arrhenius law upon heating from the plastic crystalline
phase a step wise increase of conductivity was observed. In the
mesophases an activation energy of approximately 154 kJ/mol was
estimated for both complexes. Further heating into the isotropic
state resulted in a slight decrease of the activation energy, which was
slightly more pronounced for c-THIQ(16) ® KPF¢. The conductivity
was attributed to the drift motion of the PFg anions within the
channels formed by columnar structures of the mesophase, as for
both complexes the activation energy was independent of the
presence of the CH,-bridging unit.

Our results have shown that salt complexation controls both self-
assembly and induces ion transport in amino acid crown ether
hybrids, paving the way towards ion-conducting applications.
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