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Primary structure endows tertiary structure while tertiary structure determines function. This fundamental
principle is responsible for the generation of high order and precise functions in both biological assemblies
including giant and mega proteins and nucleic acids as well as in metals generated from only few atoms.
However, this size-independent ability to generate high order and very precise functions is not yet accessible
in non-biological assemblies that use the same principles for their hierarchical self-organization. Here we
report a study investigating the role of the molecular parameters on the hierarchical self-organizations
of helical columnar assemblies produced from the column-forming self-assembling dendron (4-3,4-3,5)-X
with a linear or branched hydrogenated or linear semifluorinated alkyl groups while apex is -CO,CHj3; or -
CH,OH. A combination of differential scanning calorimetry, small and wide-angle powder and oriented fiber
X-ray diffraction experiments together with helical diffraction theory, 2-D and 3-D electron density maps
were employed in these structural analysis experiments. They demonstrated that H-bonding at the apex of
the self-assembling dendron enhanced the order of the helical columns by comparison with the order of
supramolecular helical columns based on dendrons containing an ester group at their apex. This was the case
for both linear and branched alkyl groups at the periphery of the self-assembling dendron. Unexpectedly,
self-assembling dendrons containing semifluorinated alkyl groups on their periphery and H-bonding groups
at their apex increase even more the order of their supramolecular perfluorinated porous helical column. In
all cases helix is mediated by the aromatic part of the dendron but hierarchically influenced both by the apex
and peripheral groups. A combination of branched alkyl groups with H-bonding at the apex produced a new
mechanism to transform helical columns assembled from the column-forming (4-3,4-3,5)-X self-assembling
dendron into spherical assemblies, organized from conical dendron conformers, forming an A15 Frank-Kasper
phase.
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Introduction

Columnar assemblies were first self-organized from disc-like
molecules [1-3] and even from conformationally flexible disc-
like molecules such as CTTV [4-8], subsequently from crown-
like molecules [9-12], phasmids and polycatenar building blocks
[13] and almost simultaneously from self-assembling dendrons
and self-organizable dendronized polymers [14-36]. Dendrons
represent a fragment of a disc-like molecule or of a crown-like
conformation. The history of the discovery of self-assembling
dendrons and self-organizable dendronized polymers by using
tobacco mosaic virus, TMV, as inspiration was reported [36-47].
The nomenclature employed in this report was defined previously
[43] and it will be only briefly mentioned here for self-assembly
and self-organization. For additional definitions the readers are
encouraged to consult reference [43]. Self-assembly refers to the
process by which certain building blocks, like specifically designed
dendrons or dendrimers, aggregate to form supramolecular
objects. Not all dendrons and dendrimers self-assembleo0.
Self-organization is the process by which supramolecular or
macromolecular objects arrange themselves into periodic or
quasiperiodic arrays in solid state or solution. Columnar self-
organizations were also discovered and designed from much-
simpler non-disc-like molecules such us main-chain liquid crystal
polyethers [48-54] and copolyethers [55-59]. However, the largest
diversity of functions is accessible from supramolecular columns
assembled from self-assembling dendrons or self-organizable
dendronized polymers. Ionic [25] and electronic conductivity
[60], water purification via aquaporin (AQP) channel mechanisms
[61-71], new concepts to molecular machines [72-74], accelerated
and self-interrupted organic reactions, polymerization and living
polymerizations [75-79], transformation of a helix-coil into
helix-helix transition [80], modification of organic reaction
pathways and reaction mechanisms [80], programming order
in supramolecular polymerization via chirality and origins of
homochirality [67,68,81], homochiral columns by deracemization
in the crystal state [82-85], fast switching liquid crystals [86],
chiral supramolecular spheres and containers [11,12,87], chiral
columns from chiral spheres [88], self-assembly via fluorous
phase to generate perfluorinated objects from semifluorinated
building blocks [60,73,79,89-98] are just few of the concepts
elaborated with helical supramolecular columns self-organized
from self-assembling dendrons. Last but not least, screening
through rational libraries self-assembling dendrons and their
self-organizable dendronized polymers [11,63,69,71,76-79,82—
85,88,99-139] provided a transition, mediated via a large
diversity of structural parameters, from columnar to globular
or spherical supramolecular assemblies. Globular or spherical
assemblies self-organize Frank-Kasper [77,108,119,126,128,129]
and quasicrystal [135,136] phases and facilitated the transition
from self-organization in bulk state to self-organization in organic
solvents [82,83] and ultimately in water [140-166]. Numerous
laboratories became involved in this topic of research [167-
171]. This transition expanded the range of applications from
those enumerated above for helical columnar assemblies to
supramolecular orientational memory effect [172-178], mimics of
biological membranes via Janus dendrimers and dendrimersomes
[140-153,163], mimics of the cell membrane glycan via Janus

glycodendrimers and glycodendrimersomes [142,154-162] and
finally to the discovery of one-component sequence-defined
ionizable amphiphilic Janus dendrimers (IAJDs) that provided
a new methodology for the delivery of mRNA [164-166].
On the other way, soft Frank-Kasper and quasicrystal phases
discovered with self-assembling dendrons have scattered through
a large diversity of field of self-organized soft matter by being
discovered in the meantime in block copolymers, lipids, DNA
nanoparticles and many other classes of self-assembling building
blocks [56-59,179-203]. The principle primary structure endows
tertiary structure while tertiary structure provides the very precise
functions of all these hierarchical self-organizations is wvalid
for giant and even mega biological macromolecules such us
proteins and nucleic acids [39,40,45,204] and for metal lattices
produced only from a small number of atoms. These size-
independent principles required to produce high order with
very precise structures are, however, not yet fully elucidated in
supramolecular assemblies. For example, in columnar assemblies
obtained from disc-like molecules, high helical order was most
probably observed first time by Ringsdorf [205] who also
demonstrated the induction of their fast photoconductivity. After
many years of investigations of covalent and supramolecular
helical columns [23,31,32,33,206,207], it was the transplant
of helical diffraction theory from biology to supramolecular
assemblies [109] that facilitated access to the discovery of
high helical order by deracemization in tapered dendron
assemblies [82,83] and in cogwheel helical self-organizations via
a sequence defined self-assembling dendron concept [83-85] as
well as the elucidation of helical columns elaborated during
the early days of self-organizable dendronized polymers [74].
These reports demanded the need for additional elucidation
of primary structure-tertiary structure-function relationship in
supramolecular assemblies. In this report we selected the column-
forming self-assembling dendron (4-3,4-3,5)-X with a linear (n-
hexyl, C¢Hj3) or branched hydrogenated ((S)-3,7-dimethyloctyl,
dm8*) or linear semifluorinated alkyl group ((CHz)4(CF3)sF, 12F8)
while -CO,CHj3 or -CH,OH in the apex to investigate the role
of the primary structure of the self-assembling dendron on the
helical self-organization of its supramolecular column. This self-
assembling dendron is a classic column-forming building block
employed in numerous investigations of dendritic dipeptides
to elucidate the principles of self-assembly of AQP-like porous
structures [61-71] that ultimately led to the most successful
approach to water purification that is close to production on
industrial scale [64,208,209]. The change from the dendritic
dipeptide based on (4-3,4-3,5)-X to (4-3,4-3,4)-X where apex is
dipeptide, transformed the helical porous supramolecular column
into a hollow sphere capsule [69]. However, no other structural
modification of the (4-3,4-3,5)-X dendritic dipeptide including
the addition of branched alkyl groups on its periphery [99] could
change the porous supramolecular column into a hollow
supramolecular sphere. Semifluorinated alkyl groups were selected
for these experiments since they were repeatedly employed by our
laboratory to enhance the stability of the supramolecular columns
and of other assemblies and generate perfluorinated columns from
semifluorinated dendrons [60,73,79,89-98]. H-bonding units and
other molecular recognition units at the apex of the dendrons
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were also employed by our laboratory to mediate the stability of
the supramolecular assemblies [25-29,111]. However, no single
investigation combined the role of the H-bonding, branching,
linear and semifluorinated alkyl groups into a single series of
experiments. This combination of experiments will be reported
in this publication.

Methods

Materials

Tetrahydrofuran (Fisher, ACS reagent grade) was
over sodium/benzophenone and freshly distilled before use,
dichloromethane (Fisher, ACS reagent grade) was refluxed over
CaH; and freshly distilled before use. All other chemicals were
commercially available and were used as received.

refluxed

Techniques
Nuclear magnetic resonance (NMR) spectroscopy

'H NMR (500 MHz), '¥*C NMR (126 MHz), °F NMR (471 MHz)
spectra were recorded on a Bruker DRX 500 instrument at 300K
or other temperature indicated. Chemical shifts (§) are reported
in ppm and coupling constants (/) are reported in Hertz (Hz). The
resonance multiplicities in the 'H NMR spectra are described as
“s” (singlet), “d” (doublet), “t” (triplet), “quint” (quintet) and “m”
(multiplet) and broad resonances are indicated by “br”. Residual
protic solvent of CDCI3 (* H, § 7.26 ppm; 13C, § 77.23 ppm, middle
of the triplet), 1°F, § -76.55 ppm from trifluoroacetic acid in CDCl3
as external standard), and tetramethylsilane (TMS, § O ppm) were
also used as the internal reference in the 'H and 3C spectra.

Thin-layer chromatography (TLC) and high-pressure liquid
chromatography (HPLC)

The purity of the products was determined by a combination
of TLC on silica gel coated aluminum plates (with F,s4 indicator;
layer thickness, 200 pm; particle size, 2-25 um; pore size
60 A, SIGMA-Aldrich) and HPLC using THF as mobile phase
at 1 mL/min, on a Shimadzu LC-10AT high pressure liquid
chromatograph equipped with a Perkin Elmer LC-100 oven (40
°C), containing two Perkin-Elmer PL gel columns of 5 x 10? and
1 x 10* A, a Shimadzu SPD-10A UV detector (» = 254 nm), a
Shimadzu RID-10A Rl-detector, and a PE Nelson Analytical 900
Series integrator data station.

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

MALDI-TOF mass spectrometry was performed on a PerSeptive
Biosystems-Voyager-DE (Framingham, MA) mass spectrometer
equipped with a nitrogen laser (337 nm) and operating in linear
mode. Internal calibration was performed using Angiotensin II
and Bombesin as standards. The analytical sample was obtained
by mixing the THF solution of the sample (5-10 mg/ml) and THF
solution of the matrix (3,5-dimethoxy-4-hydroxy-trans-cinnamic
acid or 2,5-dihydroxyl benzoic acid 10 mg/mL) in a 1/5 v/v ratio.
The prepared solution of the sample and the matrix (0.5 uL)
was loaded on the MALDI-TOF plate and allowed to dry at 23°C
before the plate was inserted into the vacuum chamber of the
MALDI-TOF instrument. The laser steps and voltages applied were
adjusted depending on both the molecular weight and the nature
of each analyzed compound.

Differential scanning calorimeter (DSC)

Thermal transitions were determined on a TA Instruments
Q100 DSC equipped with a refrigerated cooling system with
10°Cemin~! heating and cooling rates. Indium was used as
calibration standard. The transition temperatures were calculated
as the maxima and minima of their endothermic and exothermic
peaks.

Thermal optical polarized microscopy (TOPM)

An Olympus BX51 optical microscope (100 X magnifications)
equipped with a Mettler FP82HT hot stage and a Mettler Toledo
FP90 Central Processor was used to verify thermal transitions and
to characterize anisotropic textures.

Density measurements
Density (p20) measurements were carried out by flotation in
gradient columns at 20°C.

Melting points

Melting points were measured using a uni-melt capillary
melting point apparatus (Arthur H. Thomas Company) and were
uncorrected.

X-ray diffraction (XRD)

XRD measurements were performed using Cu-K,; radiation
(x=1.54178 A) from a Bruker-Nonius FR-591 rotating anode X-
ray source equipped with a 0.2 x 0.2 mm? filament operated
at 3.4 kW. The Cu radiation beam was collimated and focused
by a single bent mirror and sagitally focused through a Si
(111) monochromator, generating in a 0.3 x 0.4 mm? spot
on a Bruker-AXS Hi-Star multiwire area detector. To minimize
attenuation and background scattering, an integral vacuum was
maintained along the length of the flight tube and within the
sample chamber. Samples were held in quartz capillaries (0.7 —
1.0 mm in diameter), mounted in a temperature-controlled oven
(temperature precision: £0.1°C, temperature range from 120°C
to 270°C). The distance between the sample and the detector
was 12.0 cm for wide angles diffraction experiments and 54.0
cm for intermediate angles diffraction experiments respectively.
Aligned samples for fiber XRD experiments were prepared using a
custom-made extrusion device. [18] The powdered sample (~ 10
mg) was heated inside the extrusion device above isotropization
temperature. After slow cooling from the isotropic phase, 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.
XRD peaks position and intensity analysis was performed using
Datasqueeze Software [210] (version 2.1) that allows background
elimination and Gaussian, Lorentzian, Lorentzian squared, or
Voigt peak-shape fitting. Molecular modeling calculations were
done using the Materials Studio Modeling version 3.1 software
from Accelrys. The package Discover module was used to perform
the energy minimizations on the supramolecular structures with
the following settings: PCFF or COMPASS force fields and Fletcher-
Reeves algorithm for the conjugate gradient method. Cerius?
package (Accelrys, version 3.8) was used for fiber XRD simulations.
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Synthesis

The dendrons 14a (4-3,4-3,5)6G2CO,CH3; and 15a (4-3,4-
3,5)6G2CH,OH were synthesized, and characterized according
to literature procedures [62,63,109]. The dendrons 14b (4-
3,4-3,5)dm8G2CO,CH3 and 15b (4-3,4-3,5)dm8G2CH,OH were
synthesized, and characterized according to reported procedures
[109]. The semifluorinated chain (4c) was synthesized, and
characterized according to literature [48]. The benzyl chloride
with a semifluorinated chain in 4 position (8c) was synthesized,
and characterized according to literature [113].

Compound 10c: To a thoroughly degassed suspension of
anhydrous K,CO3 (2.76 g, 20 mmol) in a mixture of DMF (40 mL)
and THF (10 mL) was added methyl 3,4-dihydroxybenzoate (9)
(0.84 g, 5.0 mol) and the reaction mixture was heated to 70°C.
At that time 8c was added (6.17 g, 10 mol) under Ar in small
portions. After stirring for 12 h at 70°C, the reaction mixture
was cooled to 23°C and poured into stirring ice/water (200 mL).
The white granular solid was filtered and washed with H,O and
dried. The solid was dissolved in DCM/CFC-113 mixture and
precipitated in methanol twice. The precipitate was filtered and
dried under vacuum to obtain 10c as a white solid (5.9 g, 89%).
Purity (HPLC): 99+%; TLC (EtOAc/hexane = 3/7): Rf = 0.5. 'H
NMR (500 MHz, CDCl3): § = 7.62-7.65 (m, 2H, 2 x PhH), 7.32-
7.37 (m, 4H, 4 x PhH), 6.86-6.94 (m, 5H, 5 x PhH), 5.10-5.12
(m, 4H, 2 x CH,Ph), 3.99-4.01 (m, 4H, 2 x CH,OPh), 3.87 (s,
3H, CO,CH3), 2.13-2.20 (m, 4H, 2 x CF,CH,), 1.82-1.88 (m, 8H,
2 x CF,CH,(CH,);). ¥*C NMR (126 MHz, CDCl3): § = 167.01,
158.95, 158.90, 153.35, 148.73, 129.43, 129.19, 124.23, 123.37,
116.19, 114.77, 114.72, 113.82, 71.40, 71.00, 67.50, 52.14, 31.15,
30.97,30.79, 28.97,17.56. 1FNMR (471 MHz, CDCl3): § =-81.23,
-114.75, -122.07, -122.28, -123.08, -123.87, -126.48, -128.88, —
133.75.

Compound 11c: To a slurry of LiAlH4 (0.17 g, 4.5 mmol)
in dry THF (50 mL) was cooled at 0°C, compound 10c (4.0 g,
3.0 mmol) dissolved in dry THF (50 mL) was added dropwise.
The reaction mixture was stirred at 23°C for 2 h and quenched
with 1 mL of water, 1 mL of NaOH (15% in water), and then
3 mL of water. The mixture was filtered and dried over MgSOy.
After filtration, evaporation, and drying under vacuum 11c was
obtained as a white solid (3.8 g, 98%). Purity (HPLC): 99+%; TLC
(EtOAc/hexane = 1/1): Rf = 0.5. 'H NMR (500 MHz, CDCl3):
§ =7.26-7.38 (m, 4H, 4 x PhH), 6.98-7.00 (m, 2H, 2 x PhH), 6.85-
6.92 (m, 5H, 5 x PhH), 5.06-5.11 (m, 4H, 2 x CH,Ph), 4.58 (s,
2H, CH,0H), 3.98-4.01 (m, 4H, 2 x CH,OPh), 2.13-2.27 (m, 4H,
2 x CF,CH,), 1.82-1.88 (m, 8H, 2 x CF,CH,(CH,),). '*C NMR
(126 MHz, CDCl3): § = 158.98, 158.96, 149.77, 149.08, 134.87,
130.01, 129.95, 129.53, 129.47, 120.60, 118.79, 115.99, 114.84,
114.82, 71.74, 71.56, 67.63, 65.63, 31.29, 31.11, 30.94, 30.73,
30.10, 29.13, 17.71. F NMR (471 MHz, CDCl3): § = -81.06, —
114.80, -122.10, -122.32, -123.12, -123.90, -126.49.

Compound 12c: To a stirring solution of compound 11c
(3.9 g, 3.0 mmol) and 2,6-di-tert-butylpyridine (DTBMP) (1.2 g,
6.0 mmol) in dry DCM (60 mL) and trifluorotoluene (40 mL),
SOCI; (0.42 g, 3.6 mmol) were added under Ar and the solution
was stirred for 0.5 h at 23°C. The solvent was removed by rotary
evaporation and dried under vacuum. After recrystallization in
acetone, the target compound 12c¢ was obtained as a which solid

(3.6 g, 92 %). 'H NMR (500 MHz, CDCl3): § = 7.26-7.36 (m, 4H,
4 x PhH), 6.86-7.00 (m, 7H, 7 x PhH), 5.06 (m, 4H, 2 x CH,Ph),
4.51 (s, 2H, CH,Cl), 3.98-4.01 (m, 4H, 2 x CH,OPh), 2.12-2.22 (m,
4H, 2 x CF,CH>), 1.71-1.91 (m, 8H, 2 x CF,CH,(CH);). '*C NMR
(126 MHz, CDCl3): § = 158.87, 158.84, 149.59, 149.46, 130.96,
129.63, 129.60, 129.42, 129.26, 122.13, 118.61, 116.08, 115.38,
114.70, 111.35, 111.07, 75.04, 71.51, 71.40, 67.48, 66.92, 46.70,
37.65, 31.12, 30.95, 30.77, 30.20, 28.96, 17.54. °F NMR (471
MHz, CDCl3): § = -81.08, -114.77, -122.11, -122.32, -123.12, -
123.91, -126.49.

Compound 14c¢, (4-3,4-3,5)12F8G2CO,CH3: To a
thoroughly degassed suspension of anhydrous K,CO3 (0.69 g, 5.0
mmol) in DMF (50 mL) was added methyl 3,4-dihydroxybenzoate
(9) (0.31 g, 1.25 mmol) and the reaction mixture was heated to
70°C. 12c¢ was added (3.3 g, 2.5 mol) under Ar in small portions.
After stirring for 12 h at 70°C, the reaction mixture was cooled
to 23°C and poured into stirring ice/water (200 mL). The white
granular solid was filtered and washed with H,O and dried.
The solid was dissolved in THF, passed through a short column
(basic alumina) and precipitated in acetone. The precipitate was
filtered and dried under vacuum to obtain 14c as a white solid
(1.5 g, 44%). Purity (HPLC): 99+%; TLC (EtOAc/hexane = 3/7):
Rf = 0. 'H NMR (500 MHz, 40°C, CDCl3): § = 7.31-7.33 (m, 8H,
8 x PhH), 7.25-7.28 (m, 2H, 2 x PhH), 7.05 (s, 2H, 2 x PhH), 6.93
(s, 4H, 4 x PhH), 6.84-6.87 (m, 8H, 8 x PhH), 6.75 (t, 1H, PhH),
5.10-5.12 (m, 4H, 2 x CH,Ph), 3.99-4.01 (m, 4H, 2 x CH,OPh),
3.87 (s, 3H, CO,CH3), 2.13-2.20 (m, 4H, 2 x CF,CH;), 1.82-1.88
(m, 8H, 2 x CF,CH,(CH,);). '*C NMR (126 MHz, 40°C, CDCls):
§ = 160.14, 158.92, 149.79, 149.53, 132.41, 130.24, 129.95,
129.87, 129.42, 129.32, 121.29, 115.98, 115.55, 114.79, 108.88,
107.73, 71.69, 70.56, 67.58, 52.37, 31.25, 31.07, 30.89, 29.04,
17.61. M.P. = 197°C, MALDI-TOF [M+K]+ m/z: calculated for
CogH72Fgs KO, 2771.4, observed 2771.9.

Compound 15c¢, (4-3,4-3,5)12F8G2CH,OH: Compound
14c¢ (120 mg, 0.044 mmol) dissolved in dry THF (100 mL) and
LiAlH; (20 mg, 0.05 mmol) was added slowly. The reaction
mixture was stirred at 23°C for 2 h and quenched with 0.5 mL
of saturated Na,SO4. The mixture was filtered, and the filtrate
was dried over Na,SOj4. After filtration, concentration with rotary
evaporation, precipitation in methanol, filtration and drying
under vacuum 15c was obtained as a white solid (88 mg, 70%).
Purity (HPLC): 99+%; MALDI-TOF [M+K]* m/z: calculated for
Coy7H7,F¢gKO11 2743.4, observed 2743.6.

Results and discussion

Fig. 1 outlines the synthesis of (4-3,4-3,5)-X by combining
methods elaborated in our laboratory to generate closely related
dendritic dipeptides and other self-assembling building blocks
[62,63].

Pd(PPh3)4 catalyzed cross-coupling reaction was used to cross-
couple 3-butenoic acid (1) with n-CgFy7I in hexane at 0-20°C to
produce 2 in 72% isolated yield. Reduction of 2 with LiAlH, in
THF at 23 °C generated 2 in 2h reaction time. Bromination of
3 with 48% HBr in the presence of Aliquat 336 yielded 4c. n-
Hexylbromide, dm8* bromide and 4c were used to alkylate 5 in
DMF at 70°C with K,COj3 as base to generate 6a,b,c. Reduction
of 6a,b,c with LiAlHs in THF at 23°C vyielded 7ab,c which
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O (4-3,4-3,5)RG2CH,0H
15a: R = 6 (98%)
15b: R = dm8 (89%)

= K
R 15¢: R = 12F8 (70%)

Synthesis of (4-3,4-3,5)-X, X = RG,CO,CH3 or RG,CH,0H, R = CgHj3, (S)-3,7-dimethyloctyl (dm8*), or (CH;)4(CF;)sF (12F8). Reagents and conditions: i) Pd(PPhs),,

hexane, 0-20°C, 10h; ii) LiAlH4, THF, 23°C, 2h; iii) 48% HBr, Aliquat® 336, 100°C, 20h; iv) K;COs, DMF, 70°C, 12h (4a, 4b) or K;CO3, DMF, THF, 65°C, 12h (4c); v) LiAlHa,

THF, 23°C, 2h; vi) SOCl,, DMF(cat.), DCM, 30 min; vii) K;CO3, DMF, 70°C, 12h; viii) SOCl,, DTBMP, DCM, 30 min (12a, 12b) or SOCl,, DCM, CgHs-CF3, 30 min (12c).

after chlorination with SOCI, with a catalytic amount of DMF
in DCM generated 8a,b,c. Alkylation of 9 with 8a,b,c in DMF
at 70°C with K,COj3 as base yielded 10a,b,c that was reduced
with LiAlH4 and subsequently the 11a,b,c were chlorinated with
SOCI; in the presence of a catalytic amount of DMF to form
12a,b,c. Chlorination of 1la,b was performed in DCM while
the chlorination of 12c¢ was carried out in CgHs-CF3. In both
cases DTBMP was used as a proton trap to avoid the acidic
cleavage of the benzyl ether groups. Alkylation of 13 with
12a,b,c produced 14a,b,c which upon reduction with LiAlH4
generated 15a,b,c. Representative MALDI-TOF mass spectra of the
semifluorinated dendrons (4-3,4-3,5)12F8G2CO,CHj3 and (4-3,4-
3,5)12F8G2CH,OH are presented in Fig. 2.

Their DSC traces are shown in Fig. 3 while transition
temperatures collected from Fig. 3 together with their enthalpy
changes and phases assigned by XRD are summarized in
Table 1. Table 2 summarizes the periodic arrays, d-spacings and
dimensions of helical supramolecular assembly resulted from the
X-ray analysis of oriented fibers of (4-3,4-3,5)-X.

Shockingly, while all supramolecular assemblies exhibit a
crystal (&%) columnar hexagonal array or a columnar hexagonal
array with intracolumnar order (¢,"), the compound (4-3,4-
3,5)dm8*G2CH,OH displays also an unexpected A15 Frank-
Kasper phase (Pm3n space group) [108]. This means that the
combination of branched dm8 alkyl tail with the H-bonding
at apex induces the transition from tapered to conical dendron
that previously could be mediated only by changing the primary
structure of the dendron from (4-3,4-3,5)-X to (4-3,4-3,4)-X

MALDI-TOF Mass

(4-3,4-3,5)12F8G2CO,CH, 2771.9

2754.9 [M+K]*
calculated: 2771.4

[M+Na]*
observed: 2771.9

calculated: 2755.5
observed: 2754.9

-
g (4-3,4-3,5)12F8G2CH,OH 2743.6
o
E
[M+K]*
calculated: 2743.4
[M+Na]* 2721.0 observed: 2743.6
calculated: 2727.4
observed: 2727.0
1 1 1 1 1
2600 2700 2800 2900
Mass (m/z)
Fig. 2

MALDI-TOF mass spectra of the semifluorinated dendrons
3,5)12F8G2CO,CH3 and (4-3,4-3,5)12F8G2CH, OH.

(4-3,4-

[62,63,69]. This is a remarkable result since it provides a new
mechanism to change the conformation of the self-assembling
dendron from tapered to conical shape. No supramolecular
orientational memory (SOM) effect was observed on cooling from
the Al15 to the columnar hexagonal phase and this supports
the conical rather than crown conformation of the dendron in
the globular supramolecular structure. Fortysix conical dendrons
assemble the supramolecular spheres forming this Al5 phase
(Table 2). However, since a multiple number of transition peaks
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Fig.3
DSC trances of dendrons (4-3,4-3,5)-X. Phase transition temperatures (°C) and enthalpies (kcal/mol) were indicated. Scanning rate: 10°C/min.

Table 1

Thermal Analysis of the Supramolecular Assemblies of (4-3,4-3,5)-X.

Phase transition [°C] and corresponding enthalpy changes (in parenthesis)[kcal mol~'12

X
Heating Cooling

6G2C0,CHs ®,°98(10.3) i 72 (-8.4) d,°
®Li° 98 (10.5) i

6G2CH,0H @4© 103 (3.0) P, 116 (5.7) i i105 (-5.7) ®p, 103 (-2.9) dp©
®Li° 103 (3.0) p, 116 (5.7) i

dm8*G2C0O,CH3 ®Li0 81 (9.5) i 169 (-7.5) d,°
®p° 77 (9.9) i

dm8*G2CH,0H @ 36 (0.6) D, 72 (1.7) X 84 (1.74) X 96 (0.2), 107 (0.7) A15 113,119 (2.7) i 116 (-3.4) A15 102 (0.8) ®p, 61 (1.0) p©
@4 73 (1.2) X 90 (4.1) X 107 (0.7) A15 114, 120 (2.8) i

12F8G2C0O,CHs @1k 116 (3.9) ©© 137 (6.7) p, 204 (1.5) 1201 (-1.4) @p, 111 (-3.4) ©© 96 (2.1) DK
@k 102 (5.3) ®© 137 (7.5) Dy, 204 (1.4) i

12F8G2CH,0H @k 53 (1.0) X 135 (15.5) p, 171 (0.5) X X 168 (-0.5) @y, 84 (-2.9) &, 8.0

di0 87 (2.1) p, 173 (0.7) X

2 Data from the first heating and cooling scans are on the first line, and data from the second heating are on the second line. ®;,”°: columnar hexagonal lattice with intracolumnar
order, d,*: crystalline ordered hexagonal columnar lattice, ®,: p6mm hexagonal columnar lattice, i: isotropic, A15: Pm3n cubic lattice, X: unknown phase.

are available in a close range of temperature in the DSC of this publication. A qualitative inspection of Table 2 indicates that all
structure (Fig. 3), X-ray synchrotron experiments performed with supramolecular columns exhibit diameters that are relatively close
variable temperature are needed to provide a complete assignment in size (44.3 to 52.8 A) except for the semifluorinated columns that
of all these phase transitions and phases. Due to travel restrictions, display diameters of 63.5 and 60.1 A. In all cases the diameters
they cannot be performed at this time. However, when they of columns containing H-bonding at the apex is slightly smaller
will become available, they will be reported in a different than the corresponding one with ester group at the apex (Table 2).
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Table 2

Periodic Arrays, d-Spacings, and Dimensions of Helical Supramolecular Assemblies of (4-3,4-3,5)-X.

dio, di1, dag, da1, d3g, d2; (A) D‘°'"’““a°r
X T(°C) phase A (A) 'sphere o (g.cm3) M b,c
d110, d200, d210, d211, d220, (R)
d310, d222, d320, d321, dago
(A)
6G2CO,CH3 30 <I>hi° 49.2 42.6,24.5,21.4,16.1 49.2 1.12 4.2
6G2CH,0OH 30 <I>hi° 443 38.5,22.1,19.1 443 1.12 3.5
110 oy 452 39.0,225,195 45.2 1.12 3.6
dm8*G2C0O,CH;3 30 <I>hi° 52.8 45.7,26.4,22.9 52.8 1 3.6
dm8*G2CH,0H 30 <I>hi° 48.6 41.9,24.2,21.2 48.6 1 3.2
110 A15 94.1 66.4,46.9,42.2,38.5,34.3,29.8, 58.4 1 46
27.2,26.2,25.2,23.6
12F8G2CO,CH3 130 <I>hi° 63.5 55.1,32.0,27.3,20.7,18.2,15.8 63.5 15 4.0
12F8G2CH,0H 130 ¢‘hi° 60.1 51.7,30.3,26.0,19.8,17.4 60.1 1.5 3.7

2 for columnar hexagonal phases Dcojymn=a, and for the Pm3n cubic phases Dsphere = 2y/3a°/(327)
b for columnar hexagonal phases number of dendrons per column strata of thickness t = 3.5A is computed using i = /3@t pNa/(2My) where Ny=Avogadro’s number.
< for the Pm3n cubic phases the average number of dendrons per supramolecular sphere is computed using 1t = a>pNa/(8M,:).
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(4-3,4-3,5)RG2CH,0H simulated (a) and measured X-ray diffraction fiber pattern for R=6 (b) and R=dm8* (c). All the observed helical layer lines fit to an 8/1 helical
packing of the dendrons aromatic region, no change of the helical pitch is observed between the achiral or chiral tails structures (d).

The most important feature is that semifluorinated columns
contain 5 and respectively 6 d-spacings while the corresponding
hydrogenated columns contain 3 or maximum 4 d-spacings
(Table 2).

Fig. 4a shows the simulated fiber XRD for the assembly
formed from (4-3,4-3,5)6G2CH,OH and the experimental fiber
X-ray diffractograms for the same assembly in Fig. 4b and
for the assembly of (4-3,4-3,5)dm8*G2CH20H in Fig. 4c,d.
All the observed layer lines fit an 8/1 helical packing of the
aromatic region of the dendron in the column. There are only
few differences between the simulated and experimental fiber
XRD patterns. They are determined by the following features.
Experimental XRD corresponds to crystalline structures. The
simulated XRD fiber patterns rely on single column simulation

since the space group of the crystal is unknown. In other words,
simulation does not account for 3-dimensional intercolumnar
correlations which may explain the absence of features on L=7
and the additional features observed on L=5. No change in the
helical pitch is observed between the achiral and chiral tails
structures (Fig. 4d). The calculation of the helix radius from the
gx Vs intensity plots of the fiber pattern of the assembly generated
from (4-3,4-3,5)dm8*G2CH20H of Fig. 1c is shown in Fig. 5.

The positions of the corresponding layer line maxima are
marked with red arrows. A schematic representation of the helix
parameters of the 8/1 helix and of the ideal fiber diffraction
patterns are illustrated in Fig. 6. Fig. 6a shows the 8/1 helix based
on one high electron density region located at 5 A radii from
the column axis while Fig. 6b shows the 8/1 helix based on two
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Fig.5

Helix radius calculation from the gx vs intensity plots of the (4-3,4-3,5)dm8*-
G2CH,OH fiber pattern from Fig. 4c. The positions of the corresponding layer
line maxima are marked by the red arrows.

(b) 8/

rn=5A
° rn=14A

—
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Fig. 6

Schematic of the 8/1 helix, helix parameters and ideal diffraction fiber patterns:
(a) 8/1 helix based on one high electron density region located at 5A radii from
column axis; (b) 8/1 helix based on two high electron density regions located at
5A and respectively 14A radii from column axis; (c) three interlocked 8/1 helical
strands. In (a), (b), (c): top- side view of the helix, middle- top view of the helix,
and bottom- the corresponding simulated diffraction fiber pattern.

high electron density regions located at 5 A and respectively at
14 A radii from the column axis. Three interlocked 8/1 helical
strands are shown in Fig. 6¢. In all cases, a,b,c the side view of
the helix is shown on top, the top view is shown in the middle
while the corresponding simulated diffraction patterns are shown
in the bottom.

Fig. 7 shows the simulation of the fiber diffraction by Cerius?
based on the reconstructed molecular model of the helical column
assemble from (4-3,4-3,5)RG2CH,;OH. Only the aromatic core
region of the helical column was used in this simulation in
order to limit the broadening that would be generated by the
incorporation of the alkyl chains in the column structure. This
molecular model will be discussed later.

one strand

three strands

Fig.7

Fiber diffraction Cerius? simulation based on the reconstructed molecular
model of the (4-3,4-3,5)RG2CH,0OH. Only the aromatic core region was used
in the simulation to limit the broadening caused by the inclusion of the alkyl
chains.

The experimental fiber diffractograms of all structures are
combined in Fig. 8a and their meridional g-plots are shown in
Fig. 8b. Only a very small variation of the 7 -7 stacking correlation
feature labeled at L=8 as a function of dendron peripheral
substitution hydrogenated achiral vs chiral and vs semifluorinated
was observed in Fig. 8b. However, no change in L=8 is observed
at the transition from alcohol to ester at the apex (Fig. 8). The
difference between the order in the helix is best seen from the
combination of Fig. 8a with vertical fiber axis and Fig. 8, as
qualitatively was shown in Table 2.

The highest number of diffractions was observed in
semifluorinated columns with the H-bonded apex perfluorinated
columns showing the highest order. Small angle diffraction
plots of all assemblies at different temperatures, indexing of
diffraction peaks and the diameters of the columns are shown
in Fig. 9 and 10. Fig. 9a shows the wide-angle X-ray diffraction
oriented fiber patters collected at 30°C together with an overlaid
8/1 helix simulation of the helical column assemble from (4-
3,4-3,5)12F8G2CO,CH3. The fiber pattern simulation of and
8/1 helix with two objects positioned at the radii of 6 A and
respectively 20 A of the same structure are shown in Fig. 9b. This
simulation explains the appearance of lower g-values on the L=3
layer line. This feature is indicated by the gray dotted circle in
both Fig. 9a and 9b. Fig. 9c shows the wide-angle oriented fiber
diffractogram of the same assembly at 130°C in the upper half
and at 160°C in the bottom half. These diffractograms indicate
a gradual diffusion of the fluorinated region boundary with
the increase of the temperature. The small angle of the same
column at 30°C in the upper half and 160°C in the lower half
of the diffractograms demonstrating the fiber alignment and the
change in (hkO) reflection intensities and the lattice parameter as
a function of temperature. As expected, there is a small decrease
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Fig. 8

(4-3,4-3,5)-X wide angle diffraction fiber pattern collected at 24°C (a) and their corresponding meridional g-plots (b). Slight variation of the -7 stacking correlation
feature (labeled as L=8) as a function of dendron peripheral substitution (chiral or achiral hydrogenated or semi-fluorinated tails) and no change as a function of

the dendron apex functional group (alcohol or ester). In (a) the fiber axis is vertical.

of the lattice parameter a from 62.7 Ato 61.1 Aasthe temperature
increases from 30°C to 160°C due to small compression of the
column. Most of the XRD patterns parameters are already listed in
Figs. 4d, 5 and 8b. Once higher resolution data from synchrotron
experiments will become available we will attempt assignment of
space groups for the columnar hexagonal crystal phases which
will allow to make distinction between 3-D column-to-column
correlations and intramolecular helical features.

The comparison of the 3-level fit of the experimentally
measured shown in squares and of the fitted shown in circles
amplitudes of the wide-angle X-ray diffraction plot and pattern for
the (4-3,4-3,5)12F8G2CO,CH3 supramolecular columns at 100°C
are shown in Fig. 11a,b. The lines are indicating the expected
peak position of the columnar hexagonal lattices calculated using
the lattice parameter a = 62.6 A. The same excellent agreement
was observed between the powder X-ray plots at 130°C and
160°C (Fig. 12a,b) and the measured, in squares, and 3-level
fit calculated, shown in circles, for the helical supramolecular
columns of (4-3,4-3,5)12F8G2CH,OH (Fig. 12¢). The 3-level fit
agreement between experimental and modeled XRD intensities,
used to determine the pore size diameters reported in Fig. 10, is

shown in Fig. 11b for (4-3,4-3,5)12F8G2CO,CH3 and Fig. 12c¢ for
(4-3,4-3,5)12F8G2CH,OH.

The accuracy of the data from Fig. 11 and 12 allowed
the determination of the 2-D and 3D electron density maps
for the supramolecular perfluorinated columns of (4-3,4-
3,5)12F8G2CH,OH (Fig. 13) and of (4-3,4-3,5)12F8G2CO,CHj3;
(Fig. 14). The solutions for the electron density maps that will be
shown and discussed in Figs. 13 and 14 were selected based on
matching electron density computed from molecular models as
well as from 3-level fit solutions reported in Figs. 11b and 12c.

The 2-D and 3-D surfaces of the reconstructed relative
electron density maps obtained for the columns of (4-3,4-
3,5)12F8G2CH,0H at 130°C are shown in Fig. 13a and b while
the same data for the 160°C are shown in Fig. 13c,d. The
diffusion of the fluorinated-hydrogenated boundary observed in
the compound with the ester at the apex in Fig. 9 is observed
also here. In the red colored region these significant changes are
indicated by the double arrows from a,b,c,d parts of Fig. 13. The
second important conclusion of these experiments is that these
columns are porous similar to those assembled from dendritic
dipeptides [62] except that their synthetic design is much simpler.
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Dpio 30°C
a=62.7A

b Dpi0130°C

h X
i a=62.7A

fiber axis

®h 160°C

CHll @, 160°C
a=61.1A .

a=61.1A

Fig.9

(4-3,4-3,5)12F8G2C0O,CH3 wide angle X-ray fiber diffraction: fiber pattern
collected at 30°C together with the overlaid 8/1 helix simulation (a); the fiber
pattern simulation of a 8/1 helix with two objects positioned at the radii of
6A and respectively 20A explain the appearance at lower g-values on the
I=3 layer line (features indicated by the gray dotted circles in a and b) (b);
fiber pattern collected at 130°C (upper half) and 160°C (lower half) indicating
a gradual diffusion of the fluorinated region boundary with the increasing
of temperature (c); corresponding small angle fiber pattern collected at the
indicated temperatures showing the fiber alignment and changes in the
relative (hkO) reflection intensities (d).
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Fig. 10

Small angle powder diffraction plots for the assemblies of (4-3,4-3,5)-X. X,
temperature, lattice parameters and peaks are indicated.

The pore diameter Dpore=3.441.56 A at 130°C and 3.64+1.7 A at
160°C. A similar conclusion with slightly larger pore diameters
were demonstrated by the electron density maps shown in Fig. 14.

The detailed molecular model of the helical supramolecular
column assembled from (4-3,4-3,5)dm8*G2CH,OH is shown in
Fig. 15 while the wide angle X-ray gy-plots of the fiber patterns
of all helical structures are shown in Fig. 16.

Conclusions

One of the best investigated helical columnar forming dendron
was equipped with different functional groups at its apex and of
its alkyl group periphery and its self-assembly was investigated
with a combination of DSC, powder, small-angle and wide-angle
oriented fiber X-ray diffraction methodologies, helical diffraction
theory and 2-D and 3-D reconstructed electron density maps.
Principles responsible for the creation of high helical order were
elaborated. These principles will be used to program order and
functions in supramolecular assemblies and bring the interest of
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Wide angle X-ray diffraction plot and pattern of the perfluorinated columns assembled from (4-3,4-3,5)12F8G2CO,CHs (a) and 3-level fit comparison of the
measured (squares) and fitted (circles) amplitudes for the 100°C data (b). The lines are indicating the expected peak position of the columnar hexagonal lattices

calculated using the lattice parameter a = 62.6 A.
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Fig. 12
Powder X-ray plots at 130°C for the assemblies of (4-3,4-3,5)12F8G2CH,0OH (a) and 160°C (b). Agreement between the measured (squares) and 3-level fit calculated
(circles) powder diffraction amplitudes (c).
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(‘I)hm
130°C
a=60.1A

Fig. 13

(4-3,4-3,5)12F8G2CH,0H 2-dimensional assemblies (a, ¢) and 3-dimensional
surface (b, d) reconstructed relative electron densities. The same diffusion of
the fluorinated-hydrogenated boundary from the ester (Fig. 10) is observed
(in the red colored region the significant changes are indicated by the double
arrows).

additional research groups to determine the structure of their
supramolecular assemblies by X-ray diffraction methodologies
elaborated here and in other related publications [39-44, 211-
231]. Linear, branched and semifluorinated alkyl groups were used

dem{r n

column strata

>{ )
e

o3 >

Fig. 15

-(3,5-X
core region

100°C

Fig. 14

(4-3,4-3,5)12F8G2C0O,CH3; 2-dimensional (a, b) and 3-dimensional surface
(c, d) reconstructed relative electron densities. As the powder and fiber
data (Fig. 10) indicates, the maps confirm a diffusion of the fluorinated-
hydrogenated boundary as the electron density distribution in the aliphatic
region is indicating (in the red colored region the significant changes are
indicated by the double arrows).

on the periphery together with H-bonding and non-H-bonding
groups at the apex. Unexpectedly a combination of branched alkyl
groups on the periphery together with H-bonding at the apex
of the dendron generated a new mechanism for the transition

X=dm8*CH,0OH molecular model. Color code: chiral methyl (s)-CHs- blue; C- gray; H- white; O- red; one of the (3,5) aromatic ring- gold; H-bonding network-

magenta.
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Fig. 16
Wide angle XRD qy-plots of the fiber patterns shown in Fig. 10. L= layer line.

from tapered to conical dendron that mediated the transition
from a columnar hexagonal array to an A15 Frank-Kasper phase
generated from supramolecular spheres. Semifluorination of the
dendron provided together with both non-H-bonding and H-
bonding functional groups at the apex the simplest perfluorinated
porous helical columns of interest for water transport and
purification. The detailed contribution of each functional group
to the creation of order was discussed. H-bonding at the
apex together with semifluorination on the periphery provided
the higher helical order of the columns. These structure-order
principles can be exploited to program high order functional
systems with numerous applications.
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