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ABSTRACT: A new amphiphilic penta(ethylene glycol) deriva-
tive (1) bearing two hydrogen-bonding —CONHC ,H,, chains
was prepared. Compound 1 exhibited ion-recognition abilities for
Na® and K, and its properties were compared with those of the
macrocyclic [18]crown-6. Although both compound 1 and
[18]crown-6 have six ether oxygen atoms (—OC,H,—), the Na*-
binding ability of the former was much higher than that of the
latter. K*-binding ability of cyclic [18]crown-6 was much higher
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than its Na'-binding ability, while the reverse was true for acyclic compound 1. Single-crystal X-ray structural analysis of Na*-1-

B(Ph), - (hexane), at 100 K revealed the existence of a wrapped Na*

-coordination by six ether and one carbonyl oxygen atoms of 1,

which was further stabilized by intramolecular N—H:---O= hydrogen-bonding interactions. The complex phase transition during
glass (G) formation and recrystallization was confirmed in the thermal cycle of Na*-1-B(Ph),”, whose molten state showed two
kinds of liquid phases, Na*-complexed (Na'-1) + B(Ph),” and completely dissociated Na* + 1 + B(Ph),”. The Na* conductivity of
the molten state was 2 orders of magnitude higher than that of the G phase.

1. INTRODUCTION

Crown ether derivatives can recognize a variety of cations
based on the size of the central cavity of macrocycles.'™* For
instance, Na* and K cations can fit well into the cavities of
[15]crown-5 and [18]crown-6, respectively, forming planar
cyclic Na*([15]crown-5) and K*([18]crown-6) structures.*™®
The driving force for binding cations (M*) inside the cavity of
a crown ether is the electrostatic attractive interaction of the
lone pairs of oxygen atoms of the macrocyclic ether.
Additionally, the oxygen atoms have a much higher affinity
for hard cations than soft cations.' >”* Based on the complex
formation constant (pK), the affinity of [18]crown-6 for alkali-
metal ions in the CH;CN solution phase decreases in the order
K* (pK = 5.46) > Rb* (pK = 4.89) ~ Cs* (pK = 4.83) > Na*
(pK = 4.21), depending on the compatibility between the
cavity size and ionic radii.”'’ For instance, owing to the much
smaller pore diameter of [15]crown-5 compared to that of
[18]crown-6, the affinity of Na* ions was much higher than
that for K* one. The pK values of [15]crown-$ for Na* and K*
cations are 5.38 and 3.98, respectively, while those of
[18]crown-6 for the same cations are 4.21 and 5.46,
respectively, in CH;CN.”'" Therefore, the strategic design of
the macrocyclic ring size is an important factor for controlling
the cation selectivity. Similar electrostatic interactions at the
oxygen atoms of the ether units (—OC,H,—) for M* have been
reported in an acyclic oligo(ethylene glycol) derivative."' ™"
These acyclic ethers can also recognize alkali-metal ions, and
the pK values of dimethyl-penta(ethylene glycol); pentaglyme,
for Na* and K* cations are 1.52 and 2.20, respectively,"* while
those of [18]crown-6 for the same cations are 4.36 and 6.06,
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respectively, in CH;OH.”'? Therefore, the pK value of the
macrocyclic system is 3 or 4 orders of magnitude higher than
that of the acyclic system.'* The conformational freedom of
acyclic oligo(ethylene glycol) derivatives drastically decreases
the M*-binding ability relative to the binding ability of
conformationally rigid cyclic crown ethers. This is known as
the macrocyclic effect.'>'®

The ion-recognized crown ether and oligo(ethylene glycol)
derivatives can form interesting ion-encapsulated static and
dynamic molecular assemblies.’”~>* For instance, a regular
array of crown ethers forms an artificial ionic channel that has
been applied for the design of functional ion-transport systems
in molecular assemblies.””~>” The ionic channels of M*([18]-
crown-6), where M* = Li*, Na*, and Cs*, have been introduced
into the electrically conducting [Ni(dmit),] salts (dmit*~ = 2-
thioxo-1,3-dithiole-4,5-dithiolate); the ion dynamics inside the
channels have been investigated based on the electrical
conductivity and magnetic susceptibility.”*"*" A small-sized
Li* cation inside the cavity of [18]crown-6 has motional
freedom, while the dynamics of a Na* cation inside [18]crown-
6 is subtly restricted due to the effective binding of Na* to the
six ether oxygen atoms. In addition, the large-sized Cs* cation

Received: April 8, 2021
Revised:  May 20, 2021
Published: June 4, 2021

https://doi.org/10.1021/acs.jpcb.1c03188
J. Phys. Chem. B 2021, 125, 6349—6358


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shinya+Seto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Takeda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Norihisa+Hoshino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoyuki+Akutagawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.1c03188&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03188?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03188?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03188?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03188?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03188?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/23?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/23?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/23?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/23?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03188?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Scheme 1. Molecular Structures of 1 and the Na*-1 Complex with the B(Ph),” Counter Anion
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cannot pass through the cavity of [18]crown-6 and is fixed
between the [18]crown-6 molecules. Such cation dynamics
and its arrangement in the crystal lattice affect the electrical
conducting behavior of the regular z-stack of [Ni(dmit),] via
the generation of periodic and random potentials for the
conduction electrons.”**” The cation structure of K*[penta-
(ethylene glycol)] has been introduced into the electrically
conducting [Ni(dmit),] crystals.”’ However, the low M*-
binding ability of oligo(ethylene glycol) derivatives restricts the
crystal formation of the [Ni(dmit),] salt, including a variety of
supramolecular cations. In contrast, Li*-conducting materials
such as Li*-coordination polymers of poly(ethylene glycol)
derivatives have been extensively developed for their
application as electrolytes in Li* secondary batteries.’”
Structural analysis of the Li*[poly(ethylene glycol)] derivative
revealed a helical Li*-coordination between the Li* cation and
ether oxygen atoms.

Oligo(ethylene glycol) and poly(ethylene glycol) derivatives
have been widely utilized for the formation of specific
molecular assemblies such as micelles and vesicles.”*** Highly
water soluble ethylene glycol chains are useful for designing
drug delivery systems and for fabricating biocompatible
molecular systems.’®*” On the other hand, molecular
assemblies of hydrophobic molecules bearing long alkyl chains
are stabilized by multiple van der Waals interactions; these
molecular assemblies include micelles, vesicles, and Langmuir—
Blodgett films.”*™* Although van der Waals interactions are
much weaker than electrostatic, hydrogen-bonding, and
charge-transfer interactions, the multitude of such interactions
in long alkyl chain compounds effectively enhances the total
energy of the intermolecular interactions. The intermolecular
van der Waals interaction between the alkyl chains is more
than that between the oligo(ethylene glycol) chains, which was
confirmed by the considerably higher melting point of n-
alkanes than that of the oligo(ethylene glycol) derivatives with
the same chain length.*"** For instance, the melting point of
the pentadecane (n-C;sHs,) crystal (283 K) was 40 K higher
than that of the tetraglyme of C,,H,,05 (243 K).*" A useful
crystal engineering approach to enhance the intermolecular
interaction has been demonstrated by utilizing the molecular
fastener effect in electrically conducting tetrathiafulvalene
(TTF) derivatives bearing four long alkylthio chains
(—SC,H,,,1), where the multiple van der Waals interactions
between the alkylthio-chains effectively bind the TTF 7-
molecular system in a one-dimensional (1D) column.*>** The
conformational freedom of the alkyl chain can be partially
melted even in solids. For instance, several n-alkane crystals
showed an ordered crystal—plastic crystal phase transition by
thermally activated 1D rotation along the long axis of the
molecule.**** In addition, most of the thermotropic liquid
crystalline molecules have both a rigid core and flexible lateral
alkyl chain(s), and the transition to the liquid crystal phase was
accompanied by the melting of the alkyl chain(s) and the free
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rotation of the rigid core along the long axis of the
molecule.*”*” Thermal conversion between the trans and
gauche conformation of the alkyl chain occurs typically in
liquid phases, and such dynamics play an important role in the
appearance of the liquid crystal phase. In liquid crystalline
materials, alkyl chains such as —CH,,.,, —OCH,,,,,
—COOC,H,,,;, and —OOCC,H,,,, are fused at the rod-like
rigid core. Among them, the alkylamide group of
—CONHC,H,,,, is an interesting hydrogen-bonding structural
unit for stabilizing the liquid crystal phase, as first
demonstrated by Matsunaga et al. for the discotic hexagonal
columnar (Col,) liquid crystal phase.”* " The effective
intermolecular N—H:--O=hydrogen-bonding interaction
enhances the order of molecular assembly in the intrinsic
liquid state, leading to the appearance of the mesophase before
melting to the liquid phase. For instance, a benzene derivative
bearing three —CONHC H,,,, chains at the 1, 3, and 5-
positions (3BC) forms the Col, liquid crystal phase by the aid
of intermolecular N—H:--O= hydrogen-bonding interac-
tions.*”" Interestingly, the application of electric field (E)
along the hydrogen-bonding column of 3BC resulted in a
ferroelectric response in the polarization—electric field (P—E)
curve, wherein the dipole moment of each hydrogen-bonding
chain was inverted by the application of outer E along the 7-
stack.”’™° Further chemical design of the central core, from
simple benzene to functional m-molecular systems such as
pyrene and tetrabenzoporphyrin, has been utilized for
fabricating multifunctional molecular materials.”*>° For
instance, a pyrene derivative bearing four —CONHC,H,,
chains exhibits ferroelectricity, fluorescence, and current-
switching behavior. Most importantly, it can form multifunc-
tional molecular assemblies such as organogels and nano-
fibers®*~*® The non z-planar 2,5-dimethylhelicene derivative
bearing two —CONHC ,H,, chains also exhibited ferroelec-
tricity, as evident from the P—E hysteresis curve. Moreover,
single-crystal X-ray structural analysis of this molecular system
revealed the presence of a two-dimensional (2D) N—H---O=
hydrogen-bonding network.”” The polar alkylamide chain is
one of the useful structural units to design dynamic molecular
assemblies.

In this study, we designed a penta(ethylene glycol)
derivative (1), which exhibited ion-recognition ability and
contained hydrogen-bonding N—H:--O= sites and hydro-
phobic long alkyl chains of —CONHC,,H,, (Scheme 1). It
was further applied as a new hydrogen-bonding ion-
recognition molecular system. The six ether oxygen atoms of
the penta(ethylene glycol) unit in 1 could adopt a cyclic
conformation by coordinating to an alkali metal ion. The
coexistence of a hydrophilic cation-binding M*[penta(ethylene
glycol)] unit and the hydrophobic long —C,,H,, alkyl chains
renders the ion-recognized M"-1 complex amphiphilic. Owing
to the cation-binding ability of acyclic compound 1, together
with the N—H:-O= hydrogen-bonding interaction, the
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Figure 1. Na*- and K*-binding abilities of 1 in CDCl;—CD;CN (v/v = 1/9). (a) Na* concentration (cy,)-dependent change in -values of the C—
H, proton of 1 (at a fixed concentration of 10 mM) upon the addition of Na*-BPh,™. (b) cy,- and cx-dependent changes in A§ values of 1 upon the

addition of Na"-BPh,~ (left scale) and K*-BPh,” (right scale).

molecular conformation changes drastically after M* recog-
nition and provides higher conformational freedom than that
in cyclic [18]crown-6. The Na*- and K'-binding abilities of
acyclic molecule 1 in the solution phase were compared with
those of cyclic [18]crown-6. The molecular assemblies of 1
and the Na*1 complex were examined in terms of their
thermal stability, phase transition behavior, molecular
structure, packing structure, dielectric response, and ionic
conductivity. This is expected to provide further design
strategies for functional molecular assemblies based on
hydrogen-bonding acyclic ion-recognition molecules.

2. METHODS

2.1. Physical Measurements. 'H NMR spectra were
recorded on a Bruker AVANCE III 400 NMR spectrometer,
and chemical shifts (5, ppm) were obtained relative to
tetramethylsilane as an internal standard. Temperature-
dependent infrared (IR) spectra were recorded in the range
400—4000 cm™" using KBr pellets on a Thermo Fisher
Scientific Nicolet 6700 spectrophotometer with a resolution of
4 cm™'. Thermogravimetric (TG) analysis and differential
scanning calorimetry (DSC) were conducted using a Rigaku
Thermo plus TG8120 thermal analysis station and Mettler
DSCI1-T with an Al,Oj; reference, respectively, with a heating
and cooling rate of S K min™" under a nitrogen atmosphere.
The temperature-dependent dielectric constants were meas-
ured using the two-probe AC impedance method from 100 Hz
to 1 MHz (Hewlett-Packard, HP4194A); a Linkam LTS-E350
temperature controller system was used for the measurement.
Compound 1 or Na*-1 was fabricated in its liquid state into an
indium tin oxide (ITO) glass (SZ-A311P6N) and was
sandwiched by the corresponding ITO glass to form the
dielectric measurement cell with an average electrode gap of 2
pum. Temperature-dependent powder X-ray diffraction
(PXRD) was performed using a Rigaku SmartLab diffrac-
tometer with Cu Ka (4 = 1.54187 A) radiation.

2.2. Preparation of 1. 2.2.1. Preparation of Di-tert-butyl
3,6,9,12,15,18-Hexaoxaicosane-1,20-dioate (1a). Aq. NaOH
(50 wt %, SO mL) was poured into a solution of pentaethylene
glycol (5.07 g, 21.3 mmol) in toluene (50 mL) at 273 K. After
the addition of tetrabutylammonium hydrogen sulfate (16.0 g,
46.8 mmol) and tert-butyl bromoacetate (12.4 mL, 8S.1
mmol), the reaction mixture was stirred at 273 K for 10 min
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and further stirred at 298 K for 30 min. After quenching the
reaction by the addition of water, the solution was washed with
saturated NH,Cl, NaHCOj3, and brine (30 mL X 1) and dried
on sodium sulfate overnight. The solvent was removed in
vacuum, and the crude product (9.15 g) was purified by silica
gel column chromatography (ethyl acetate/toluene/ethanol =
10/10/1) to afford colorless oil compound la (3.66 g 7.84
mmol) with a yield of 37%. '"H NMR: § 4.02 (s, 4H), § 3.70
(m, 20H), 5 1.48 (s, 18H).

2.2.2. Preparation of 3,6,9,12,15,18-Hexaoxaicosane-
1,20-dioic Acid (1b). Trifluoroacetic acid (124 mL) was
slowly added to a solution of 1a (3.66 g 7.84 mmol) in CH,Cl,
(10 mL) and stirred at 298 K for 2 h. The solvent and an
excess amount of trifluoroacetic acid were removed in vacuum.
Compound 1b (6.36 g) was used for the next reaction without
purification.

2.2.3. N',N®-Ditetradecyl-3,6,9,12,15,18-hexaoxaicosane-
diamide (1). Compound 1b (6.36 g, 18.0 mmol) in SOCL,
(31.5 mL) was stirred overnight at 338 K, and the residual
SOCI, was removed in vacuum. The reaction products were
dissolved in anhydrous CH,Cl, (30 mL), and triethylamine
(7.5 mL, $3.8 mmol) and tetradecylamine (9.59 g, 45.0 mmol)
were added to the solution and stirred at 298 K for 5 days.
After the addition of water, the organic layer was washed three
times with saturated brine and dried overnight on sodium
sulfate. After removing CH,Cl,, the crude product was purified
by silica gel column chromatography (eluted using toluene/
ethanol in the ratio 8:2, 7:3, to 2:3) passing through activated
carbon. The product was recrystallized from CH;CN as a
white powder (compound 1, 1.47 g) with a yield of 9%.
Elemental analysis: Caled. for C,HgN,Oq C: 67.70, H:
11.36, N: 3.76. Found: C: 67.77, H: 11.61, N: 3.78. '"H NMR
(400 MHz, CDCL,): § 6.95 (s, 2H), 3.98 (s, 4H), 3.68—3.65
(m, 20H), 3.27 (q, J = 6.8 Hz, 4H), 1.52 (t, ] = 6.8 Hz, 4H),
1.30—1.25 (m, 46H), 0.88 (t, ] = 6.8 Hz, 6H).

2.3. Crystal Structure Determination. Single crystals of
Na*-1-B(Ph), -(hexane), were obtained by slow evaporation
from a propanol—hexane (1:2 (v/v)) mixture. Crystallographic
data were collected on a Rigaku RAPID-II diffractometer
equipped with a rotating anode fitted with multilayer confocal
optics, using Cu Ka (4 = 1.54187 A) radiation from a graphite
monochromator. Structural refinements were performed using
the full-matrix least-squares method on F*. Calculations were

https://doi.org/10.1021/acs.jpcb.1c03188
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performed using the crystal structure software packages. All the
parameters, except for those of the hydrogen atoms, were
refined using anisotropic temperature factors.”"%” Crystal data
of Na*-1, C,3H;0BN,NaOg: FW. = 1257.69, crystal
dimensions, 0.30 X 0.05 X 0.01 mm? T = 100 K, triclinic
P1 (#2), a = 9.9634(5), b = 12.9623(6), ¢ = 29.9897(15) A, a
=96.640(7), p = 92.811(7), y = 96.951(7)°, V = 3811.1(3) A3,
Z =2, Dgeq = 1.096 g cm™, y = 5.807 cm ™!, 9285 collected,
7350 unique, Ry, = 0.0510, R, = 0.0832, R, = 0.1559, R,, =
0.2878, and G.O.F = 0.944. The maximum and minimum
peaks on the final difference Fourier map corresponded to
+0.36e” and —0.32¢” A3, respectively. CCDC-2076312.

3. RESULTS AND DISCUSSION

3.1. lon Recognition Ability of Compound 1 in
Solution. The pore radius of the central cavity of [18]-
crown-6 (1.31 A) is similar to the ion radius (r;) of K* (1.38
A), indicating a high K*-binding ability with a pK of 5.46 in
CD;CN.” The pore size of [18]crown-6 is slightly larger than r;
of Na* (0.95 A), and binding to Na* decreases the pK value by
one order of magnitude (pK = 4.21) for the K*-binding ability.
The ion-recognition ability of oligo(ethylene glycol) is 3 or 4
orders of magnitude lower than that of a crown ether of a
similar size.”® However, conformational freedom of the acyclic
molecular structure of the oligo(ethylene glycol) derivative
depends on the ions. Figure la summarizes the change in
chemical shift (5, ppm) of the C—H, proton of 1 (at a fixed
concentration of 10 mM) in CDCl;—CD,CN (v/v = 1/9)
upon the addition of Na*-BPh,™ at a Na* concentration (cy,)
of up to 30 mM. The C—H, proton signals of 1 were shifted
downfield from 3.87 ppm (cy, = 0 mM) to 3.91 ppm (cy, = 30
mM) upon the addition of Na" ions (Figure S2). Similar
downfield shifts of the C—H, proton of 1 were observed upon
the addition of K™-BPh,”, suggesting the K*-binding ability in
CDCl,—CD;CN (v/v = 1/9) (Figure S3). Figure 1b shows the
ion (M = Na and K) concentration (cy)-dependent shift of the
& value (A8, ppm) of 1 upon the addition of Na* and K* ions.
The AJ values were saturated at high ¢ for both Na* and K*
ions, which was consistent with the first-order binding of 1
with M7, that is, 1 + M" = M"-1, in the solution phase. The pK
values of 1 for Na* and K* were found to be 4.30 and 3.89,
respectively, upon curve fitting (Figure la). Interestingly, the
pK value for Na* was higher than that for K*. Although both
[18]crown-6 and the penta(ethylene glycol) unit of 1 have six
—OC,H,— oxygen atoms, the Na*-binding ability of the acyclic
compound 1 was much higher than that of [18]crown-6. The
pK values of 4»pentaglyme for Na* and K" were 1.52 and 2.20,
respectively,'* while those of [18]crown-6 for the same cations
were 4.36 and 6.06, respectively, in CH;OH.”'® Therefore, the
Na*-binding ability of acyclic compound 1 should be much
higher than that of pentaglyme bearing the same number of
—C,H,O— units within the molecule.

3.2. Phase Transition Behavior. Thermal stability and
phase transition behavior of 1 and Na*-1-B(Ph),” were
evaluated by TG and DSC. The single crystals of Na*1-
B(Ph), -(hexane), included 2 mol of the crystallization
solvent, hexane, which was rapidly removed at 298 K. Weight
losses of 1 and Na*-1-B(Ph),~ were observed at 500 and 480
K, respectively, in the TG curves (Figure S4), suggesting the
slightly higher thermal stability of 1 than the cation—anion
Na*-1-B(Ph),” salt. Figure 2a shows the DSC curves of 1 and
Na*-1-B(Ph),”. Solid 1 underwent a phase transition in two
steps—S1—S2 at 336 K and S2—L at 357 K—in the heating
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Figure 2. Phase transition behavior of solid 1 and Na*-1-B(Ph),". (a)
DSC curves of 1 (black) and Na*-1-B(Ph),~ (red), where S1, S1’, S2,
G, and L represent solid 1, solid 1’, solid 2, glass, and isotopic liquid
phases, respectively. (b) POM images of Na*-1-B(Ph),” under cross-
Nicole optical arrangements: the G phase at 250 K (top), the G + S1
phase at 310 K (middle), and the S1’ phase at 310 K (bottom).

cycle up to 373 K (Figure SS5). The transition enthalpy changes
(AH) were 24.7 and 97.4 k] mol™, respectively. However, the
L—S2 and S2—S1 phase transitions were observed at 330 (AH
= —101.5 k] mol™) and 320 K (AH = —31.5 k] mol™) in the
cooling process. This supercooling phenomenon exhibited by
1 was consistent with a first-order phase transition behavior.
A complex phase transition behavior was observed for the
Na*-1-B(Ph), salt (red trace in Figure 2a). The melting point
of Na*-1-B(Ph),” was found to be 327 K, with AH = —78.1 kJ
mol ™!, which was about ~30 K lower than that of solid 1 (357
K). The POM images of the L phase were observed in a
complete dark domain under a cross-Nicole optical arrange-
ment and were consistent with the formation of an isotropic
liquid state. The formation of a liquid crystal phase was not
confirmed in the Na*-1-B(Ph),” salt, while the viscous L phase
suggested the existence of effective short-range electrostatic
interactions. The formation of cation—anion pairs in the L
phase corresponded to the ionic liquid state at 298 K in the
cooling process, in the temperature range from 390 to 260 K.
The supramolecular treatment of Na*-B(Ph),” by the addition
of 1 formed the ionic liquid state, where the significant
lowering of melting occurred to decrease the electrostatic
interaction of Na'. The birefringence POM image by
crystallization was not recovered upon cooling the molten
Na*-1-B(Ph),” salt from the L phase at 390 K and a dark POM
image was obtained (Figure S6). A small phase transition peak
was observed at 260 K, with AH = 25.9 kJ mol™". No fluidic
behavior was observed below 260 K and dark POM images
were obtained. Therefore, the phase transition from L to glass
(G) occurred in the Na*-1-B(Ph),” molten salt via the
supercooled state below 240 K. The stable G phase at 220 K
was observed around 298 K in the second heating process, and
two endothermic peaks were observed at 283 and 301 K
corresponding to the crystallization of the G phase. The sum of
the AH values for the G—S1 and G—S1’ phase transitions was
58.3 kJ mol™', which is slightly lower than the AH value at the
melting point (—78.1 k] mol™"). After the first step, the G—S1
phase transition, both the G and S1 phases coexisted in the
same domain as evident from the simultaneous appearance of
the dark and bright domains in the POM image (Figure 2b,
middle panel). The second step, SI—S1’ crystallization,
resulted in the complete recovery of the bright crystalline
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domain in the POM image (Figure 2b, lower panel). This
thermal cycle of Na*-1-B(Ph),” was found to be reversible in
the DSC measurements. The structural reconstruction of the
cation—anion pair in the G phase is the origin of the G—S1
(S1’) phase transition of Na*-1-B(Ph),” during the heating
process.

3.3. Structure of the Molecular Assembly. Structures of
the molecular assemblies of 1 and Na*-1-B(Ph),” were
investigated by temperature (T)-dependent XRD and single-
crystal X-ray structural analyses, respectively. Single crystals of
Na*-1-B(Ph), -(hexane), were successfully obtained by slow
evaporation from a propanol—hexane mixture; the crystals
were unstable in air at 298 K due to the rapid elimination of
hexane molecules. Figure 3 summarizes the crystal structure of

Figure 3. Crystal structure of Na*-1-B(Ph), -(hexane),. (a)
Molecular structure of Na*-1. (b) Unit cell viewed along the b axis.
The bulky B(Ph),” anion and hexane are omitted for clarity. (c) 2D
cation—anion bilayer arrangement in the ab plane.

Na*-1-B(Ph), -(hexane), at 100 K (Figure S7). Structural
information on the Na'-coordination from 1 clarified the high
Na'-binding ability. Six ether oxygen atoms effectively
interacted with Na®, with the following Na*--O distances
(dNa—o)= dna-o1 = 2-457(7): dna-02 = 2-393(6); dna-03 =
2.403(5), dya—os = 2.394(6), dya_os = 2.406(S), and dy,_o6 =

2.511(6) A; the average Na*--O distance was 2.42 A. In
addition, one carbonyl oxygen atom (O=) was coordinated to
Na* with dy,_o = 2.405(5) A, resulting in a hepta-coordinated
structure around Na*. Furthermore, an additional N—H---O=
intramolecular hydrogen-bonding interaction with dy_y =
3.061(7) A stabilized the Na*-binding cyclic molecular
conformation (Figure S8). In the Na*([18]crown-6)Br™ single
crystal, the Na* ion existed inside the cavity of [18]crown-6
and was surrounded by six ether oxygen atoms with dy,_o; =
2.464(3), dy,_0r = 2.618, and dy, o3 = 2.679 A. The other
three Na—O distances were longer than 2.8 A, and only weak
interactions were present between Na® and the oxygen atoms.
The mean dy, o distance (2.79 A) in the Na*([18]crown-
6)Br~ crystal was 0.35 A longer than that in Na*1, in which
dya—o = 242 A. Therefore, Na* was strongly bound in the
wrapped-coordination of 1 with the aid of additional
interactions at the carbonyl O= site and by the intramolecular
N—H--O= hydrogen-bonding interaction. These could be
modulated to an appropriate coordination distance in order to
increase the pK of 1; this was in contrast to cyclic [18]crown-6.
On the other hand, the lower K*-binding ability of 1 compared
to the Na'-binding ability was consistent with the absence of
any crystals of K*-1-B(Ph), -(hexane),. The large K" ion
suppressed the formation of intramolecular N—H:-O=
hydrogen-bonding interaction and destabilized the formation
of the wrapped K*-1 complex. Two long —C,H,4 chains of the
Na*-1 complex elongated along the same direction and
interacted with each other through multiple van der Waals
interactions to stabilize the Na*-binding molecular structure.

Figure 3b shows the unit cell of Na*-1-B(Ph), -(hexane),
viewed along the b axis; the B(Ph),” anions and hexane were
omitted for clarity. A lamellar-type 2D molecular assembly
structure was observed in the alternate arrangement of the
cation—anion bilayer and hydrophobic alkyl layer along the ¢
axis (Figure S9). The hydrophobic —C ,H,, chains assembled
with each other in the ab plane, and hexane molecules were
required to form the closest packing structure. The Na*1
cation and the bulky B(Ph),” anion were alternatively arranged
in the ab plane (Figure 3c), forming a bilayer-type electrostatic
cation—anion Coulomb layer that was sandwiched by the
hydrophobic alkyl layers. The layer periodicity along the ¢ axis
was 29.9897(15) A at 100 K.

Figure 4a shows the PXRD patterns of the S1 and S2 phases
of solid 1. The structures of the crystalline molecular
assemblies of 1 were confirmed by the appearance of sharp

(@) 12x10 T ()

F — 1(S1 at 250 K)

loF—1 (S2 at 370 K)

08

0.6

Intensity / a.u.
Intensity / a.u.

04

02f

0.0 b i i
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Figure 4. Structures of the molecular assemblies of 1 and Na*-1-B(Ph),”. (a) PXRD patterns of solid 1 for the SI phase (T = 250 K) and the S2
phase (T = 370 K). (b) T-dependent PXRD patterns of Na*-1-B(Ph),” from the initial S1 phase (T = 300 K), the L phase (T = 350 K), the G
phase (T = 300, 260, and 240 K), and the S1—S1’ phases (T = 240, 260, and 300 K).
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Figure 5. DSC curves and T- and f-dependent real components of the dielectric constants, €;, of (a) 1 in the heating process and (b) Na*-1-

B(Ph),” in the cooling process from 360 K.

Bragg reflections in the PXRD patterns of the S1 and S2
phases. An intense Bragg reflection peak was observed in the
low-angle region at 26 = 6.512° in the S1 phase, corresponding
to a d-spacing of 13.6 A. For the S2 phase, peaks were observed
at 26 = 3.520 and 7.040°, corresponding to a d-spacing of 25.1
A. The almost similar PXRD patterns of the S1 and S2 phases
of solid 1 suggested a structure with nearly similar molecular
assembly, along with a slight structural modulation at the S1—
S2 phase transition. A broad diffraction peak at 260 = 20°
overlapped with the sharp Bragg reflection peaks of the S1 and
S2 phases, which was consistent with the partially melted state
of the terminal —C,,H,, chains.

The formation of the G phase was confirmed by the T-
dependent PXRD patterns of Na*-1-B(Ph),” (Figure 4b). The
simulated PXRD pattern of Na*-1-B(Ph), - (hexane), based on
the single-crystal X-ray structural analysis at 100 K indicated
sharp Bragg reflection peaks and high crystallinity (Figure
$10). However, removal of the crystallized hexane molecules at
298 K decreased the crystallinity, as evident from the
appearance of a new broad hallow in the PXRD pattern of
the initial S1 phase at 300 K (black curve in Figure 4b).
Removal of hexane molecules from the space between the alkyl
chain layer in the ab plane generated an empty crystalline
space, where the motional freedom of the —C, H, chains was
thermally activated at 300 K. The broad reflection peak at 20 =
20° was consistent with the partially melted state of the alkyl
chains in the S1 phase (T = 300 K). The sharp Bragg
reflections completely disappeared upon the S1—L phase
transition, and only a broad hallow was observed at 26 = 20°.
The same liquid-like PXRD patterns were maintained during
the cooling of the L phase down to 240 K, which was
consistent with the formation of the G phase. When the G
phase was partially crystallized in the S1 phase in the second
heating cycle, the sharp Bragg reflection peaks were recovered
and were overlapped with the broad hallow at 26 = 20° as well
as the sharp reflection peaks at 20 = 25.5° in the low angle
region for the SI and S1’ phases. These low-angle intense
reflection peaks were consistent with a layer periodicity of ~26
A along the c axis; this was slightly lesser than 29.9897(15) A,
which is obtained based on the single-crystal structural analysis
at 100 K after the partial melting of the alkyl chains. The most
dominant intermolecular interaction in the molecular assembly
of Na*-1-B(Ph),” is the electrostatic cation—anion Coulomb
layer in the ab plane, while the hydrophobic —C,,H,y chains
exist in a dynamic state. The melting of the Na*-1-B(Ph), salt
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corresponded to the dissociation of the cation—anion pair in
the L phase.

3.4. Dielectric Properties. T- and f-dependent dielectric
constants are sensitive to the motional freedom of the polar
structural unit in a molecular assembly. The real part (¢;) and
imaginary part (¢,) of the dielectric constants correspond to
the capacitance and conductance, respectively. For instance, a
typical ionic conductor shows a large &, response due to the
contribution of the dielectric-loss. Figure 5a shows the T- and
f-dependent &, response and the DSC curve of 1 during the
heating cycle. The €;-value was 3.2 at 300 K, and it increased
to ~3.5 at the S1—S2 phase transition of solid 1 at 332 K
(Figure Sa, inset). This was dominated by a small structural
transformation without any drastic change in the motional
freedom of the polar structural unit such as N—H:--O=
hydrogen-bonding interaction. Further heating of the S2 phase
gradually increased the &, values for low-f measurements, and
the maximum value of &, (&, = 270) was obtained at T = 355 K
and f = 0.316 Hz. Thermal fluctuations of the polar N—H---
O= hydrogen-bonding interactions are activated before the
melting of solid 1, and dissociation of the hydrogen-bonding
interaction resulted in melting at the S2—L phase transition.
The trend in the &, values was similar to that in the &, values
(Figure S11), and the contribution from the ionic conduction
was negligible in both S1 and S2 phases. The PXRD patterns of
the S2 phase suggested the partial melting of the two —C,H,
chains, and it neither affected the dielectric response nor
changed the dipole moments.

The &;-response of Na*-1-B(Ph),” was remarkably different
from that of solid 1. Figure Sb shows the T- and f-dependent
&,-response and DSC curves of the Na*-1-B(Ph),” molten salt
in the cooling process from 360 K. The Na*-1-B(Ph),” salt
showed a complex thermal behavior, accompanied by the
formation of the G phase from the L phase during the cooling
process. Additionally, two-step crystallization peaks were
observed during the heating cycle of the metastable G phase.
The &, value for the L to G phase transition at 265 K during
the cooling cycle suddenly dropped to 15 after the transition to
the G phase. The frozen dipole moments in the G phase were
inert for the & -response at 265 K, which was consistent with
the DSC measurement. Recrystallization from the metastable
G state to the crystalline S1 and S1’ phases in the heating cycle
led to the appearance of f-dependent &-peaks around 285 K
(Figure S12), suggesting a dynamic structural rearrangement of
the polar units in the G phase of Na*-1-B(Ph),”. The polar
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either the N—H:-O= hydrogen-bonding unit or the Na'— without coordinating to 1. TG chart of the Na"-1-B(Ph),”

B(Ph),” ion pair. Although the T-dependent PXRD patterns of molten salt showed the formation of a thermally stable L phase
Na+-1-B(Ph)4_ revealed the existence of the partially melted up to 500 K. The &, and &, values of Na+-I-B(Ph)4_ at 360 K
state of the two long alkyl chains, such dynamics were reached 4000 and 6500 at f = 316 Hz, which were two orders
insensitive to the dielectric spectra. Therefore, reconstruction of magnitude higher than those of 1 in the L phase. Therefore

. )

of the N—H--O= hydrogen-bonding interaction and cation— the dissociation of the cation—anion pair effectively con-

anion rearrangement contributed to the recrystallization from
the G to S1 (S1') phase in the heating cycle. This behavior was
consistent with the dielectric measurements.

Interestingly, the ¢, values of the Na*-1-B(Ph),” molten salt
in the L phase revealed T- and f-dependences above 265 K.

There are two possible dissociation steps for the cation—anion
pairs in the L phase of Na*1-B(Ph),”. The first is the magnitude for the L—G phase transition at 280 K. Therefore,

tributed to the increased dielectric and also to the ionic
conductivity of the Na*-1-B(Ph),™ molten salt. The DSC curve
during cooling from 360 K showed a small endothermic peak
at 302 K, with AH = 2.70 kJ mol™" (top panel, Figure 6b),
where the &, value at low f suddenly dropped by two orders of

dissociation of Na*-1-B(Ph),” into the Na*-1 cationic complex two kinds of liquid phases, L and L', existed in the Na™1
and the B(Ph),™ anion, where the Na*-binding structure of 1 complex. The latter comprised an independent Na* + 1 phase
was maintained even in the L phase. The second is the and influenced the dielectric behavior and the Na® ionic
complete dissociation of each component to Na®, 1, and conductivity of the L phase.
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The f-dependent resistance (Z') and reactance (Z') plots
were obtained at different T, and the Na* conductivity of the
Na*-1-B(Ph),” molten salt was determined from the T-
dependent Cole—Cole (Z'—Z") plots in the cooling cycle from
350 to 299 K (Figure 6a). All the Z'—Z” plots show
semicircular traces for typical Na* conduction (6y, S cm™);
the oy, value was defined at a cross-sectional point at the
horizontal Z’'-axis. A stray resistance of ~200 £ was observed
in all the Z'—Z" plots in the present measurement system.
Figure 6b shows the T-dependent oy, value of Na*-1-B(Ph),~
in the L phase. The less dynamic Na* ions in the G phase
decreased the oy, value to less than 1077 S cm™, while the G
to L phase transition gradually increased the oy, value up to 2
X 107%S cm™" at 320 K. The small endothermic peak of the L
phase at 302 K in the DSC curve affected the T-dependent oy,
value. Thermal activation was observed in the T-range 260—
300 K, while oy, was almost T-independent in the high-T
region of the L’ phase above 300 K. Dissociation of the Na*-1
complex was observed in the T-dependent equilibrium
between the Na*-1 complex and the completely dissociated
independent Na" + 1 in the solution phase, indicating the T-
dependent thermally activated conducting behavior. In
contrast, complete dissociation of Na* and 1 in the L’ phase
corresponded to the T-independent behavior of oy, in the L’
phase.

Single-crystal X-ray structural analysis of Na*-1-B(Ph),
(hexane), at 100 K revealed a tight Na*-binding structure of 1
held by intramolecular N—H---O== hydrogen-bonding inter-
actions, which can be used to explain the phase transition
behavior of Na*-1-B(Ph),”. First, the elimination of the
crystallized hexane molecules at 298 K resulted in the
formation of the crystalline S1 phase, in which the two alkyl
chains had motional freedom with a partially melted state and
the electrostatic cation—anion Coulomb layer was effectively
maintained (Scheme 2). Heating of the S1 and S1’ phases
resulted in the transition to the molten L phase, in which the
Na" cation was still tightly bounded by 1 to form the Na*1
complex as the counter cation of bulky B(Ph),”. Further
heating of the L phase changed the molecular assembly of the
Na*-1 complex to free Na* + 1 species in the L’ phase. Cooling
of this phase reconstructed the L phase to form the Na*-1
complex and B(Ph),” anion. Further cooling of the L phase
fixed the random orientation of each cation—anion pair with a
disordered conformation of the alkyl chains, forming the G
phase. The metastable G phase was transformed into the stable
crystalline S1 and S1’ phases upon heating, and the thermal
energy modulated the cation—anion Coulomb pair to recover
the 2D electrostatic lattice as well as the partially melted
conformation of the two —C,,H,, chains. The S1 — S1’ - L
— L’ = L = G — S1 thermal cycle was reversibly observed in
heating and cooling cycles of the Na*-1-B(Ph),” salt.

4. CONCLUSIONS

A penta(ethylene glycol) derivative (1) bearing two hydrogen-
bonding —CONHC,,H,, chains was prepared to achieve both
ion-recognition and hydrogen-bonding abilities. Compound 1
exhibited a much higher Na*-binding ability than K'-binding
ability in the solution phase, which was consistent with the
molecular structure of the Na*-1 complex based on the single
crystal X-ray structural analysis at 100 K. The six ether oxygen
atoms of penta(ethylene glycol) and one carbonyl O= oxygen
atom at the —CONH-— site were tightly coordinated to the
Na* ion in a wrapped conformation, which was further
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stabilized by the intramolecular N—H---O=hydrogen-
bonding interaction and hydrophobic interactions between
the two long —C,,H,, alkyl chains. Although the structural unit
of 1, which contains six ether oxygen atoms, is the same as that
of [18]crown-6, the Na*-binding ability of the acyclic
compound 1 was higher than that of cyclic [18]crown-6.
The multiple Na*---O interactions effectively trapped the Na*
cation inside the hydrophilic penta(ethylene glycol) unit. The
two hydrophobic alkyl chains interacted via multiple van der
Waals forces, supporting the Na"-bound conformation. The
electrostatic cation—anion layer and hydrophobic alkyl chains
formed a 2D lamella-like molecular assembly. Thermal analysis
of solid 1 revealed the existence of an S1—S2 phase transition
while that of the Na*-1-B(Ph),” salt showed a complex phase
transition sequence, L G —>S1—-S81'->L—->L"-L->G
— S1. The ionic conductivity of Na* in the Na*-1-B(Ph),”
molten salt in the L phase showed two kinds of dynamics in
the T- and f-dependent dielectric responses. The oy, values in
the L phase were dominated by thermal activation in an
equilibrium between the Na™1 complex and dissociated
species of Na* + 1, while the complete dissociation of Na*
and 1 in the L’ phase showed a T-independent conducting
behavior. Thermally activated molecular motion of the
electrostatic cation—anion Coulomb pairs and the melting
state of the alkyl chains were randomly fixed in the G phase,
which was reconstructed in the stable crystalline phase during
the heating cycle. The electrostatic cation—anion Coulomb
interaction first reappeared, and the alkyl chains regained their
conformation to the lamella-type molecular assembly. The
conformational freedom and ion-recognition ability of the
acyclic amphiphilic 1 render it a potential compound in the
fabrication of ion-sensing and ionic channel materials. After
harnessing other physical properties such as electrical
conduction and fluorescent responses, such materials can be
used to construct multifunctional molecular assemblies.
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