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The self-organizable dendron (4-3,4-3,5)12G2X with X = —CO,CHz and —CH,OH, an already classic den-
dron, facilitating the formation of a large diversity of columnar hexagonal phases including crystalline, with
intracolumnar order, and liquid crystalline, and providing access for the first time to mimics of the trans-
membrane protein water channel Aquaporin was semifluorinated at eight of the sp® hybridized carbons of
its alkyl groups to provide (4-3,4-3,5)4F8G2X. The self-organization of (4-3,4-3,5)4F8G2X was analyzed
by a combination of oriented fiber intermediate angle X-ray scattering, wide angle X-ray scattering,
electron density maps, and reconstructed X-ray diffractograms by emplying molecular models. These
experiments demonstrated that fluorophobic effect of (4-3,4-3,5)4F8G2X mediated mostly via the helical
confiormation of the fluorinated fragments sharper miocrosegregation of the fluorinated fragments in the
most ordered states of the resulting 12,4 helical porous columns. These results support the original model
of self-organization of dendrons and provide access to new and simpler synthetic avenues for the
construction of mimics of aquaporin channels which are of great interest for cell biology and for the next
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Introduction

The transmembrane protein water channel known as Aqua-
porin (AQP) is one of the wonders of living cells." It transports
water with 100% diffusion rate and selectivity from the outer to
the inner part of the cell via the cell membrane making our life
possible. AQP consists of a helical hydrophobic pore that is
responsible for this process. The first mimic of AQP was accom-
plished by our laboratory via the self-assembly of a dendritic
dipeptide.”> The stereochemistry of the dipeptide,® the protective
groups of the dipeptide,” different self-assembling dendrons
attached to the dipeptide,’ the principles of self-assembly with
the original dendritic dipeptide,®” as well as combinations of L-Tyr
with all nonpolar a-aminoacids® were investigated. The AQP mimic
self-assembled from this dendritic dipeptide into the membrane of
liposomes® and polymersomes'® was demonstrated to transport
water selectively. The stereochemistry of the dendritic dipeptides
was used to study the role of the stereochemical information in
supramolecular polymerization'' and to self-assemble hollow
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spherical supramolecular containers."> Dendritic dipeptides as
AQP mimics pioneered a new concept for water purification that
generated a new research field investigated world-wide."*°
Since the early days of AQP mimics® in order to provide
technologic accessibility we were concerned with the design of
the simplest and most efficient porous helical supramolecular
columns that can be homeotropically self-organized on a planar
surface. The already classic original architecture, (4-3,4-3,5)-
12G2X where X is a functional group, of the self-assembling
dendron was shown to be most influential with flexible taper
repeat units based on benzyl ethers,”"*> biphenylmethyl ethers,>
phenylpropyl ethers,” more complex building blocks,* biphenyl-
propyl ethers,”® and with the rigid meta-terphenyl.>” A periodic
table of self-assembling dendrons also supported this architecture
as the most efficient for the construction of helical supramole-
cular columns.’®**® Indeed, helical porous supramolecular col-
umns were ultimately self-organized in our laboratory in the
absence of the dipeptide fragment of the dendritic dipeptide.*
A cooperative and synergistically enhanced thermal stability of
supramolecular columns combined with homeotropic alignment
is best accomplished by semifluorination via the fluorophobic
effect to be discussed later.>*>° A cooperative and synergistic
combination of effects could represent the key towards the
technologic development of water membranes based on AQP
mimics. This is because fluorination could reduce, via the
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fluorophobic effect, the size of the building blocks while maintain-
ing or even increasing efficiency. Homeotropic alighment on planar
surfaces is fundamental to the contruction of membranes with
perfect pore alignment. In addition, fluoroethers elaborated in our
laboratory,> facilitate both the homeotropic assembly and special
effects in biological membranes.*** Indeed semifluorination has
been reported recently by our laboratory>* to induce a helical porous
supramolecular column from the classic perhydrogenated (4-3,4-
3,5)12G2X, where X is -CO,CH; or -CH,OH, architecture employed
in the construction of dendritic dipeptide without the attachment of
the dipeptide® at its apex. However, the detailed supramolecular
structure of this helical porous semifluorinated AQP mimic was not
yet elucidated.>® The goal of this paper is to determine the supra-
molecular structure of the semifluorinated helical porous assembly
and elaborate its principles of self-organization.

Results and discussion

A brief introduction to fluorous chemistry and fluorous phase
in self-assembly

In 1994 Horvath and Rabai advanced the concept of fluorous
chemistry®® which evolved rapidly in a new field of research.>*
Highly fluorinated sp* hybridized hydrocarbons are immiscible
at low, including room temperature, with the homologous
hydrogenated compounds forming a biphasic system.
However, at high temperature they generate a homogeneous
solution. This property can be exploited for homogeneous
reactions at high temperature followed by simple isolation
of the catalysts, starting materials and products, which are
preferentially soluble in one of the two phases, at low tempera-
ture. Conventional catalysts or ligands can be conjugated to a
fluorinated tail which facilitates their transplant in the fluori-
nated solvent at low temperature and in the homogeneous
solution at high temperature. An infinite number of methodol-
ogies can be or were already elaborated based on this concept.>
Aside from the excellent handbook of fluorous chemistry®*
numerous review articles on fluorous chemistry and in self-
assembly as well as disassembly via fluorous chemistry are
available.>>** The most general view is that microsegregation
of the fluorinated fragments from the hydrogenated one are
providing a special driving force that mediates self-assembly
via the fluorous phase. At least in the case of columnar self-
organizations a cooperative and synergistic effect of the fluor-
ous phase as a function of the length of the perfluorinated alkyl
group was observed.***"** Cooperative and synergistic effects
were encountered in chemical and biological sciences including
in chemical biology, catalysis, materials design, and methodology
and in many cases they were elucidated.®>””" A cooperative and
synergistic effect was reported also during metal-catalyzed living
radical polymerization in different mixtures of solvents.”>
However, the mechanism of this cooperative and synergistic effect
continues to be under ellucidation.” Although this effect is not
yet elucidated” it is hypothesized that a certain ratio between the
two solvents provides a catalytic effect for the mixture of solvents
employed,” yielding living radical polymerizations with complete

12266 | J Mater. Chem. B, 2024, 12, 12265-12281

View Article Online

Journal of Materials Chemistry B

conversion and zero termination.”* This process is demanded by
the synthesis of polymers with complex architecture’” and
morphology’®”” from conventional monomers.”> We will elabo-
rate more on this concept in the next subchapters.

Synthesis of (4-3,4-3,5)4F8G2X with X = CO,CH; and CH,OH

This synthesis of (4-3,4-3,5)4F8G2X with X = -CO,CH; and
-CH,OH is based on well-established procedures elaborated
previously in our laboratory®'***%>? and therefore, they will be
described only briefly in Scheme 1 without repeating the
analytical data which were reported previously.

Compound 2 was synthesized by the Pd(0) catalyzed radical
addition of n-perfluorooctyl iodide to 1.*>** The acid in 2 was
reduced using LiAlH, to afford alcohol 3.>'** The bromination
of alcohol 3 with 48% HBr under phase transfer catalyzed
conditions with Aliquat 336 as phase transfer catalyst (PTC)
gave 4.>"°% Methyl 4-hydroxybenzoate 5 was alkylated with
semifluorinated alkyl bromides 4 in DMF with K,COj; as base
to obtain 6.*"** The ester of 6 was reduced to the alcohol 7
using LiAlH, followed by chlorination of the alcohol 7 to the
benzyl chloride 8 using thionyl chloride.***° The dendron 10
was synthesised using methyl 3,4-dihydroxybenzoate 9 and with
the benzyl chloride 8 in DMF using K,CO; as base.>* The ester
of dendron 10 was reduced to the alcohol 11 using LiAlH,
followed by chlorination of alcohol 11 to the benzyl chloride 12
using thionyl chloride.>® Second generation dendron 14 was
synthesized by etherification 3,4-dihydroxybenzoate 13 with 12
in DMF with K,CO as base.’” Finally the ester 14 was reduced
using LiAlH, to the benzyl alcohol 15. All compounds were
characterized by a combination of 'H- and *C-NMR, HPLC,
and MALDI-TOF to demonstrate higher purity than 99% and
were reported previously.>”

Characterization of (4-3,4-3,5)4F8G2X self-organizations by
differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments performed
with 10 °C min~" were employed to determine phase transitions
and their associated enthalpy changes for the self-organizations
of (4-3,4-3,5)4F8G2X (Fig. 1 and Table 1). As separated from the
reaction mixture (4-3,4-3,5)4F8G2X exists in a glassy state which
self-organizes via an exothermic transition, which occurs imme-
diately above the glass transition temperature, into a crystalline
columnar hexagonal periodic array. This periodic array is main-
tained after numerous heating and cooling scans in bulk state
although it changes via first order phase transitions from crystal-
line to columnar hexagonal with intracolumnar order (io) and to
liquid crystalline columnar hexagonal phase. The nature of the
phases associated with phase transitions determined by DSC was
determined by oriented fiber X-ray diffraction experiments
which will be discussed in the next subchapter.

During the first heating scan (4-3,4-3,5)4F8G2CO,CHj exhibits,
just above the glass transition temperature (T), an exothermic
crystallization which provides a columnar hexagonal crystalline
periodic array denoted @f. At 137 °C ®f melts into a columnar
hexagonal phase with intracolumnar order, ®}° which transforms
into a columnar hexagonal liquid crystal state, ¢y, undergoing

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthesis of (4-3,4-3,5)4F8G2X with X = CO,CH3z and CH,OH.

isotropization at 204 °C. During the cooling DSC scan the
isotropic liquid forms the columnar hexagonal liquid crystal
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Fig. 1 DSC traces collected for (4-3,4-3,5)4F8G2CO,CH; (14) and (4-3,4-3,5)4F8G2CH,OH (15) at heating and cooling rate of 10 °C min~*. Phases determined
by XRD, transition temperatures (in °C), and associated enthalpy changes (in between parentheses in kcal mol™?) are indicated. ®f, crystalline columnar hexagonal
phase; @i, columnar hexagonal phase with intracolumnar order; @, liquid crystalline columnar hexagonal phase, i: isotropic phase; g: glassy phase.
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Table 1 Thermal analysis of the supramolecular dendrimers self-assembled from (4-3,4-3,5)4F8G2CO,CHj3 (14) and (4-3,4-3,5)4F8G2CH,OH (15)

Phase transition (°C) and corresponding

enthalpy changes” (kcal mol ")

Compound Heating

Cooling

(4-3,4-3,5)4F8G2CO,CH,

@ 135 (16.35) O 171 (1.56) i
2 80 @i 175 (0.65) i

(4-3,4-3,5)4F8G2CH,OH

g 80 @f 116 (3.9) P} 137 (6.7) Py, 204 (1.5) i
@f 102 (5.3) B 137 (7.5) Py, 204 (1.5) i

i201 (—1.4) &y, 111 (—3.4) & 96 (—2.1) P

1201 (—1.4) @y 116 (—5.5) P 98 (—2.9) P
1168 (—0.51) ¥} 80 g
i 165 (—0.53) #i° 80 g

“ Data from the first heating and cooling scans (at 10 °C min ') are on the first line, and data from the second heating are on the second line; oF,
crystalline columnar hexagonal phase; @}, columnar hexagonal phase with intracolumnar order; @y, columnar hexagonal liquid crystalline phase

i: isotropic phase; g: glass phase.

heating scan we do not see the crystallizatiuon exotherm since
crystallization occurs during cooling via the exotherm at 96 °C.
However, we observe the melting transition at 102 °C which
is at lower temperature than during the first heating scan.
Transitions to the columnar hexagonal liquid crystal and iso-
tropization temperatures occur at the same temperatures as
during the first heating scan, i.e., at 137 and 204 °C. Transitions
during the second cooling scan are identical or almost identical
to those of the first cooling scan. It is important to remark
that isotropization on heating and cooling scans occurs with
little supercooling and with identical associated enthalpies.
Transitions from columnar hexagonal phase with intracolum-
nar order to the columnar liquid crystalline phase occur with a
small degree of supercooling while crystallization during the
cooling scan occur with higher decree of supercooling. These
trends are expected and were explained in previous publica-
tions from our laboratory.”®”° It is interesting to observe that
the self-organized (4-3,4-3,5)4F8G2CH,OH exhibits, during the
first heating scan, a columnar hexagonal crystalline phase, ®f,
which melts at 135 °C directly into a columnar hexagonal liquid
crystal, @, undergoing isotropization at 171 °C. On the cooling
scan the isotropic liquid transforms into the columnar hexa-
gonal liquid crystal state at 168 °C. No crystallization was
observed during the cooling scan. Most probably crystallization
is kinetically prohibited by the glass transition temperature
(Tg) of the supramolecular structure. Subsequent heating and
cooling DSC scans show only the glass transition temperature
followed by the columnar hexagonal liquid crystal, @, and its
isotropization temperature. Therefore, the functional group X
attached to the apex of the (4-3,4-3,5)4F8G2X affects quite
substantially the thermal behavior of the supramolecular
assembly, the ester group favoring crystallization as well as
the formation of the columnar hexagonal phase with intraco-
lumnar order, @{°. The alcohol group attached to the apex
disfavors crystallization and formation of the ®i° phase. It
must be pointed out that the corresponding hydrogenated
dendron, (4-3,4-3,5)12G2CH,O0H, exhibits a columnar hexago-
nal liquid crystal phase which undergoes isotropization at
132 °C, which is about 40 °C lower than of the corresponding
semifluorionated periodic array.>° This sensitivity of the supra-
molecular assembly to the functional group at the apex is in
line with other examples in which the primary structure of
the self-assembling dendron influences its self-organization

12268 | J Mater. Chem. B, 2024, 12, 12265-12281

process,®*#? including additional unpublished work from our

laboratory which will be published soon.

Structural analysis of the self-organizations of (4-3,4-3,5)
4F8G2CO,CHj; by oriented fiber X-ray diffraction experiments

A combination of intermediary-angle (IAXS) and wide-angle
X-ray scattering (WAXS) performed on oriented fibers together
with experimental density was used to construct molecular
models employing methodologies developed and used routi-
nely in our laboratory.®*~®” Suitable molecular models, agreeing
with the experimental dimensions and densities, were used to
reconstruct the experimental X-ray data. This methodology was
employed to provide the structural analysis of all self-
organizations. Fig. 2 presents representative oriented fiber X-
ray diffractograms.

Fig. 2a-f shows IAXS and WAXS recorded at different tem-
peratures corresponding to different phases of (4-3,4-3,5)
4F8G2CO,CH; together with the lattice symmetry and lattice
parameters. Oriented fiber IAXS combined with WAXS at 30 °C
shown in Fig. 2a and b demonstrated the assembly of the ®f
phase, at 130 °C in Fig. 2¢ and d, demonstrated a @} periodic
array, while at 160 °C in Fig. 2e and f the &}, liquid crystalline
state. Lattice and column dimensions together with experi-
mental densities obtained from these experiments will be
employed to generate models used to reconstruct the IAXS
and WAXS results from Fig. 2 and determine the structure of
the supramolecular assemblies (Table 1). Fig. 2¢g and i show
radial plots along the equatorial plane from the oriented fiber
XRD pattern obtained at 130 °C in the Qlo phase and at 160 °C
in the @, liquid crystal array of (4-3,4-3,5)4F8G2CO,CH; while
Fig. 2f and h display the radial plots of their simulated XRD
data to be discussed in Fig. 5. The very good agreement between
the exterimental and simulated radial plots from Fig. 2g-j
demonstrate the accuracy of the supramolecular models to be
discussed later. The amplitudes of the diffraction peaks in the
columnar hexagonal phase with intracolumnar order are higher
than in the columnar hexagonal liquid crystal phase both in the
experimental data and in the simulated results. This indicates
sharper boundaries between the fluorinated and hydrogenated
fragments in the columnar hexagonal array with intracolumnar
order that is created most probably by an enhanced electron
density contrast reflected in the more intense X-ray data col-
lected at 130 °C. This difference supports the microsegregation

This journal is © The Royal Society of Chemistry 2024
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Intermediate-angle oriented fiber X-ray scattering (IAXS) (a), (c) and (e) (top row) and wide-angle oriented fiber X-ray scattering (WAXS) (b), (d) and

(f) (bottom row) of the self-organizations of (4-3,4-3,5)4F8G2CO,CH3 (14). (g) Radial plot along the equatorial plane from the XRD pattern at 130 °C.
(h) Radial plot of the simulated XRD pattern obtained from the molecular model to be discussed in Fig. 4. (i) Radial plot along the equatorial plane from the
XRD pattern at 160 °C. (j) Radial plot of the simulated XRD pattern obtained from molecular models to be discussed in Fig. 5. The temperature at which
the XRD data was measured, crystal lattice with space groups, layer lines, cell parameters, d-spacings, and the fiber axes are shown.

role of the fluorophobic effect in self-organization. We expect an
even higher intensity of the diffraction peaks in the crystal states
of these supramolecular assemblies.

Structural analysis of the self-rganizations of (4-3,4-3,5)-
4F8G2CH,O0H by oriented fiber X-ray diffraction experiments

Fig. 3 provides examples of oriented fiber IAXS and WAXS at
different temperatures in the @ phase and in the @y liquid

This journal is © The Royal Society of Chemistry 2024

crystal state of the periodic arrays self-organized from (4-3,4-
3,5)4F8G2CH,O0H. The combination of oriented fiber IAXS and
WAXS recorded at 100 °C (Fig. 3a and b) demonstrates a
columnar hexagonal crystalline self-organization ®f, while at
160 °C a columnar hexagonal liquid crystal phase @y,. Lattice
dimensions are indicated on the diffractograms and will
be used to construct the molecular models employed to recon-
struct the experimental X-ray diffractograms. Fig. 3e and g show
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) and wide-angle oriented fiber X-ray scattering (WAXS) (b) and (d) of (4-3,4-

3,5)4F8G2CH,0H (15). (e) Radial plot along the equatorial plane from the XRD pattern at 100 °C. (f) Radial plot of the simulated XRD pattern obtained
from the molecular model to be discussed in Fig. 6. (g) Radial plot along the equatorial plane from the XRD pattern at 160 °C. (h) Radial plot obtained from
the simulated pattern obtained from the supramolecular model to be discussed in Fig. 7. The temperature at which the XRD data was measured, crystal
lattice with space groups, layer lines, cell parameters, d-spacings, and the fiber axes are shown.

the radial plots along the equatorial plane from the XRD data at
100 °C in the @f phase while Fig. 3g shows the radial plots
along the equatorial plane from the XRD data at 160 °C in the
&y, liquid crystalline state. The enhanced amplitudes of the
diffractograms from Fig. 3e are higher than the one from Fig. 3f
supporting a better microsegregation of the fluorinated frag-
ments in the crystal state than in the liquid crystal state. The
intensities of the radial plots of the experimental XRD data
from Fig. 3e and f agree with the radial plots obtained from the
simulated XRD results (Fig. 3f and h) demonstrating that the
supramolecular models employed to simulate these diffraction
data and to be discussed later are correct. It is also very
important to remark here that the intensities in the columnar
hexagonal crystalline phase (Fig. 3e) are higher than in the
columnar hexagonal phase with intracolumnar order (Fig. 2g).

To our knowledge, this may be the first report demonstrat-
ing the role of the fluorophobic effect in self-organization.
Therefore, we must point out the main difference between
perhydrogenated and perfluorinated sp® hybridized com-
pounds. Perfluorinated carbon chains adopt a helical confor-
mation induced by the electrostatic repulsion of fluorine atoms
in the 1,3-positions of the crystal state and in solution while
linear perhydrogenated hydrocarbons display a zig-zag confor-
mation. The helical conformation of perfluorinated carbon
chains was first demonstrated by Bunn and Howells in TEFLON

12270 | J Mater. Chem. B, 2024, 12, 12265-12281

by X-ray diffraction experiments.®® This helical conformation was
shown in shorted perfluorinated alkyl chains such as octyl both in
solid state as well as in solution by a combination of theoretical
calculations combined with "F-NMR and vibrational circular
dichroism.***® We must state that the helical conformation of
the fluorinated alkyl groups both in ordered states and in solution
was neglected previously when the fluorophobic effect was
employed to explain the mechanism of self-organization. Since
perfluorinated alkanes cannot adopt any other conformation but
helical,®®**° we strongly suggest that the helical conformation of
the perfluorooctyl fragments of (4-3,4-3,5)4F8G2CH,X is respon-
sible for the most efficient fluorophobic effect in ordered states.
This concept will be discussed in more details with 3-dimensional
(3D) molecular models.

Dimensions of supramolecular assemblies determined by XRD
experiments together with experimental densities (Table 2) were
employed to construct and screen 3D molecular models of the
supramolecular columns self-organized from (4-3,4-3,5)4F8G2X.
These models were used to reconstruct the oriented fiber
X-ray diffractograms by methods employed routinely in our
laboratory.®*®” Agreement between the experimental and
reconstructed X-ray results was used to decide that the model
was suitable for the structure analyzed as briefly mentioned
in Fig. 2 and 3 (Table 2). Fig. 4 shows the analysis of the
columnar hexagonal crystalline columns self-organized from

This journal is © The Royal Society of Chemistry 2024
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Table 2 Structural analyses of (4-3,4-3,5)4F8G2CO,CHj5 (14) and (4-3,4-3,5)4F8G2CH,OH (15) by XRD

T (°C) Phase” a’ (A) p° (g em™3) M, (g mol™) ° (A) W Dol (A) dyo, dy1, dao, day, dso, do” (A)
14 30 @ﬁ 62.7 1.58 2733.53 3.7 4 62.7 54.7, 31.5, 27.2, 20.6, 18.2, 15.7
130 (15{10 63.5 3.7 4 63.5 55.1, 32.0, 27.3, 20.7, 18.2, 15.8
170 @, 61.1 — 4 61.1 53.3, 30.6, 26.5, 20.0, —, —
15 100 s 59.0 1.58 2705.52 — 4 59.0 51.3, 29.6, 25.6, 19.3, 17.0, 14.8
160 P° 60.5 3.7 4 60.5 52.7, 30.3, 26.2, 19.9, 17.5, —

@ @i°, liquid crystalline columnar hexagonal phase; @f, crystalline columnar hexagonal phase. ? Lattice parameters (with uncertainty of ~1%)
calculated @ = (2/4/3)(d100 + /3110 + 2d00)/3 for the @y, phase. © Experimental density (o) measured at room temperature (24 °C). ¢ Molecular weight
(Myy) of the compound. € Stratum thickness calculated from the WAXS pattern./ Average number of molecules in the unit cell, calculated using u =
NpAtp/My; where N, = 6.022 x 10** mol " = Avogadro’s number, 4 is the area of the column cross-section calculated from the lattice parameters and p is
the density. ¥ Column diameter for @y, phase calculated using D, = a. h Experimental diffraction peaks d-spacings for @y, phase calculated using dj =
(V3al2)(H* + I + hk) V2

(4-3,4-3,5)4F8G2CO,CH;. Fig. 4a shows the experimental and illustrated in Fig. 4b-e which shows the side view of the crown
reconstructed X-ray of the columnar hexagonal crystalline conformation of column cross-section assembled from 4 den-
periodic array assembled from the supramolecular column drons, the top view of the first layer of the column, the top view

(a) Simulated  Experimental (d) Column (Potential (f) Reconstructed Electron Density
Surface, Top View) 3 ) ‘ " | W/

o

Fiber Axis

0.6
Column (Potential o
Surface, Side View) 00

Helical pitch =11.1 A

&
b !

~L
A

AN
62.7 A 62.7 A ’
Fig. 4 X-ray diffraction analysis and molecular models of at 100 °C (@f phase). (a) Wide-angle fiber XRD patterns (WAXS) and simulated XRD patterns
from the molecular model showing the similarity; (b) formation of the layer by four molecules showing the tilt angle (side view); (c) layer with four
molecules (top view); (d) formation of the column by repeat of the tetramer layer (potential surface, side view); (e) column (potential surface, top view); (f)
reconstructed relative electron density map; (g) hexagonal array by the columns (potential surface; top view). Color codes used in the molecular models
are similar as shown in the ChemDraw structure of 14. O atoms, red; H atoms, white; F atoms, purple; C atoms in the phenyl rings connected apex
—CO,CHs group, green; C atoms in the phenyl rings connected of the first generation, orange; C atoms in other phenyl rings in the second generation,
light blue; all other C atoms, grey. Potential surface is in fact the “van der Waals surface” and the color codes for the potential surface are similar as the
colors of the atoms; transparency (50%) was added for clarity.
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of the entire column and the entire column respectively. The
reconstructed electron density map generated from the experi-
mental X-ray diffractogram is shown in Fig. 4f. Fig. 4g illus-
trates the columnar hexagonal array generated from the
supramolecular columns from Fig. 4e together with the recon-
structed electron density from Fig. 4f overlapped on top of it. All
these data demonstrate that the helical porous supramolecular
column from Fig. 4e represents a suitable model for the self-
organized structure generated from (4-3,4-3,5)4F8G2CO,CH3.

The architectures of (4-3,4-3,5)4F8G2CO,CH; self-organizations

Fig. 5 provides the oriented fiber experimental and reconstructed
X-ray patterns in part a. The simulation was accomplished with the
3D model from Fig. 5b-f. The supramolecular column responsible
for the formation of the liquid crystal state is less perfect than the
one forming the crystal state. This can be seen by comparing
supramolecular columns from Fig. 4e and 5f. Fig. 5¢ shows the
reconstructed electron density obtained from experimental X-ray

(a) Simulated  Experimental (e)

r
n
o
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(c)
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Column (Potential
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(f) Column (Potential
Surface, Side View)
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results while Fig. 5h provides the hexagonal periodic array con-
structed from the supramolecular column of Fig. 5f. Overlap of the
electron density map from Fig. 5g over the hexagonal periodic
array generated from the supramolecular columns from Fig. 5f is
shown in Fig. 5h. Very good agreement is observed in this figure. It
is very important to compare the electron density from Fig. 4f with
the electron density of Fig. 5g. Sharper boundaries of various
electron densities are observed in the case of the crystalline
columns from Fig. 4f when compared with the electron density
of the liquid crystalline columns from Fig. 5h. This comparison
supports the data shown in Fig. 2g-j which indicate higher
amplitude of the diffraction peaks in higher ordered phases both
in the case of the experimental and simulated XRD data.

The architectures of (4-3,4-3,5)4F8G2CH,OH self-organizations

Fig. 6 shows the data for the supramolecular column of (4-3,4-
3,5)4F8G2CH,OH.

&
\

AN &
7 \

61.1 A

Fig. 5 X-ray diffraction analysis and molecular models of (4-3,4-3,5)4F8G2CO,CHj3 (14) at 160 °C (@}, phase). (a) Orinted fiber wide-angle XRD patterns
(WAXS) and simulated XRD patterns from the molecular model showing the similarity; (b) semifluorinated chain showing the helical F atoms; (c) formation
of the layer by four molecules (side view); (d) layer with four molecules (top view); (e) formation of the column by repeat of the tetramer layer (potential
surface, side view); (f) column (potential surface, top view); (g) reconstructed relative electron density map; (h) hexagonal array by the columns (potential
surface; top view). Color codes used in the molecular models are similar as shown in the ChemDraw structure of 14. O atoms, red; H atoms, white; F
atoms, purple; C atoms in the phenyl rings connected apex —CO,CHs group, green; C atoms in the phenyl rings connected of the first generation,
orange; C atoms in other phenyl rings in the second generation, light blue; all other C atoms, grey. Potential surface is in fact the “van der Waals surface”
and the color codes for the potential surface are similar as the colors of atoms; transparency (50%) was added for clarity.
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Fig. 6a displays the experimental and reconstructed fiber
X-ray diffractograms. The side view of the cross-cection of the
supramolecular column is in Fig. 6b. The top view of the side view
from Fig. 6b is shown in Fig. 6¢c. The top view of the supramole-
cular column is in Fig. 6d while the entire column is in Fig. 6e.

The reconstructed electron density of experimental X-ray
diffractogram of (4-3,4-3,5)4F8G2CH,OH is in the top of Fig. 6f with
the electron density for the hydrogenated structure (4-3,4-
3,5)6G2CH,O0H is in the bottom part of Fig. 6f. The reconstructed
electron density maps of the semifluorinated (4-3,4-
3,5)4F8G2CH,0H (Fig. 6f, top) and of the hydrogenated (4-3,4-
3,5)6G2CH,O0H (Fig. 6f bottom) display a large difference between
fluorinated and nonfluorinated structures which is best observed by
the sharpness of microsegregation seen in the case of the fluorinated
structure. The hexagonal periodic array constructed from the

Experimental (d)

(a) Simulated

Fiber Axis

Column (Potential
Surface, Top View)

View Article Online

Paper

supramolecular column from Fig. 6e is shown in Fig. 6g together
with the overlap of the electron density from top of Fig. 6f. Good
agreement between all these data s including the radial plots from
Fig. 2 and 3 support the 12, helical porous column architecture
shown in Fig. 6e. The 3D supramolecular column assembled from
(4-3,4-3,5)4F8G2CH,O0H in the columnar hexagonal liquid crystal-
line state is shown in Fig. 7. Experimental and reconstructed X-ray
diffractograms are in Fig. 7a. Details of the supramolecular
column are shown in Fig. 7b-f. The reconstructed electron density
is in Fig. 7g while the periodic hexagonal array constructed from
the column of Fig. 7f is in Fig. 7h which also contains an
overlapped electron density of Fig. 7g. Sharper electron density
boundaries are observed in Fig. 6f rather than in Fig. 7f. This is in
agreement with the higher amplitude of the diffractograms from
Fig. 3e rather than Fig. 3f. Therefore, higher order of the

(f) Reconstructed Electron Density
_—

(4-3,4-3,5)4F8G2CH,OH

Column (Potential
Surface, Side View)

(c) Layer (Top View)

7

Helical pitch =11.1 A

~N

Fig. 6 X-ray diffraction analysis and molecular models of (4-3,4-3,5)4F8G2CH,OH (15) at 100 °C (df phase). (a) Wide-angle oriented fiber XRD patterns (WAXS)
and simulated XRD patterns from the molecular model showing the similarity; (b) formation of the layer by four molecules showing the tilt angle (side view); (c)
layer with four molecules (top view); (d) formation of the column by repeat of the tetramer layer (potential surface, side view); (€) column (potential surface, top
view); (f) reconstructed relative electron density maps of the semifluorinated (4-3,4-3,5)4F8 G2CH,OH (15) (top) and of the hydrogenated (4-3,4-3,5)6G2CH,OH
(bottom) demonstrating the large difference between fluorinated and nonfluorinated as seen in the sharpness of microsegregation observed in the case of
fluorinated chains; (g) hexagonal array by the columns (potential surface; top view). Color codes used in the molecular models are similar as shown in the
ChemDraw structure of 15. O atoms, red; H atoms, white; F atoms, purple; C atoms in the phenyl rings connected apex —CH,OH group, green; C atoms in the
phenyl rings connected of the first generation, orange; C atoms in other phenyl rings in the second generation, light blue; all other C atoms, grey. Potential surface
is in fact the “van der Waals surface” and the color codes for the potential surface are similar as atom colors; transparency (50%) was added for clarity.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024, 12,12265-12281 | 12273


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb01951b

Open Access Article. Published on 24 2024. Downloaded on 16/10/2025 01:56:16.

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

(cc)

Paper

(a) Simulated  Experimental (e)

(200““"1]1.

.o!) 1300) [

Fiber Axis

"
110

(21 Folwrl

(b) Semifluorinated chain

with helical F atoms =5.3+1.2A

D

pore

)

(d)  Layer (Top View)

Column (Potential (9)
Surface Top View)

Column (Potential
Surface, Side View)

View Article Online

Journal of Materials Chemistry B

Reconstructed Electron Density

(h) Hexagonal Array

AN

AN

AN
f

60.5 A

~N

60.5 A

Fig. 7 X-ray diffraction analysis and molecular models of (4-3,4-3,5)4F8G2CH,OH (14) at 160 °C (@}, phase). (a) Wide-angle oriented fiber XRD patterns
(WAXS) and simulated XRD patterns from the molecular model showing the similarity; (b) semifluorinated chain showing the helical F atoms; (c) formation
of the layer by four molecules (side view); (d) layer with four molecules (top view); (e) formation of the column by repeat of the tetramer layer (potential
surface, side view); (f) column (potential surface, top view); (g) reconstructed relative electron density map; (h) hexagonal array by the columns (potential
surface; top view). Color codes used in the molecular models are similar as shown in the ChemDraw structure of 15. O atoms, red; H atoms, white; F
atoms, purple; C atoms in the phenyl rings connected apex —CH,OH group, green; C atoms in the phenyl rings connected of the first generation, orange;
C atoms in other phenyl rings in the second generation, light blue; all other C atoms, grey. Potential surface is in fact the “van der Waals surface” and the
color codes for the potential surface are similar to the colors, of atoms; transparency (50%) was added for clarity.

supramolecular assembly favor higher level of microsegregation
and larger amplitude to the diffraction peaks observed in the
radial plots from Fig. 2 and 3.

We cannot conclude before showing representative thermal
optical polarized microscopy images generated by the supramo-
lecular self-organizations of (4-3,4-3,5)4F8G2CO,CH; (14) and of
(4-3,4-3,5)4F8G2CH,0H (15). They are illustrated in Fig. 8. These
micrographs exhibit classic focal conic textures typical for colum-
nar hexagonal liquid crystalline phases. No attempts were made
to generate homeotropic alignments. However, the textures
observed at 130 °C and 200 °C indicate that they are possible.

Conclusions

The 12, helical porous 3D architectures self-organized from (4-3,4-
3,5)4F8G2CO,CH; and (4-3,4-3,5)4F8G2CH,OH were determined by
a combination of oriented fiber IAXS and SAXS combined with

12274 | J. Mater. Chem. B, 2024, 12, 12265-12281

electron density maps and reconstruction of the experimental X-ray
data with molecular models. In spite of having different functional
groups at the apex, both building blocks provide helical 12, porous
columns in their columnar hexagonal crystalline periodic arrays.
This demonstrates that the fluorophobic effect provides the key role
during their self-organization even if they exhibit phase transitions
at different temperatures. The fluorophobic effect is more dominant
in the crystalline rather than in liquid crystalline states. This is
supported by both the higher amplitudes of their diffraction peaks
in their X-ray diffractograms and by their reconstructed electron
densities including a radial comparison with nonfluorinated
structures. These data indicate that the fluorophobic effect is
most probably mediated by the helical conformation of the
fluorinated fragments, a factor that was not considered before
this report, although the helical conformation of the flurinated
alkyl groups was well established both in solid ordered state and in
solution.®**° The ability to construct homeotropically aligned

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Optical polarized microscopy images of (4-3,4-3,5)4F8G2CO,CHj3 (14) and (4-3,4-3,5)4F8G2CH,0H (15) at various temperatures.

supramolecular columns®~**** together with the molecular engi-

neering of the structure of their pore are expected to provide not only
unlimited advanced in mimics of AQP but also to facilitate access to
a new generation of membranes for water separation and
purification,”>2%%71% Al| these features can be accomplished by
combining fluorophobic effect with helical self-organization. A step
towards the design of this goal was made by the research reported
here. Recent progress on the synthesis of fluorinated o-
aminoacids'*'® combined with the fluorophobic effect reported
here will further improve the water separation by employing simpler
dendritic dipeptide structures. The enhanced microsegregation
facilitated by the fluorophobic effect demonstrated here supports
the original model of miscrosegregation advanced for hydrogenated
building blocks.''%* Last but not least we believe that the role and
the mechanisms of the fluorophobic effect in self-
assembly,**323333:36:39445051 i living radical polymerizations of
fluorinated monomers, in fluorinated solvents, with fluorinated
chain ends,'”™ and in all other self-organization
processes,"'*"*® could be reevaluated and upgraded since the
unlimited capabilities of the fluorinated fragments to induce helical
homochirality both in self-organizations in bulk state and in solution
are theoretically immense and were not yet investigated at all.

Materials and methods

Materials

Vinylacetic acid (1) (97%, Aldrich), perfluorooctyl iodide (99%,
Fluka), LiAlH, (95%, Aldrich), 48% HBr (ACS reagent, Aldrich),

This journal is © The Royal Society of Chemistry 2024

tricaprylylmethylammonium chloride (Aliquat 336, Aldrich),
methyl 4-hydroxybenzoate (99%, Aldrich), thionyl chloride
(99%, Aldrich), 3,5-dihydroxybenzoic acid (Acros, 97%), 1,1,2-
trichlorotrifluoroethane (Freon 113, Acros/Fisher) were used
as received. The syntheses of tetrakis(triphenylphosphine)-
palladium(0) [(Ph;P),Pd(0)] was performed as described
previously.”® 4-Dimethylformamide (DMF) was dried over
CaH,, filtered, and distilled under vacuum. Hexanes (ACS
reagent, Fisher Scientific) used for the Pd(0) catalyzed coupling
of perfluoroalkyl iodides and olefins was washed three times
with concentrated H,SO,, three times with H,O, and dried
over anhydrous MgSO, before use. CH,Cl, and toluene
(Fisher, ACS reagent grade) were refluxed over CaH, and
freshly distilled before use. Tetrahydrofuran (THF, Fisher,
ACS reagent grade) and diethyl ether (Et,O, Fisher, ACS reagent
grade) were refluxed over sodium/benzophenone until the
solution turned purple and freshly distilled before use. All
other chemicals were commercially available and were used
as received.

Method and techniques

The purity and structure of intermediate compounds and
final products were determined by a combination of techniques
including thin-layer chromatography (TLC), 'H, *C NMR,
'F NMR, high-pressure liquid chromatography (HPLC), and
matrix assisted laser desorption ionization-time of flight
(MALDI-TOF).
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Thin layer chromatography (TLC)

TLC was carried out on precoated aluminum plates (silica gel
with F254 indicator; layer thickness, 200 pum; particle size,
2-25 um; pore size, 60 A, from Sigma-Aldrich).

High pressure liquid chromatography (HPLC)

High pressure liquid chromatography (HPLC) using Shimadzu
LC-20AD high-performance liquid chromatograph pump, a PE
Nelson Analytical 900 Series integration data station, a Shimadzu
SPD-10A VP (UV-vis, A = 254 nm), Shimadzu RID-10A refractive
index (RI) and three AM gel columns (a guard column, two 500 A,
10 pm columns). THF was used as the solvent and the char-
acterization was carried out at 23 °C.

Solution NMR

"H NMR (400 MHz), and *C NMR (101 MHz) spectra were
measured on a Bruker NEO 400 instrument using the solvent
indicated.

Differential scanning calorimetry (DSC)

Thermal transitions were measured on TA instrument 2920
modulated, and Q 100 differential scanning calorimeter (DSC)
integrated with a TA instrument refrigerated cooling system.
The heating, and cooling rates were 10 °C min~ . The transition
temperatures were measured as the maxima, and minima of
their endothermic, and exothermic peaks. Indium was used as
the standard for the calibration.

Optical polarized microscopy

An Olympus BX-51 optical polarized microscope (40x magnifi-
cation) equipped with a Metler Toldeo FP82HT hot stage, and
Metler Toledo FP90 central processor was used to verify thermal
transitions, and to characterize anisotropic textures.

Matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF)

The molar mass of all molecules was determined by MALDI-
TOF mass spectrometry employing a PerSeptive Biosystem-
Voyager-DE (Framingham, MA) mass spectrometer equipped
with nitrogen laser (337 nm) and operating in linear mode.
Angiotensin II and Bombesin were used as standards for
calibration. For the preparation of sample solution, the corres-
ponding compound was first dissolved in THF (5-10 mg mL ).
Subsequently, the matrix (2,5-dihydroxybenzoic acid) was dis-
solved in THF 10 mg mL " and the two solutions were mixed
with a 1/5 (v/v, compound solution/matrix solution) ratio. Then
one drop of solution was placed on the MALDI plate and dried
at 23 °C. Afterwards, the plate was inserted into the vacuum
chamber of the instrument for analysis. The laser intensity and
voltages applied for the analysis were adjusted based on the
molar mass and nature of each compound.

Density measurements

For density measurements, a small mass of sample (0.3-0.5 mg)
was placed in a vial filled with water followed by degasssed to
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remove the air bubbles adsorbed outside the sample. The
sample sank to the bottom of the vial due to its high density
compared with water. A saturated aqueous solution of potas-
sium iodide (KI) was then added into the solution at ~0.2 g per
aliquot to gradually increase the solution density. KI was added
at an interval of at least 20 min to ensure equilibrium within
the solution. When the sample was suspended in the middle of
the solution, the density of the sample was the same as the
solution, which was measured by a 5 mL volumetric flask.

X-ray diffraction (XRD)

X-ray diffraction (XRD) measurements were performed using
Cu-K,; radiation (1 = 1.542 A) from a Bruker-Nonius FR-591
rotating anode X-ray source equipped with a 0.2 x 0.2 mm?
filament and operated at 3.4 kW. Osmic Max-Flux optics, and
triple pinhole collimation were used to obtain a highly colli-
mated beam with a 0.3 x 0.3 mm? spot on a Bruker-AXS Hi-Star
multiwire area detector. To minimize attenuation and back-
ground scattering, an integral vacuum was maintained along
the length of the flight tube, and within the sample chamber.
Samples were held in glass capillaries (1.0 mm in diameter),
mounted in a temperature-controlled oven (temperature precision:
+0.1 °C, temperature range from —10 °C to 210 °C). Aligned
samples for fiber XRD experiments were prepared using a custom-
made extrusion device.**® The powdered sample (~10 mg) was
heated inside the extrusion device. After slow cooling, the fiber was
extruded in the liquid crystal phase, and cooled to 23 °C. Typically,
the aligned samples have a thickness of 0.3-0.7 mm and a length of
3-7 mm. All XRD measurements were done with the aligned sample
axis perpendicular to the beam direction. Primary XRD analysis was
performed using Datasqueeze (version 3.0.5).5™

Molecular modelling, simulation, and electron density maps

Molecular models were drawn using DS ViewerPro (version 5.0)
software. Material Studio Modeling (version 3.1) software from
Accelrys was used to perform the energy minimizations of the
built models on the supramolecular structures. BIOVIA Discovery
Studio Visualizer (version 2019) was used for display style and
coloring. Color codes were discussed in the caption of the Figures.
Details were reported previously.””®*® The electron density maps
were reconstructed via principles previously employed for the
supramolecular columns self-organized in the ¢; phases and
the procedure was detailed in our publications.>”"*?
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