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ABSTRACT: A mixture of ferrocene-based tetratopic pyridyl
ligands FcLl and FcL2 undergoes self-sorting upon
competitive coordination with AgBF,, affording homomeric
nanotubes FcNT1 and FcNT2 as a mixture. No mutual
interference for the nanotubular growth occurred between
FcNT1 and FcNT2 even when one of these ligands was used
in large excess with respect to the other. 2D X-ray diffraction
analysis of unidirectionally oriented nanotube samples,
prepared by using the capillary technique, revealed that
although FcL1 as reported previously stacks helically in the
resulting nanotube FcNT1 FcL2 prefers to stack with no
discernible helical twist in FCNT2. Such a difference in their
stacking geometries is most likely a major reason for why
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mixed-ligand metal—organic nanotubes are not constructed upon competitive coordination of FcL1 and FcL2 with AgBF,.

Bl INTRODUCTION

Not only covalent nanotubes such as carbon nanotubes but also
noncovalent ones just as those highlighted in this article are
potentially useful as tailor-made unidirectional transporters for
both mass and energy at the nanoscale and have attracted great
attention.'* Although nanotubes adopt a 1D shape morpho-
logically, the assembling mechanism is complicated in
comparison with those for 1D solid fibers® because nanotubes
in reality are a rolled-up 2D assembly where both longitudinal
and lateral interactions among adjacent monomers are
supposed to operate in a highly cooperative manner (Figure
1). In this regard, the behaviors of microtubules, which are
representative biological nanotubular objects, are known to be
modulated by cooperation of longitudinal and lateral
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Figure 1. Schematic representations of a self-assembled nanotube
(left) and its developed view (right). Nanotubes adopt a 1D shape but,
in reality, are composed of a rolled-up 2D assembly, where both of
longitudinal and lateral interactions among constituent monomer units
operate in a highly cooperative manner.
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interactions. However, for synthetic noncovalent nanotubes,
such a cooperative nature as expected for self-assembled 2D
objects has barely been investigated so far.

Recently, we reported that ferrocene (Fc)-based tetratopic
pyridyl ligands FcL1 and FcL2 (Figure 2) which are designed
to be floppy on account of their rotational freedom at the
central Fc module assemble upon coordination with AgBF, into
metal—organic nanotubes FCNT1 and FeNT2, respectively.™
These nanotubes are composed of uniaxially stacked decagonal
nanorings comprising 10 Fc ligands and 20 Ag(I) ions. A
detailed study revealed that the nanotubes are constructed
stochastically without preceding nanoring formation. Then, we
came to wonder if one may possibly diversify the structures of
the metal—organic nanotubes by competitive coordination of
FcL1 and FcL2 with AgBF,. As reported below, we found by
using model ligands that the binding affinities of FcL1 and
FcL2 toward Ag(I) are nearly comparable to one another. As
shown in Figure 3b, one can draw seven mixed-ligand
nanorings with a planar, decagonal geometry from FcL1 and
FcL2, so we envisioned that coassembled nanotubes with such
mixed-ligand nanorings as fundamental constituents would
indeed form if no mutual interference occurs between FcL1
and FcL2. However, contrary to our expectation, no
coassembly between FcL1 and FcL2 took place, but only
their homomeric nanotubes formed as a mixture. Self-sorting is
an entropically disfavored event. This particular molecular
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Figure 2. Schematic molecular structures of tetratopic pyridyl ligands FcL1 and FcL2 and monotopic pyridyl ligands L1 and L2.
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Figure 3. Schematic representations of (a) homomeric metal—organic nanotubes FCNT1 and FcNT2 and mixed-ligand nanotubes and (b)
decagonal cross sections of possible nanotubes. As for the term of “non-helical”, see ref 13.

recognition has been investigated in a wide variety of self-
assembling systems.”” However, in the nanotubular assembly,
no successful example except chiral self-sorting’ has been
reported before the present work. Self- sortlng other than chiral
self-sorting is called “general self-sorting”, " where the size and
shape of monomers as “major molecular codes”, including the
number, orientation, and spatial arrangement of their principal
interacting groups, have been understood to determine the
assembling pathway, whereas chiral self-sorting makes an issue
of other molecular codes such as the complementarity of
interactions.”” If individual monomers carry considerably
different major molecular codes from one another and give
assembled objects of different shapes, then general self-sorting
is likely to occur even when multiple different monomers are
used.”* However, if their major molecular codes are not largely
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different, then predlctlon of the assembling pathway still
remains a big challenge.” For these reasons, to explore why
FcL1 and FcL2 are self-sorted is of general importance in
molecular assembly and recognition. As reported herein, it is
most likely that self-sorting of FcL1 and FcL2 (Figure 3a) is
mainly caused by the difference in their preferred stacking
angles.

Bl RESULTS AND DISCUSSION

We conducted '"H NMR spectral titration of L1 (Figure 2), a
monotopic model ligand for FcL1, with AgBF, in CD;CN at 23
°C (Figure 4). Although the spectral features were rather
dynamic, we successfully obtained association constants (K,)
for 1:1 [Ag(L1)]* (K, = 32 + 12 M) and 1:2 [Ag(L1),]* (K,
= (10.9 + 6.3) X 10* M?) complexes (Figure 4a) by means of
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Figure 4. (a) Schematic representations of the coordination equilibria
between L, Ag®, [Ag(L)]*, and [Ag(L),]" (L = L1 or L2). (b and c)
Changes in chemical shifts of the signals due to a-protons of the
pyridyl units in L1 (b; $ mM) and L2 (c; 10 mM) upon titration with
AgBF, in CD,CN at 23 °C (black dots), together with their fitting
profiles (cyan curves).

nonlinear curve fitting using the WinEQNMR2 program
(Figure 4b)."" Likewise, the K, values for 1:1 [Ag(L2)]* (K,
=21+ 7 M™) and 1:2 [Ag(L2),]" (K, = (7.6 + 2.9) X 10*
M™?) complexes (Figure 4a) were obtained (Figure 4c). The
results indicate that the K, values for [Ag(L2)]* and
[Ag(L2),]* differ only marginally from those for [Ag(L1)]*
and [Ag(L1),]*, respectively. Hence, it is likely that the
intrinsic binding affinities of FcL1 and FcL2 toward Ag(I) in
the nanotubular assembly are comparable to one another.

Figure 3b shows seven mixed-ligand decagonal nanorings
possibly drawn with FcL1 and FcL2. All of these nanorings
adopt a planar geometry and could potentially serve as
fundamental constituents for coassembled metal—organic
nanotubes. Note that the C,- and Cs-symmetric mixed-ligand
nanorings for example are estimated to emerge with 5- and 2-
times higher probabilities than the corresponding C,o-
symmetric homomeric nanorings (Figure S6)."" The fact that
FcL1 and FcL2 have nearly comparable binding affinities
toward Ag(I) (vide ante) is also a positive factor for their
coassembly if they do not interfere with one another. However,
only homomeric FcNT1 and FcNT2 formed (Figure 3a). As a
typical example, AgBF, (20 mM) was added to an MeCN
solution of a mixture of FcL1 and FcL2 ([FcL1] = [FcL2] =
5.0 mM), and the resulting mixture was allowed to stand at 25
°C without stirring. After 24 h, an aliquot of the assembling
mixture was taken out, diluted with water/EtOH (4:1, v/v),
and then negatively stained with uranyl acetate. As shown in
Figure Sa, transmission electron microscopy (TEM) after air-
drying successfully visualized long nanotubes (length > 500
nm) with two different diameters (wall center-to-wall center
distances) of 7 and 13 nm, which are in excellent agreement
with the calculated diameters of FCNT1 (7.5 nm) and FcNT2
(13.3 nm), respectively (Figure 3b).*

Small-angle X-ray scattering (SAXS) analysis of the
assembling mixture of FcL1 and FcL2 in MeCN with AgBF,
showed a nonperiodic oscillatory pattern (Figure Sb, green),
which is substantially the same as the superimposed image
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Figure S. (a) TEM image of an air-dried MeCN/EtOH/water
dispersion of an assembled mixture of FcL1, FcL2, and AgBF, in
MeCN ([FcL1] = [FcL2] = 5.0 mM; [AgBF,] = 20 mM). The sample
was negatively stained with uranyl acetate. For a lower-magnification
image, see Figure S4."" (b) SAXS profiles of MeCN dispersions of
FcNT1 ([FcL1] = 5.0 mM; [AgBF,] = 10 mM; blue), FcNT2
([FcL2] = 5.0 mM; [AgBF,] = 10 mM; red), and an assembled
mixture of FcL1 (5.0 mM), FcL2 (5.0 mM), and AgBF, (20 mM) at
20 °C (green). The broken curve represents a superimposed image of
the blue and red curves. For clarity, the blue and red curves are offset
by a factor of 10* and 1073, respectively.

(Figure Sb, black dashed) of the SAXS patterns of FcNT1
(Figure Sb, blue) and FcNT2 (Figure Sb, red) separately
prepared. Even when one of two ligands was used in large
excess (3:1) with respect to the other, the nanotubular products
did not lose their structural and compositional integrities
(Figure S3)."" Therefore, we conclude that a mixture of FcL1
and FcL2, upon competitive coordination with AgBF,,
undergoes self-sorting to give only homomeric nanotubes
FcNT1 and FcNT2 as a mixture (Figure 3a). The fact that
neither mutual interference between FcL1 and FcL2 in their
homomeric nanotubular growth nor coassembly of FcL1 and
FcL2 into mixed-ligand nanotubes takes place was a big
surprise to us, considering that these ligands possibly compete
with one another in the binding toward Ag(I).

We noticed that the stacking geometry of FcL2 is different
from that of FcL1, ie, FcL2 prefers to stack up with no
discernible helical twist whereas FcL1 stacks helically in FeNT1
as reported in our previous paper.4b For investigating the
assembling geometries, 2D XRD analysis of oriented samples is
effective. Thus, similar to the case of FCNT1," we applied a 10
T magnetic field to an MeCN dispersion of FCNT2 under
conditions for slow evaporation. However, this method did not
work for extra-large-diameter FCNT2. After much trial and
error, we finally found that the so-called “capillary technique”
(Figure S5)'' allows both FcNT1 and FcNT2 to align
unidirectionally. FcNT1 adopts a helical geometry (Figure
3a)." Its oriented sample (counterion = BF,”) using the
capillary technique (Figure 6a, center) displayed a 2D XRD
pattern nearly identical to that of the magnetically oriented
sample (counterion = a mixture of CF;SO;~ and BF,”)
reported in our previous paper.4 Most characteristic were
multiple sets of four-split diffraction spots at g = 4.08 nm™" (d =
1.54 nm; purple arrows), 7.66 nm™' (d = 0.82 nm; gray
arrows), and so forth. Figure 6d (center) shows a 2D XRD
pattern of the oriented FcNT2 sample using the capillary
technique. Although this XRD pattern was even better qualified
than that of FcNT1 (Figure 6a, center), it did not show any
sign of four-split diffraction spots characteristic of helical
structures. The absence of such a characteristic feature in the
2D XRD pattern of FENT2 was more explicitly confirmed by
its totally featureless azimuthal plots obtained at g = 4.0—-7.0
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Figure 6. 2D XRD patterns of air-dried MeCN dispersions of (a) FENT1 (center; [FcL1] = 5.0 mM; [AgBF,] = 10 mM) and (d) FcNT2 (center;
[FcL2] = 5.0 mM; [AgBF,] = 10 mM) together with simulated 2D XRD patterns using the HELIX program'” based on simplified atomistic models
for corresponding helical (left) and non-helical (right) nanotubes. Samples of unidirectionally oriented FENT1 and FENT2 were prepared by using
the capillary technique (Figure S5)."" For parameters used for the simulation, see Table S1."" Azimuthal plots for the 2D XRD intensities of FeNT1
(a, center) at g = 18.0 nm™" (d = 0.35 nm; b, green) and 4.08 nm™" (d = 1.54 nm; b, purple) and those of FCNT?2 (d, center) at g = 18.5nm™" (d =
0.34; e, green) and 4.0—7.0 nm™" (plotted at every 0.5 nm™'; d = 0.90—1.57 nm; e, purple). Arrows indicate four-split diffraction spots at q = 4.08
nm™' (d = 1.54 nm; purple) and 7.66 nm™" (d = 0.82 nm; gray). Schematic representation of the stacking distances between the constituent

nanorings in (c) FcNT1 and (f) FeNT2.

nm™' (d = 0.90—1.57 nm; Figure 6e, purple). In sharp contrast,
the azimuthal plot for the 2D XRD pattern of FcNT1 displayed
a set of explicit peaks at g = 4.08 nm™' (d = 1.54 nm),
corresponding to the four-split diffraction spots (Figure 6b,
purple). By using the HELIX program,'” we generated
simulated 2D XRD patterns for non-helical (Figure 6d, right)
and helical (Figure 6d, left) nanotubular models and confirmed
that the former resembles the actual 2D XRD pattern of
FcNT2 (Figure 6d, center) but the latter does not. These
results allow us to conclude that FcL2 in FcNT?2 stacks up with
no discernible helical twist (Figure 3a). We consider that the
helical geometry of FcNT1 is possibly induced by a propeller-
chiral geometry at its aromatic arm parts.”” In contrast, the
aromatic units in the arm parts of FcL2 can be coplanarized
through an ethynyl linker and would therefore have no steric
bias toward the propeller chirality. Note that a non-helical
geometry of FCNT2'" possibly allows for the operation of a
Ag(I)—Ag(I) metallophilic interaction between adjacent
metal—organic nanorings.*"*

Finally, we would like to discuss a possible effect of the
stacking distance. If the preferred stacking distance of FcL2 is
different from that of FcL1, then these ligands would not
coassemble into a single nanotube. The 2D XRD patterns of
FcNT1 and FeNT?2 (Figure 6) are also informative to this issue
and actually indicated that the stacking distance of FcL1 in
FcNT1 (0.70 nm, Figure 6¢) is only 0.02 nm larger than that of
FcL2 in FcNT2 (0.68 nm, Figure 6f). Obviously, this difference
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is too small to explain why FcL1 and FcL2 are self-sorted. On
the basis of all the experimental results, we now conclude that
the observed self-sorting is mainly due to the different stacking
geometries between FcLl and FcL2 upon nanotubular
assembly (Figure 3a).

B CONCLUSIONS

In the present study, we found a 2D cooperative nature in the
nanotubular assembly of FcL1 and FcL2 with AgBF, under
competitive conditions. If the assembled product is a simple
metal—organic 1D chain, then the use of two ligands such as
FcL1 and FcL2 with comparable affinities toward Ag(I) would
obviously result in the formation of mixed-ligand 1D sequences.
However, in the nanotubular assembly FcL1 and FcL2 were
self-sorted (Figure 3a), affording a mixture of homomeric
FcNT1 and FcNT2. Once again, nanotubes in reality are a
rolled-up 2D assembly, where both of longitudinal and lateral
interactions among adjacent monomer units operate in a highly
cooperative manner (Figure 1). Hence, as highlighted in the
present work, two tube-forming monomers, even though they
are analogous in major molecular codes to one another,” would
not form mixed-ligand nanotubes, if they have different
preferences for the stacking geometry such as the stacking
angle. Our metal—organic nanotubes are composed of
uniaxially stacked nanorings® but do not consist of helically
assembled 1D chains that are more frequently seen in
literatures. Such a structural feature is very rare but quite
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advantageous for exploring how 2D cooperative interactions
among constituent monomers are essential in the molecular
assembly. We believe that the obtained rationale is important
for diversifying and elaborating nanoscale molecular objects.
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