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of Chemistry Metal-organic nanotubes (MONTSs) are 1-dimensional crystalline porous materials that are formed from
ligands and metals in a manner identical to more typical 3-dimensional metal-organic frameworks
(MOFs). MONTs form anisotropically in one dimension making them excellent candidates for linker
engineering for control of chemical composition and spacing. A novel series of MONTs was synthesized
utilizing a mixture of 1,2,4-ditriazole ligands containing both a fully protonated aryl moiety and its
tetrafluorinated analog in ratios of, 0:1, 1:4, 1:1, 4:1, and 1:0, respectively. All MONTs were
characterized by both bulk and nanoscale measurements, including SCXRD, PXRD, ssNMR and TEM, to
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Accepted 24th December 2022 determine the resulting co-polymer architecture (alternating, block, or statistical) and the ligand ratios in
the solid materials. All characterization methods point towards statistical copolymerization of the

DOI: 10.1039/d25c06084a materials in a manner analogous to 3D MOFs, all of which notably could be achieved without destructive
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Introduction

Metal-organic nanotubes (MONTS) are 1-dimensional, tunable,
porous materials synthesized from organic linkers and metal
salts (Fig. 1).' They share the properties of porosity and
tunability with their more common 3D relation, metal-organic
frameworks (MOFs) (Fig. 1A).>* Indeed, MONTs have already
demonstrated a similar range of applications to MOFs that
exploit their porosity including gas storage and liquid
separations.>® Likewise, MONTs are tunable in that the design
of the pore shape and size are controlled using modular
approaches (e.g. 2-pillar, 4-pillar, and 6-pillar) reminiscent of
MOFs' secondary building units (SBUs).*'® However, a key
aspect of tunability for MOFs that has yet to be fostered in
MONTs is ligand multivariate functionality.™

Ligand multivariate functionality is the ability to control the
mixing of different ligands within the same crystalline MOF."*
In the last fifteen years, numerous examples have been devel-
oped which showcase multiple functional groups within one
MOF."** These mixed linker MOFs have been employed for
tunable catalysts, waste remediation, and fluorescent
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probes.’**® While a few cases of ligand multivariance have
allowed for quantification of ligands,"**° with limited exception,
the destruction of the MOF is required to determine the ratio of
the ligands.**

Applications for MONTS that exploit their unique anisotropy,
such as nanostraws and nanowires, could benefit considerably
from the ability to mix ligands that are on the exterior surface of
a finite bundle of these tubes.*'**"*> However, for the goal of
ligand multivariate functionality in MONTS to be achieved, two
conditions must be met. First, a robust isoreticular approach
must be developed for a 1D system, ideally employing simple
solvothermal synthesis.”*** Second, the anisotropic materials
must be synthesized on the nanoscale to achieve high external
surface areas.*»*

In this manuscript, we report ligand multivariate function-
ality in MONTs that is coherent at the macroscale and nano-
scale size regimes. The reaction of (4,4'-(1,4-(xylene)-diyl)
bis(1,2,4-triazole)) or its tetrafluorinated analogue with copper
bromide lead to isostructural MONTs (Fig. 1B). In addition,
ligand ratios of the di-triazoles of 1:4, 1:1, and 4:1 reacting
with copper bromide also lead to crystalline MONTS. A host of
macro and nanoscale measurements were required to both
quantitate the amount of each ligand present in the MONTs, as
well as determine the type of copolymerization (Fig. 1C). The
MONTs could copolymerize as block, alternating, or statistical
(or even not at all). To this end, all five MONTs were charac-
terized by single-crystal X-ray diffraction (SCXRD), powder X-ray
diffraction (PXRD), "*C solid-state nuclear magnetic resonance
(*C ssNMR), energy-dispersive X-ray spectroscopy (EDX),
selected area electron diffraction (SAED), and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM). These combined non-destructive
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Fig. 1 Strategies for preparing copolymerized MONTs from di-triazole ligands. (A) Different 1,2,4-triazole ligands combined with copper salts
have led to distinct dimensionalities for materials. A typical example is shown for a 3D MOF with a mono-triazole ligand.?® Di-triazole ligands
either form 2D sheet MOFs if non-coordination anions are employed or 1D metal-organic nanotubes (MONTS) if capping anions such as halides
are used.?? (B) In this study, two similar di-1,2,4-triazole ligands, with and without fluorine, were reacted with copper(i) bromide to make
MONTSs under identical conditions. (C) Four distinct hypotheses for co-polymerization of MONTs shown. First, the ligands could not co-
polymerize. Next, the copolymerization could be driven by the association of the previous ligand yielding block or alternating polymerization.
Finally, the previous ligand insertion does not affect the copolymerization and it is a statistical copolymerization.

measurements demonstrate that the ligand quantities in each
MONT roughly match the ratios used in the solvothermal
reactions and that the MONTSs form statistical copolymers.

Results and discussion

We have pioneered a general method for isoreticular synthesis
of MONTs with di-triazole ligands and with either copper or
silver.”® Our two-column pillared MONTs feature di-1,2,4-
triazoles in a syn conformation attached to the group 11
metals in a tetrahedral coordination.”® These MONTs have
a (2,4) topology where 2 represents the number of links between

1004 | Chem. Sci, 2023, 14, 1003-1009

copper and the organic ligand, while 4 represents the number of
copper atoms linked to each organic ligand (Fig. S5t)." We
previously reported the synthesis of L1 by the method of
Horvath (Fig. 2A).%”%® The fluorinated version of the ligand, L2,
is prepared in three steps starting from 2,3,5,6-tetrafluoro-1,4-
benzenedimethanol (Fig. S17) that are similar to the synthesis
of L1.

The solution NMR of L2 is critical since assignments for
carbons must be made prior to ssSNMR studies on MONTs (vide
supra). Only two resonances are observed for L2 in the "H NMR
at 8.58 and 5.49 ppm (Fig. S131). Collecting two *C NMR
spectra with either typical "H-decoupling or '°F-decoupling

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2 CuBr, MONTs
— s [(L1)(L2), Cu,Br]
H,O / DMF
85°C, 14d

Free-weighted modeled % Fluorine

Fig. 2 Synthesis and associated single crystal X-ray diffraction studies on copolymerized MONTSs. (A) Synthesis of copolymerized MONTs
employing L1and L2 in different ratios. Values for x are based on the stoichiometry of the reactions. (B) Solid state structure of [(L1),(L2),_,Cu5Br;]
drawn at the 50% probability level. Hydrogen atoms are omitted. Orange, light blue, purple, black, and green ellipsoids represent copper,
nitrogen, bromine, carbon, and fluorine atoms, respectively. The view is shown down the tubes to highlight the MONT pores. X-ray structure of x
= 1 was previously reported.?® (C) Highlight of the aryl ring section of the solid state structure demonstrating the changes to the aryl orientation as
percentage of fluorine increases with modeled fluorine percentage shown.

allowed us to assign the carbon resonances (Fig. S14 and S157).
The triazole carbon resonances are at 143.2 ppm, while the aryl
carbons are at 144.4 ppm (carbons with F's) and 115.1 ppm
(quaternary position). The solid-state structure for L2 was also
determined with single crystal X-ray diffraction (Fig. S21).
Reaction of L2 with copper(u) bromide in a DMF and water
mixture heated to 85 °C for 14 days yielded colorless crystals
(Fig. 2A). The crystals were isolated, rinsed with water and
methanol followed by Soxhlet extraction overnight with meth-
anol, and removal of residual solvent under reduced pressure to
yield a white powder in 99% yield. The solid-state structure for
[(L2)Cu,Br,] determined by SCXRD revealed the formation of
a MONT that is isomorphous to L1 (Fig. 2B). However, there are
subtle changes in the pore size, tube alignment, and position of
the aryl ring compared to [(L1)Cu,Br,].>* The pore width for [(L2)
Cu,Br,] is 9.456 A while for [(L1)Cu,Br,] is 9.254 A, which is an
increase of just over 2% (Table S1t). Likewise, the pore height
decreases by 0.137 A (1% smaller). The non-covalent interac-
tions between tubes are also affected by replacing the hydrogens
on the aryl ring with fluorines. The largest effect is the vertical
packing between the tubes as measured by the Cu---Cu distance
and the aryl ring - stacking distance both decrease by 2-3%
when switching to from L1 to L2. Finally, the aryl ring rotates
out of plane by 16° (Fig. 2C, right) for [(L2)Cu,Br,] and is
disordered over two positions (half pointing up and half down).

© 2023 The Author(s). Published by the Royal Society of Chemistry

The larger fluorine atoms do not have space to lay parallel to the
tube as is seen in [(L1)Cu,Br,].

Other physical measurements for [(L2)Cu,Br,] were consis-
tent with MONTs that were previously prepared by our group.
The [(L2)Cu,Br,] MONT adsorps CO, and CH, is similar quan-
tities to [(L1)Cu,Br,] (Fig. $221).* TGA results show excellent
thermal stability until close to 300 °C (Fig. S231). PXRD data is
consistent with the simulated diffraction pattern (Fig. S247).

With the completed characterization of [(L2)Cu,Br,], we
turned towards synthesizing copolymerized MONTs. We
accomplished this by mixing L1 and L2 together in ratios of 1:
4, 1:1, and 4:1. The mixed ligand solutions were then
combined with copper(u) bromide in a DMF and water mixture
heated to 85 °C for 14 days (see ESIf for details). As in [(L2)
Cu,Br,), these reactions yielded colorless needle crystals.

Single crystal X-ray diffraction for the copolymerized MONTs
yielded similar results to [(L2)Cu,Br,] as all four crystals occu-
pied the same space group (Imma) and had similar unit cell
volumes. Notably, all three [(L1),(L2);_,Cu,Br,] had distinct
solutions which required modeling the fluorine differently in
each case (Fig. 2C). For the [(L1),g(L2)y»Cu,Br,] MONT, the
fluorine was modeled in a single position with a floating free
weight of 29%. The [(L1)o.5(L2)o.5Cu,Br,] MONT required split-
ting the fluorine into two positions with a floating free weight of
51%. Finally, the [(L1),»(L2)o sCu,Br,] came closer to the [(L2)
Cu,Br,]| with two very distinct fluorine positions and a free

Chem. Sci., 2023, 14, 1003-1009 | 1005
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weighting of 68%. If alternating ligands for a co-polymerized
MONT was the most favorable product (Fig. 1C), we would
expect to have a distinct asymmetric unit cell with alternation
between the two di-triazole ligands which is distinct from [(L1)
Cu,Br,] or [(L2)Cu,Br,]. Furthermore, if the alternating model is
correct, for a single crystal measurement, each ligand should
have equivalent weighting no matter the starting ligand ratio.

To test the statistical copolymerization model in the bulk
materials, we collected *C ssNMR and PXRD measurements on
all five MONTs. The "*C ssNMR for [(L1)Cu,Br,] contains four
resonances at 53, 129, 135 and 146 ppm (Fig. 3A). These
correspond to the B, D, C, and A carbons shown in the figure.
The *C ssNMR for [(L2)Cu,Br,] only contains three resonances
at 41, 115, and 145 ppm (Fig. 3A). These correspond to the B/, C/
and A’ carbons shown in the figure. Notably, there is no signal
for the aryl carbons bound to fluorine (D’), presumably due to
the splitting of the F-atoms (which is seen in the solution state
NMR, Fig. $147).

The copolymerized MONTS [(L1).8(L2)y,Cu,Br,],
[(L1)o.5(L2)o.5Cu,Br,], and [(L1)e.»(L2)o sCu,Br,] show all the A-D
and A'-C’ resonances. A and A’ overlap, but all of the other
resonances are well separated in the spectrum. While '3C
ssNMR are not typically integrated due to differences in struc-
ture or relaxation time concerns, these co-polymerized MONTs
have very similar structures and the resonances are compared
within the same spectra.’?*** Indeed, since we are measuring
the same position on the ligand, the relative intensity is deter-
mined purely by the relative amount of the corresponding
ligand.'>*® We integrated the B versus B’ resonances to give
a bulk measurement for the quantity of L1 versus L2 that is
present in the MONTSs. These comparative integrations revealed
20% L2 for [(L1)og(L2)o,Cu,Br,], 45% L2 for
[(L1)o.5(L2)o.5CuyBr,], and 73% L2 for [(L1)y,(L2)osCu,Brs,].
These values are 9%, 5%, and 5% different from the ratios
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measured by SCXRD and are in line with measured stoichiom-
etry of each chemical reaction, which is additional evidence that
the MONTs are copolymerized in a statistical manner.

While the five MONTs have similar PXRD diffraction
patterns owing to similar unit cells, there are sufficient differ-
ences to determine effective ligand copolymerization. We
highlight the 26 region between 15-18° in Fig. 3B. MONT [(L1)
Cu,Br;] (black line) has two reflections 2,0,2 (15.6°) and 4,0,0
(17.1°) that match the simulated powder pattern. MONT [(L2)
Cu,Br,] (light green line) has only one visible reflection, 4,0,0, at
16.5°. Notably, the three copolymerized MONTs each have
a 4,0,0 reflection that moves closer towards 17° as less fluorine
is incorporated. Indeed, this reflection follows Vegard's law for
solid-solutions (Fig. S267).**> The [(L1),.5(L2)o.5Cu,Br;] has two
reflections at 15.6 and 16.7°. We compared this diffraction
pattern to one that contained a 50/50 mixture of [(L1)Cu,Br,]
and [(L2)Cu,Br,] (purple line), which shows that both MONT
crystalline phases can clearly be seen and are discrete even
when the MONTs are mixed together. This analysis of PXRD
measurements prove conclusively that we have copolymeriza-
tion of the ligands as the bulk materials.

To confirm the statistical copolymerization of the bulk
MONTs with high spatial resolution we employed scanning
transmission electron microscopy (STEM) combined with
elemental composition analytics (Fig. 4). For this analysis, we
prepared samples following the same procedure as for the bulk,
except only heating the solutions for 15 minutes to generate
nanoscale MONT structures. We observed under the same
synthesis conditions, the average size of the MONTSs increased
upon increasing the amount of L2. Selected area electron
diffraction (SAED) further confirm the crystal structure of the
nanoscale materials and we observed that these materials
display identical structures to the bulk MONTs (Fig. S27 and
Table S2+).

A cD c /D o’ B B B 2,0,2 4,0,0 4,0,0
7 E £ i /\—/
P (7(() (7( ' i i [CCuBr]
J\/J-Q__ L iy ' : _—/k____r__/ [(L2)CuBr]
f\, E [(L1)CuBr]i ' v I(LHcu,Br]
I\/:\____J P | : :
J\\_{ : (L)L), CuBrli i A [(L1)y(L2),,CuzBr]
s I N ;
J\ﬂ i [(L1),5(L2),;Cu,Br.]; : J/L [(L1),5(L2),.Cu,Br,]
A e A ;
J P [(L1),(L2),,Cu B : J [(L1), ,(L2),,Cu,Br,]
i [(L2)CuBr ] [(L2)Cu,Br,]
155 135 115 95 75 55 3515 15.5 16 16.5 17 17.5 18
o (ppm) Angle (26)

Fig. 3 Characterization of copolymerized MONTSs on the macroscale. (A) *C ssNMR for [(L1)Cu,Br,] (black line) to [(L2)Cu,Br.] (bright green
line). The copolymerized MONTSs are between them with central dark green line representing [(L1)o 5(L2)o sCuBr,]. Vertical dotted lines denote
the resonances for each assigned carbon atom of the ligands. * Represent spinning sidebands. (B) Highlight of PXRD diffraction patterns for [(L1)
Cu,Br;] (black line) to [(L2)Cu,Br;] (bright green line). Dotted vertical lines refer to hk! reflection values from calculated patterns based on SCXRD
for [(L1)Cu,Br,] (black line) and [(L2)Cu,Br] (bright green line), respectively. The copolymerized MONTS are between them with dark green line
representing [(L1)g 5(L2)g sCu,Br,]. Purple line represents a 50/50 mix of [(L1)Cu,Br,] and [(L2)Cu,Br;] which is distinct from the copolymerized

MONTSs.
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Fig. 4 STEM EDX spectroscopy to analyze the nanoscale distribution of fluorine in the MONTSs. (A) EDX spectra confirming the formation of
nanoscale [(L1)Cu,Br,l, [(L1)g(L2)g2CusBrol, [(L1)o5(L2)g5sCusBral, [(L1)g2(L2)g.gCusBryl, and [(L2)CusBr,]. The spectra display a noticeable
increase in the intensity of the fluorene peak corresponding to the incorporation of L2 into the MONT bundles. The gold signal is retained
throughout each spectrum due to the signal resulting from the gold TEM grid. (B) EDX maps of nanoscale MONT bundles grown at 85 °C. High-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and corresponding elemental maps confirming the
formation of [(L1)CuzBr2], [(L1)g g(L2)o 2Cu2Br2], [(L1)g 5(L2)o sCu2Br2l, [(L1)g 2(L2)0 sCu2Br2l, and [(L2)CuzBr,] nanoscale MONT bundles.

To determine whether the MONTs were block co-
polymerized or statistically co-polymerized, we performed
energy dispersive X-ray (EDX) spectroscopy of the nanoscale
MONTs (Fig. 4A). This type of analysis has previously been
employed to confirm the mixing of ligands or metals in a variety
of MOFs.**** To minimize the degradation of the MONTSs upon
irradiation by the electron beam while ensuring a sufficient X-
ray signal to construct 2D elemental maps, we chose to
acquire maps at a relatively low resolution of 20 nm. To better
distinguish the change in intensity between the MONT struc-
tures, we normalized the elemental maps and display the maps
as intensity profiles. The resulting EDX maps demonstrate
a similar strong and uniform signal for Cu, Br, C, and N for all
CuBr MONT bundles (Fig. 4B). EDX mapping also shows that
a uniform F signal that becomes visible after the composition of
L2 becomes greater than 50%. As the F elemental map displays
no clear bands in any of the MONT bundles across all compo-
sitions, these maps indicate that these structure are statistically
copolymerized. We note that although the spatial resolution
will not allow us to resolve blocks that are smaller than 20 nm,
this size-scale begins to mathematically approach the statistical
case. To validate these observations, a 50/50 mixture of [(L1)
Cu,Br,] and [(L2)Cu,Br,] was analyzed in a similar manner,
where the F map is shown to clearly differentiate between the
two sets of bundles due to the intensity difference (Fig. S297).

© 2023 The Author(s). Published by the Royal Society of Chemistry

This result suggests that there are no distinct blocks formed.
Instead, these data are consistent with MONTS being present as
statistical copolymers.

Conclusions

We have synthesized and characterized the first copolymerized
MONTSs by incorporating a mixture of two di-triazole ligands in
the ratiosof 0:1,1:4,1:1,4:1,and 1: 0 with copper bromide.
These MONTs were then characterized by numerous methods
in the bulk phase including SCXRD, ssNMR, and PXRD. SCXRD
and ssNMR confirm that the composition of the ligands is in
line with the ratios employed during the solvothermal reac-
tions. Notably, these techniques allow for the quantification of
the copolymerization of the ligands without destroying the
MONT. Linker quantification is typically determined in MOFs
by acid digestion followed by NMR. SCXRD precludes the case
of alternating copolymerization, while high resolution PXRD
measurements show that the ligands are mixed within the
material. Nanoscale measurements via HAADF-STEM and EDX
confirm that the elemental composition is the same as in the
bulk phase, which is critical for these anisotropic materials.
Furthermore, the possibility of block copolymerization was
eliminated through observation of the fluorine EDX mapping.

Chem. Sci., 2023, 14, 1003-1009 | 1007
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These combined experiments verify that the copolymerization
of the ligands is statistical.

Data availability

X-ray structures are deposited in CCDC. Additional data can be
found in ESL¥
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