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Spontaneous Hierarchical Assembly of Crown Ether-like Macrocycles into
Nanofibers and Microfibers Induced by Alkali-Metal and Ammonium Salts
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Abstract: Schiff base macrocycle 1,
which has a crown ether like central
pore, was combined with different
alkali-metal and ammonium salts in
chloroform, resulting in one-dimen-
sional supramolecular aggregates. The
ion-induced self-assembly was studied
with solid-state  NMR spectroscopy,
transmission  electron  microscopy
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and widths of the superstructures
depend on the cation and counteranion
of the salts. Among the salts being
used, Na* and NH,* ions with BF,”
ions showed the most impressive fi-
brous structures that can grow up to

Keywords: coordination polymers -
electrostatic interactions - hierarchi-

1 pm in diameter and hundreds of mi-
crons in length. In addition, the size of
the fibers can be controlled by the
evaporation rate of the solvent. A new
macrocycle with bulky triptycenyl sub-
stituents that prevent supramolecular
assembly was prepared and did not dis-
play any nanofibers with alkali-metal
ions in chloroform when studied with

(TEM), scanning electron microscopy
(SEM), and atomic force microscopy

bases
(AFM). It was found that the lengths

Introduction

For many years, chemists have been looking to nature for in-
spiration in the development of new materials.! Natural
materials such as cellulose” and spider silk®! acquire their
remarkable properties from the exquisite hierarchical organ-
ization of biomolecules, often extending over several length
scales. For instance, collagen is a fibrous protein found in
connective tissue™¥ (e.g., ligaments, skin, cartilage) and is
the most abundant protein in mammals. Its usefulness arises
from a complex, hierarchical structure whereby peptide
chains organize into tropocollagen helices, which assemble
into microfibrils, then aggregate into macrofibrils and even
bundles of macrofibrils.’! While synthesis of small molecules
and crystalline solids is well-developed, understanding and
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controlling the self-assembly of molecules into organized
materials is still in its infancy.

The highly sophisticated organization of biomaterials is
daunting to molecular chemists, but it is clear that under-
standing and harnessing the assembly of matter over several
length scales will present opportunities for crafting innova-
tive materials with advanced functions. Taking advantage of
weak intermolecular interactions, such as m—sm stacking, hy-
drogen bonding, and coordination bonding, as well as hydro-
phobic effects, chemists have developed many beautiful
structures,®” but rarely do these exhibit multiscale hierarch-
ical assembly.

The organization of shape-persistent macrocycles into
supramolecular structures is a promising way to develop
new functional materials,® such as liquid crystals® and ion
channels.""! There are several reports of self-assembled
fibers from shape-persistent macrocycles by using hydrogen
bonding and n stacking,'! but alkali metals, where ionic in-
teractions dominate, have not often been used to mediate
the formation of supramolecular polymers.'?! This exclusion
likely arises from the difficulties of controlling ionic interac-
tions—they are nondirectional and can act over a long dis-
tance. Hoger etal. reported discrete dimers constructed
from charged shape-persistent macrocycles, but these did
not further organize." Davis et al. reported charged assem-
blies of calix[4]arene appended with four guanosine sub-
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stituents upon the addition of NaBPh, in which the Na%* is
located at the inner core of the cation-filled channel.'¥
However, it was the intermolecular hydrogen bonding of the
neighboring guanosine units that led to aggregation. Elec-
trostatic interactions have often been used to assemble mul-
tilayer thin films™ and block copolymers,'® but rarely in
the formation of nanofibers with macrocyclic materials.'”)
Controlling the level of hierarchical self-assembly of nano-
fibers remains a big challenge.'®

Biomolecules are often used as models for supramolecular
assembly, and their organization can be facilitated by alkali
cations. For instance, guanosine, a nucleoside comprising
guanine attached to a ribose ring, can self-assemble into
macrocyclic hydrogen-bonded tetramers (G-quartets) that
are templated by alkali metal ions, namely Na* and K*; the
tetramers further stack vertically into columns with the cat-
ions being sandwiched between the layers of G-quartets.'”)
This alkali-metal ion-induced assembly yields hydrogels that
are promising candidates for applications such as stimuli-re-
sponsive materials and sensors.""?! A related G-quartet
based on 5'-guanosine monophosphate (5-GMP) has been
shown to assemble into stacks, leading to G-quadruplexes.*!]
Guanine-rich DNA segments have also been shown to as-
semble into extended structures with embedded ion chan-
nels through alkali- and alkaline-earth metal ion assembly.*!
These studies of biological self-assembly are important for
developing new biosensors, and for understanding ion trans-
port in natural systems.

Here we report on the supramolecular assembly of Schiff
base macrocycles into polymers, nanofibers, and further into
microfibrils. This multi-level hierarchical assembly is sup-
ported by micrographs and spectroscopic evidence for the
structure, which is similar to the structural organization ob-
served in guanosine-based fibers.

Results and Discussion

Schiff base macrocycle 1% is a conjugated molecule that re-
sembles [18]crown-6 in the arrangement of six oxygen atoms
in its interior. In contrast to crown ethers, however, the rigid
backbone of macrocycle 1 prevents it from distorting suffi-
ciently to offer an octahedral binding site for Na*. Previous-
ly, we have shown that addition of NaBPh, and other alkali-
metal tetraphenylborate salts to macrocycle 1 gives a spec-
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troscopic signature for aggregation in solution.’*! With the
addition of Na%¥, the color of the solution changes from
orange to red, and the "H NMR spectrum of macrocycle 1
shows large upfield changes in the resonances assigned to
the aromatic protons. These shifts are consistent with the
formation of a 1D assembly in solution, where the macrocy-
cles are stacked on top of one another to share binding of
the hydroxyl groups to the Na*. Moreover, we observed ag-
gregates in solution by electrospray ionization mass spec-
trometry (ESI-MS). The use of tetraphenylborate anion was
necessary to maintain solubility of the assemblies for solu-
tion-based studies.

When a solution of macrocycle 1 in chloroform was treat-
ed with excess of NaBF, (itself nearly insoluble in chloro-
form), a color change from orange to deep red was ob-
served. The excess salts were filtered, and the solution
became noticeably viscous after a few minutes (no gel
formed, but a precipitate formed after standing for several
minutes). Dynamic light scattering (DLS) revealed a particle
size of approximately 50 nm and the 'H NMR signals were
broadened and shifted upfield, indicating aggregation of the
macrocycles. Samples were dried on transmission electron
microscopy (TEM) grids. Figure la and b show TEM
images of [Na-1]BF, (composition confirmed by elemental
analysis). Surprisingly, the sample is organized into a fibrous
morphology, where the diameters of the fibers are around
170 nm, considerably larger than the diameter of macrocycle
1 (ca. 2-3 nm). Scanning electron microscopy (SEM) also re-

Figure 1. a,b) TEM, c,d) SEM, and e,f) AFM images of [Na-1]BF,. All
samples were prepared by drop-casting a chloroform solution of
[Na-1]BF, onto formvar carbon-coated grids (TEM and AFM) or alumi-
num stubs (SEM) and dried at ambient condition.
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vealed the 3D structure of the fibers in the sample (see Fig-
ure 1c and d). The bundles appear cylindrical in shape.
Atomic force microscopy (AFM) in tapping mode showed
that the samples are relatively smooth and approximately of
the same size as observed by TEM (see Figure le and f).
Attempts to obtain images in contact mode resulted in
sample destruction typical of soft materials. Similar struc-
tures were observed with a shorter chain analogue of macro-
cycle 1 (e.g., with butyloxy substituents) when combined
with NaBF,.

As the formation of this fiber morphology was unexpect-
ed, we explored the parameters in the assembly. First, to
verify that the assembly required the salt, control experi-
ments were conducted by dissolving the macrocycle in
chloroform, filtering, and evaporating on a TEM grid. Elec-
tron microscopy showed no fiber structures over several at-
tempts (see Figure S1 in the Supporting Information). With
NaBF, in the experiment, nanofibers were always observed.

Second, to prove that this was not simply phase separa-
tion of the components during evaporation, a powder X-ray
diffraction (PXRD) pattern of a sample of [Na-1]BF, was
compared with those of NaBF, and macrocycle 1 (prepared
in the same way). Figure 2a shows the PXRD patterns of
these three samples. NaBF, is a microcrystalline powder
with no peaks at low angle and macrocycle 1 is microcrystal-
line with peaks between 20 =5° and 30°. The PXRD pattern
of [Na-1]BF, shows a completely different pattern clearly
contradicting simple phase separation of the components.
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Figure 2. a) PXRD pattern of the macrocycle 1, NaBF, and [Na-1]BF,.
b) ESI-MS of [Na-1]BF,.
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The peaks for [Na-1]BF, are reproducible and index to a
high symmetry (likely orthorhombic) lattice with large unit
cell parameters, but a definitive unit cell could not be found
as there are too few peaks observed. The peaks are at low
angle (ca. 35 Ad spacing) where peaks arising from inter-
stack separations in a columnar organization of macrocycles
would be expected.

To obtain further information about the role of the salt in
the supramolecular assembly, we undertook solid-state
NMR investigations. ?Na NMR spectra of [Na-1]BF, re-
vealed that Na experiences a large quadrupole coupling in
the complex. As shown in Figure 3a, proton decoupling
sharpens the *Na resonance considerably. Proton decou-
pling applied to a sample of [Na-1]BF, where the hydroxyl
protons were exchanged with deuterons produces a much
less pronounced change (Figure 3b). These data provide
strong evidence that the Na™ cations reside on the interior
of the macrocycle, bonded to the hydroxyl groups. The hy-
droxyl deuteron is evidently highly labile, as it readily ex-
changed with 'H from atmospheric humidity. '°F decoupling
produced no change in the spectra, indicating a substantial
(>4 A) separation between the Na* cations and the BF,
anions. The room temperature *H NMR spectrum shows a
featureless broad line without any obvious singularities as
would be expected from a well defined *H quadrupole cou-
pling (Figure 3¢). Cooling the sample to —50°C produces
changes to the line shape that suggest some motional aver-
aging is taking place. "B NMR spectroscopy revealed a
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Figure 3. Solid-state ?Na NMR spectra acquired with and without proton
decoupling (dashed line and solid line, respectively) of a) [Na-1]BF, and
b) [Na-1]BF, with hydroxyl deuterons. c) Solid-state 2H NMR spectra ac-
quired at T=21 and —50°C. d) Solid-state "B NMR spectrum of
[Na-1]BF,.
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single, relatively sharp (2.4 kHz full-width at half-maximum) a

peak for the BF, anions in [Na-1]BF, (Figure 3d). A similar
spectrum acquired from powdered NaBF, (not shown) re-
veals a sharp (4 kHz) peak due to the central transition on
top of a broad (100 kHz) powder pattern arising from the
"B quadrupole coupling. The absence of the ''B quadrupole
coupling in [Na-1]BF,, along with the dramatically different
T, relaxation time (0.4 s, compared to 22.4 s in NaBF,) indi-
cates that the BF, anions are rapidly tumbling in the nano-
fibers. A simple calculation incorporating ''B quadrupolar
relaxation and "B-"F dipolar relaxation in the short-corre-
lation time limit suggests a rotational correlation time in the
order of 86 ns for the BF, in the nanofibers.

Based on these data, we postulate that Na* first coordi-
nates to the hydroxyl groups inside the macrocycles to ini-
tiate the formation of a polymer in solution (in a 1:1 ratio).
This is also supported by the light scattering data, the
"HNMR shifts, and observation of oligomers by electro-
spray ionization mass spectrometry (ESI-MS) of macrocycle
1 upon addition of NaBF, (see Figure 2b).

We attempted to exchange both the anion and cation of
the nanofibers, and then examined them by energy disper-
sive X-ray (EDX) analysis. TEM grids with fibers of
[Na-1]BF, were immersed in saturated aqueous solutions of
NaPF, or KPF, followed by repeated rinsing with water. An
EDX measurement was first performed on the fibers with
[Na-1]BF, as a control and the signals corresponding to
carbon, oxygen, fluorine, and sodium can be seen in the
spectrum (the signal of boron could not be observed be-
cause it was hidden underneath the signal of carbon). The
EDX spectra obtained from the samples exchanged with the
PF; salts showed the same pattern as the control plus a new
signal attributed to phosphorus of the counter anion, sug-
gesting that some of the surface anions of the fibers could
be exchanged. However, when KPF; was used for the wash,
no K* was observed by EDX, indicating that the Na™ in the
fibers is not readily exchanged. These results support the
presence of tightly bound cations inside the fibers with ex-
changeable anions around the periphery.

If the macrocycles are stacked on top of one another with
Na* bridging, then introducing bulky substituents should
block the assembly. To test this, we first prepared the new
compound 1,4-diformyl-2,3-dihydroxytriptycene (4) as
shown in Scheme 1. Reaction of 4 with 4,5-dihexyloxy-
phenylenediamine (3) afforded macrocycle 2 in 51% yield
(Scheme 1). The structure of the new macrocycle with bulky
triptycenyl substituents was verified by NMR spectroscopy,
mass spectrometry, and elemental analysis. Under identical
experimental conditions employed for the assembly of mac-
rocycle 1, macrocycle 2 displayed no evidence of columnar
aggregation ("HNMR) for binding to either NaBPh, or
NaBF,, supporting the assertion that the stacking is impor-
tant in the assembly of the polyelectrolyte. In the case of
macrocycle 2, the bulky triptycenyl groups prevent columnar
assembly and, therefore, no fibrous structure was observed.

The polymer from macrocycle 1 and Na%t is a highly
charged rod-like assembly with the anions located outside of
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Scheme 1. a) Synthesis of macrocycle 2. b) Synthesis of 1,4-diformyl-2,3-
dihydroxytriptycene (4).

the macrocycles, but electrostatically bound to the positively
charged polymer. We do not know the exact length of the
polymers, but light scattering measurements suggest they
are quite long at this stage in solution (an average size of
50 nm was observed, assuming a spherical shape). During
evaporation and concentration,” the charge-balancing
anions are attracted to other positively charged rods and the
assembly organizes into nanofibers. Overall, the Na*t ions
are bound inside the macrocycle assembly, but the BF, ions
are only loosely bound, consistent with the solid-state NMR
data and EDX analysis.

When larger anions were employed (e.g., BPhy), the
fibers obtained were of much lower quality—they were
short and poorly defined (Figure 4). This is also consistent
with our model where the anions are situated between the
charged polymer rods, and large anions would be expected
to disrupt the organization.

Figure 4. TEM images of macrocycle 1 with NaBPh,.

In an effort to control the fiber growth, evaporation was
conducted at different rates. TEM images of samples pre-
pared with rapid evaporation revealed short fibers (see
Figure 5). In contrast, very long, well-organized fibers were
obtained with slow evaporation rates. These fractal struc-
tures, obtained from molecular assembly, resemble morphol-
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Figure 5. TEM images of macrocycle 1 with NaBF,. a,b) The solvent was
evaporated within 10s at 7=92°C. c,d) The sample was dried inside a
vial (in 80-90 min), which helped to slow down the evaporation of the
solvent.

ogies observed in amphiphiles and block copolymers.”* The
evaporation rate can be used to control the length of the
fibers prepared.

To summarize for Na™, macrocycle 1 binds Na* in its in-
terior to form a highly charged polymer, where alkali metals
are bound to the macrocycles through Na-O interactions.
These aggregates further condense into a much larger nano-
fibrillar bundle through electrostatic interactions between
the anions and the polyelectrolyte. Potassium salts behave
similarly, though the fiber quality is generally poorer than
for sodium. This electrostatic self-assembly is reminiscent of
the organization of actin filaments, which have supramolec-
ular structures that are still poorly understood and not
easily mimicked by synthetic models.?”

With NH,BF, used in place of NaBF,, we see an addition-
al level of hierarchy. Spectroscopically, NH, behaves very
similarly to Nat when added to a solution of macrocycle 1,
forming 1D polymeric structures with the NH; cations
bonded through hydrogen bonds in the interior of the mac-
rocycles.” Remarkably, the nanofibers further assemble
into bundles (microfibers) with diameters of microns and
lengths of millimeters—they look like (orange) hair. Fig-
ure 6a shows an optical micrograph of the microfibrils;
under crossed polarizers the samples are birefringent, indi-
cating the fibers are anisotropic (see Figure S2 in the Sup-
porting Information). It is noteworthy that each individual
“hair” observed under the optical microscope is in fact a
bundle of nanofibers. When deposited on a TEM grid, we
can see nanofibers with diameters of approximately 200 nm
(Figure 6b and c). This feature can be seen clearly by SEM
(Figure 6d and e) and AFM (Figure 6 f and g). Similar struc-
tures were observed with a shorter chain analogue of macro-
cycle 1 (with butyloxy substituents) when combined with
NH,BF,.
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Figure 6. a) Optical, b,c) TEM, d,e) SEM, and f,g) AFM (height trace
and amplitude trace, respectively) images of macrocycle 1 with NH,BF,.
The sample has been negatively stained with chromium for better con-
trast in e).

In fact, these structures can be assembled directly from
the precursors of macrocycle 1 (4,5-dihexyloxyphenylenedi-
amine (3) and 3,6-diformylcatechol) with addition of
NH,BF,, demonstrating another level of hierarchy in the
one-pot assembly. The microfibers are similar to those ob-
tained directly from macrocycle 1, but shorter and finer. We
attribute the size difference to the presence of oligomers
that can act as impurities and interfere with fiber formation.
Thus, we have observed a four-level hierarchical assembly
that spans six orders of magnitude in length (from nm to
mm) whereby the precursors of macrocycle 1 (dimensions of
ca. 0.5 nm) react to form macrocycle 1 (diameter of ca. 2—
3 nm), which assembles into an electrolytic polymer, then
further organizes into nanofibers and microfibers (Figure 7).
The graphic representation illustrates the self-assembly, but
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Figure 7. Graphical representation of the four-level hierarchical assembly.
In the first step, dialdehyde and diamine precursors assemble into macro-
cycles. Upon reaction with NH,BF,, these macrocycles form polyelectro-
lytes that organize into nanofibers. In the final step, the nanofibers
bundle into microfibers.

may be an oversimplification as both the longitudinal and
transverse assembly could occur simultaneously.

Conclusion

Schiff base macrocycles having a central crown ether like in-
terior were combined with alkali-metal and ammonium salts
to generate fibrous structures. The nanofibers and microfi-
bers formed by ion-induced hierarchical self-assembly of the
macrocycles with NaBF, and NH,BF, were extensively stud-
ied by solid-state NMR spectroscopy, TEM, SEM, and
AFM, and with an optical microscope. It is believed that the
cations first bind to the interior of the macrocycles to form
one-dimensional aggregates that are surrounded by the
counteranions of the salts on the outside. Through electro-
static interactions, these highly charged polymers then fur-
ther organize into nanofibers or microfibers. It was also
found that dimensions of the fibers are affected by the evap-
oration rate of the solvent. This hierarchical, structural or-
ganization is similar to the construction of guanosine-based
fibrils and other fibrous structures from nature, and may
offer a model for the hierarchical construction of biomimet-
ic materials. Electrostatic self-assembly of nanofibers may
prove useful for preparing functional materials and for un-
derstanding organization in biological materials.
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Experimental Section

See the Supporting Information for additional experimental details and
supporting spectra.

Preparation of 2,3-dimethoxytriptycene (5): A mixture of 2,3-dibromo-
triptycene (1.00 g, 2.44 mmol), copper(I) bromide (0.079 g, 0.55 mmol),
sodium methoxide in methanol (25 wt %, 5 mL, 22 mmol), ethyl acetate
(0.5 mL), and toluene (10 mL) was heated at reflux for 18 h. The solution
was cooled to room temperature then quenched with the addition of
water. After extracting the aqueous layer with dichloromethane, the com-
bined organic layers were dried over anhydrous magnesium sulfate and
filtered. The solvent was removed by rotary evaporation to give com-
pound 5 (0.652 g, 85%) as a white solid. "H NMR (400 MHz, CDCl,):
0=17.37 (m, 4H; aromatic CH), 7.03 (s, 2H; aromatic CH), 6.99 (m, 4H;
aromatic CH), 5.35 (s, 2H; bridgehead H), 3.84 ppm (s, 6H; OCHj;). The
'H NMR data are consistent with the literature values.*®

Preparation of 1,4-diformyl-2,3-dimethoxytriptycene (6): Anhydrous
N,N,N',N'-tetramethyl-1,2-ethylenediamine (TMEDA) (5.30 mL,
353 mmol) was added to a solution of 23-dimethoxytriptycene (5)
(4.589 g, 14.7 mmol) in anhydrous diethyl ether (20 mL). The cloudy solu-
tion was cooled to 0°C, butyllithium (1.6M in hexanes, 40 mL, 58.8 mmol)
was added dropwise over 30 min, and the brown suspension was then
stirred for 16 h at ambient temperature. Anhydrous DMF (5.10 mL,
66.0 mmol) was added and the suspension was stirred for 30 min, fol-
lowed by acidification with dilute hydrochloric acid and extraction with
diethyl ether. The combined organic layers were dried with sodium sul-
fate, filtered, and the solvent was removed by rotary evaporation. The
crude product was then purified by chromatography on silica gel (2:1
hexanes/methylene chloride) to elute the first yellow band. Rotary evap-
oration of the yellow solution yielded compound 6 (2.285¢g, 42%) as a
yellow solid. M.p. 190-192°C; 'H NMR (400 MHz, CDCl;): 6=10.57 (s,
2H; C(O)H), 7.46 (m, 4H; aromatic CH), 7.04 (m, 4H; aromatic CH),
6.86 (s, 2H; bridgehead H), 3.91 ppm (s, 6H; OCH;); “CNMR
(100.6 MHz, CDCl,): 6=191.9 (C(O)H), 152.8, 144.6, 144.1, 129.1, 125.6,
124.3 (aromatic C), 62.2 (OCH,;), 47.9 ppm (bridgehead C); IR (neat):
7=3004, 2972, 2937, 2858, 1687, 1562, 1444, 1379, 1300, 1260, 1132, 1156,
1069, 1013, 986, 946, 746, 578 cm™"; UV/Vis (CH,CL,): Ay (8) =273 (2.2
10%), 278 (2.2x10%, 373nm (7.8x10°cm™'m7'); APCI-MS: m/z: 371
([M+H]*); elemental analysis caled (%) for C,,H;s0, (6): C 77.82, H
4.90; found: C 77.61, H 4.85.

Preparation of 1,4-diformyl-2,3-dihydroxytriptycene (4): 1,4-Diformyl-
2,3-dimethoxytriptycene (6) (2.285 g, 6.17 mmol) was dissolved in anhy-
drous methylene chloride (200 mL). The yellow solution was cooled to
0°C and boron tribromide (2.60 mL, 27.5 mmol) was added to give a
fuming pink solution. After the reaction mixture was stirred at ambient
temperature for 16 h, the solution was poured onto ice and extracted
with methylene chloride. The combined organic fractions were dried with
magnesium sulfate, filtered, and the solvent was removed by rotary evap-
oration to yield compound 4 (1.962 g, 93%) as an orange solid. M.p. de-
composed around 220°C; '"H NMR (400 MHz, CDCl;): 6 =10.80 (s, 2H;
OH), 10.69 (s, 2H; C(O)H), 7.44 (m, 4H; aromatic CH), 7.07 (m, 4H;; ar-
omatic CH), 6.23 ppm (s, 2H; bridgehead H); *C NMR (100.6 MHz,
CDClLy): 6=193.5 (C(O)H), 147.0, 144.1, 139.7, 125.9, 123.8, 119.4 (aro-
matic C), 47.3 ppm (bridgehead C); IR (neat): 7=3041, 2996, 2922, 2852,
1644, 1556, 1458, 1436, 2895, 1273, 1198, 962, 921, 761, 675, 625, 600,
568 cm™; UV/Vis (CH,CL): Ap. (£)=253 (6.5x10%), 294 (1.9x10%,
453 nm (4.9x10°cm'm™"); ESI-MS: m/z: 341.3 ([M—H]"); elemental
analysis caled (%) for C,H,,0, (4): C 77.18, H 4.12; found: C 76.83, H
4.19.

Preparation of triptycene-based Schiff base macrocycle 2: 1,4-Diformyl-
2,3-dihydroxytriptycene (4) (0.035 g, 0.10 mmol) was added to a solution
of 4,5-diamino-1,2-dihexyloxybenzene (3) (0.032 g, 0.10 mmol) in acetoni-
trile (6 mL). The deep red solution was stirred at 90°C for 14 h. After
cooling to room temperature, it was kept at —10°C for 48 h to give a red
precipitate. The solid was filtered and dried under vacuum to yield mac-
rocycle 2 (0.032 g, 51%) as an orange solid. M.p. did not melt at 260°C;
'"HNMR (400 MHz, CDCL,): 6=13.04 (s, 6H; OH), 9.27 (s, 6H; CH=
N), 7.18 (m, 12H; aromatic CH), 7.00 (s, 6H; aromatic CH), 6.80 (m,
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12H; aromatic CH), 5.83 (s, 6H; bridgehead H), 4.23 (t, 12H; OCH,),
1.97 (m, 12H; CH,), 1.62 (m, 12H; CH,), 1.45 (m, 24 H; CH,), 0.98 ppm
(t, 18H; CH,): C NMR (100.6 MHz, CDCL): 6=159.3 (CH=N), 149.4,
147.5, 145.0, 136.4, 136.0, 125.2, 123.2, 116.6, 107.0 (aromatic C), 70.4
(OCH,), 48.5 (bridgehead C), 31.7, 29.4, 25.8, 22.7 (CH,), 14.1 ppm
(CH;); IR (neat): 7=3726, 3708, 3627, 2925, 2854, 1606, 1506, 1462, 1426,
1375, 1304, 1257, 1173, 1115, 990, 759, 741, 624 cm™'; UV/Vis (CH,Cl,):
Jome (£)=284 (5.8x10%), 330 (7.1x10%, 417 nm (1.2x10° cm™'m™"); ESI-
MS: miz: 1844.6 ([M+H]"), 1867.6 ([M+Na]*), 1883.4 ([M+K]*); ele-
mental analysis calcd (%) for C,H,,303Ns (2:H,0): C 77.39, H 6.93, N
4.51; found: C 77.63, H 7.28, N 4.52.

Sample preparation of [Na-1]BF, for TEM imaging: Schiff base macrocy-
cle 1 (1.5mg, 1.1 umol) was dissolved in chloroform (1 mL) and was
mixed with an excess amount of sodium tetrafluoroborate (50 mg,
4.5 mmol) for 5s to give a dark red solution. The solution was allowed to
stand for 5 min, before removing the excess sodium tetrafluoroborate by
filtration through a Kimwipe pad. The dark red solution was then diluted
to half of its concentration before drop-casting onto the formvar carbon-
coated grid. The coated grid was dried at ambient conditions. To prepare
the sample with rapid evaporation, the coated grid was dried at 92°C in
10s. To prepare the sample with slow evaporation, the coated grid was
dried in a partially closed vial at ambient temperature in 80-90 min.
Preparation of the microfibrils from macrocycle 1 and NH,BF,: Schiff
base macrocycle 1 (1.0 mg; 0.76 umol) was dissolved in chloroform
(1.5 mL) and was mixed with an excess amount of ammonium tetrafluo-
roborate (20 mg, 1.9 mmol) for 5 s to give a dark red solution. The excess
salt was then removed by filtration to give a brown solution. After
30 min, the solution became light brown and a brown precipitate was ob-
served. Over time, the solution became lighter in color, and more precipi-
tate could be obtained. This brown precipitate was found to be microfi-
brils when observed under an optical microscope and by AFM.
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