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Insights into the Copolymerization of Metal-Organic Nanotubes from Ligand

Mixtures Using Small Angle Neutron Scattering

Md Ashraful Haque, Jacob A. Barrett, Xian B. Carroll, David M. Jenkins,* and Mark D.

Dadmun*

Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996, United States

Abstract

Metal-organic nanotubes (MONTSs) are porous, tunable 1D nanomaterials akin to metal-
organic frameworks (MOFs). MONTSs are synthesized via metal salts and coordinating ligands
akin to MOFs, but crucially they are anisotropic, unlike most MOFs. Recently, MONTSs have been
shown to form statistically random copolymers, however their mechanism of growth remains
largely unexplored. Full realization of the potential of MONTSs necessitates thorough
understanding of the mechanism of MONT growth. Herein, small-angle neutron scattering (SANS)
was employed to investigate the copolymerization mechanism of two 1,2,4-ditriazole ligands and
to quantify the inclusion of solvent within the MONT pore. The results show parallelepiped-shaped
structures initially formed, which then aggregate to form larger lamellar structures. Additional
experimentation with a deuterated ligand showed the reactivities of all ligands are approximately
equal, causing random ligand distribution within the resulting MONT. Finally, the results quantify
the amount of solvent incorporated within the nanostructure pores at different stages of the
formation process. These results show that early in the reaction the MONTSs contain ca 45%

solvent and contain ca 55% solvent late in the reaction when the MONTS a nearly fully formed.
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Introduction

Metal-organic nanotubes (MONTSs) are a class of crystalline, porous, and tunable materials
that are formed from a metal salt and a suitable organic bridging ligand.!-? Grown in solvothermal
conditions, MONTs share many of the properties of their 3D counterparts, metal-organic
frameworks (MOFs), including the incorporation of multiple ligands within a single structure, or
ligand multivariance, akin to copolymerization in traditional polymers.2¢ Unlike virtually all
MOFs, MONTs are anisotropic, with the main dimension of growth lying along the length of the
tube, resulting in potential applications that take advantage of their anisotropy, such as nanostraws,
ion exchange materials, and nanowires.”-!> The dimensional control of materials at a molecular
level provides the opportunity to tune the properties and applications of the material.!>'¢ However,
MONT development at this level is still in its infancy due to a lack of detailed understanding of

MONT growth and assembly.

Moreover, there remain quite a few uncertainties regarding the assembly and structure of
the MONT. For instance, while it is understood that gases and solvents can penetrate the MONT,
there are few analytical methods to directly measure the amount of solvent within a MONT.
Additionally, structural models have not yet been developed that account for multi-ligand MONT
growth over nanoscale ranges. Formation of MONTSs have been studied in-situ via SANS and ex-
situ via numerous techniques.® 16-1° These studies show double-hinged ditriazole MONTS form isotropic
microcrystalline species, which then aggregate as the rate-limiting step and grow preferentially in one
dimension. While previous in-situ studies have suggested a copolymerization-like process, there
are no examples to date that measure the distribution of solvent within a MONT in situ.!” To

accurately predict and utilize the properties of multi-ligand MONTSs, where one ligand can impart
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unique functionality into the resulting material, MONT growth and aggregation from ligand

mixtures must be understood.

Small angle neutron scattering (SANS) is a useful technique that investigates the structure
and assembly of materials over length scales from 10-1500 A, and has been used previously to
investigate the growth process of various MOF and MONT architectures.!”- 1922 The formation
process of hinged 1,2,4-ditriazole multi-ligand MONTSs was previously investigated with (4,4"-
(1,3-(xylene)-diyl)  bis(1,2,4-triazole)) (L1) and  4,4’-((5-methyl-1,3-phenylene)bis-
(methylene))bis(4H-1,2,4-triazole) (L2) via SANS.!” Under solvothermal conditions, L1 and
copper(Il) bromide in dimethylformamide (DMF) form a 1D MONT, while L2 forms a 2D stair-
stepped coordination polymer (Figure 1A). Despite the dissimilar structures, the growth of
mixtures of L1 and L2 ligands mimic that of pure L1 MONT, implying L1 influences the

orientation of L2 within the growing crystal and can produce a 1D MONT (Figure 1B).

A.
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Figure 1. Synthetic schemes of L1 — L2 copolymerization. (A) Whereas 1,2,4-ditriazole ligand L1 forms
a 1D MONT under solvothermal conditions, 1,2,4-ditriazole ligand L2 forms a stair-stepped 2D MOF under

identical reaction conditions. ).!>!7 (B) Copolymerization of L1 and L2 yield a mixed-ligand nanotube with
the structure dominated by L1.)."”

The previous study was unable to explicitly monitor the distribution of ligands within the

growing MONT. As neutron scattering is dominated by the scattering of hydrogen atoms in
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organic materials, the deuteration of one ligand provides the contrast necessary to determine the
distribution of the deuterated ligand within a mixture of protonated and deuterated structures. The
reactivity ratio of two components in a copolymerization reaction is the ratio of the rate constant
for the addition of one component to a component of the same type to the rate constant for the
addition of the other monomer to that same reaction site.?* In this manuscript, we utilize L1, L2,
and a contrasting deuterated analog of L1 (L1-dg, Figure S1) to measure the distribution of ligands
L1 and L2 in synthesized MONTSs to simultaneously offer semi-quantitative insight into the
relative reactivity of the two ligands and quantify the amount of solvent incorporated into the final

MONT structure via SANS.

Experimental

Quantifying the distribution of the deuterated ligand L1-dg in the copolymeric MONTSs
provides insight into the copolymerization process of L1 and L2 in the final nanostructure.
Therefore, L1-dg was synthesized (see ESI) and reacted with L1 at different protonated/deuterated
ratios 100:0, 80:20, 60:40, 40:60 (100 L1: 0 L1-dg). Deuterium incorporation was determined to
be a minimum of 95% in 8 of 12 possible hydrogen via '"H NMR (see Figure S3). Further
experiments were performed to investigate the distribution of ligands in the copolymerization of
L1 and L2 ligand by monitoring the structure of MONTSs formed from mixtures of L1, L1-dg, and
L2 at different ratios 50:0:50, 35:15:50, 25:25:50, 15:35:50, 0:50:50 (L1: L1-ds: L2). To
corroborate L1 and L2 ratios within the final ligand, bulk-scale reactions were performed at L1,
L1-dg, and L2 ratios of 50:0:50, 35:15:50, 25:25:50, 15:35:50, and 0:50:50 and subjected to acid

digestion.

SANS Measurement and Analysis
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Small angle neutron scattering measurements were performed at the Oak Ridge National
Laboratory on the general purpose SANS (CG2 GP SANS) at HFIR. Previous studies showed that
approximately 8-10 hours is required to complete the reaction for the formation of a MONT.!”
Hence, SANS measurements were taken immediately after the addition of ligands into the CuBr,
solution and 10 hours after the initial measurements. Moreover, SANS measurements of a 33:67
mixture of deuterium oxide (D,0) and deuterated dimethyl formamide (DMF-d;) were also
obtained. The scattering of the samples was measured at two detector distances that cover the Q
ranges from 0.0039 to 0.20 A-!. Here, Q is the momentum transfer which is defined as Q = 4 sin
0/A, where A is the neutron wavelength and 0 is the scattering angle. The coherent scattering profile
of all the samples were obtained after accounting for empty cell scattering, sample cell thickness,
sample transmission and solvent scattering. SasView software package was used to analyze the

scattering profiles of the MONT samples.?*

Our previous study investigated the reaction of L.1 and L2 with copper bromide to form
nanoscale materials.!” To confirm the phase purity of 50:50 L1:L2, powder X-ray diffraction
(PXRD) was performed as shown in Figure S2. A post-synthetic blending of L1 MONT and L2
MOF resulted in two sets of peaks, most notably at approximately 9 20, whereas the MONT
formed from the 50:50 L1:L2 exhibited only one set of peaks, signifying the resulting material is
pure single phase.® Additionally, the PXRD pattern of 50:50 L1:L2 exhibited high symmetry,
unlike the L2 MOF, and the peak positions of 50:50 L1:L2 agree well with that of L1 MONT,

suggesting the material formed is isostructural to L1 MONT.

With the 100:0 and 50:50 L1:L2 structures established, a parallelepiped model was initially
chosen to analyze the MONT scattering profile. However, the parallelepiped model failed to

capture the low-q scattering profile as shown in Figure S8. This indicates that MONT forms
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structures at two different length scales when formed from both the pure L1 and mixture of L1
and L2 ligands. To capture the whole scattering profile, a combined model that includes the
scattering of a parallelepiped and a lamella was chosen. A combination of both models resulted in
successfully fitting the scattering profile of MONTSs formed from pure L1, mixtures of protonated
and deuterated ligand L1 and ternary mixtures of L1, deuterated L1, and L2 ligands. During the
fitting process, the polydispersity (PD) of the lamellar model that considers the distribution of
thickness of lamellae was included for robust fitting of the scattering profiles of all MONT

samples.

Discussion and Results
Estimating solvent entrapped in the MONTSs

Small angle neutron scattering provides data that can be analyzed to elucidate the formation
process of nanotubes from mixtures of protonated and deuterated ligand L1. Figure 2 shows the
scattering profiles that emerged from the reaction of varying compositions of protonated and
deuterated L1 ligand and the copper (II) bromide at 0 hr. and 10 hrs. Equation 1 provides the

relationship between the scattered intensity and the structure of the evolving nanostructure.

I(Q) ~ Ap? X c X F(Q) x S(Q) 1
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In Equation 1, F(Q) is the form factor that correlates to the shape of the structure of the
MONT, S(Q) is the structure factor that details the particle-to-particle interactions, and, in this
case, since the MONT solution is dilute, S(Q) = 1. In Equation 1, Ap? is the difference in the
scattering length density of the deuterated solvent and the MONT formed from the mixture of
protonated and deuterated ligands. The scattering length density (SLD) of each species can be
calculated from its density and atomic composition. Using the NIST activation calculator, the SLD
of pure MONT from L1, of the pure nanostructure from L2, of the pure MONT from L1-dg, and
of the solvent, a 33:67 mixture of D,O and DMF-d, are calculated to be 2.80 x 106 A2, 2.65 x 10

6 A-24.72 x 10° A-2and 6.0 x 10 A2 respectively.?’
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Figure 2. Small angle neutron scattering profiles of MONT formed from L1:L1-dg. at ratios of
100:0, 80:20, 60:40,40:60 at (a) 0 hr. and (b) 10 hrs.

The addition of L1-dg to the mixture of L1 will decrease the amount of protons in the
MONT structure and will decrease neutron scattering contrast between the MONT and deuterated
solvent, Ap?. Consequently, the intensity of the neutron scattering profile of the MONT should
decrease proportional to the amount of deuterated L1-dg added to the mixture. However, only
modest decreases in intensity are observed (Figure 2) with an increase of L1-dg in the mixture,

where any changes are not proportional to the amount of deuterated ligand in the reaction mixture.
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The limited decrease in scattering intensity can be explained by the fact that the MONT
scattering object is not the pure MONT, but that the MONT is imbued with deuterated solvent. In
fact, previous studies showed that DMF solvent incorporates into the pores of a MONT structure.!?
17 The limited decrease in scattering intensity with the addition of deuterated L1 ligand into the
reaction mixture is consistent with the incorporation of deuterated solvent into the pores of the
MONT structure, as the SLD of the MONT + deuterated solvent will be greater than that of the

MONT itself.

In fact, fitting the scattering profile to the combined model provides the scattering length
density (SLD) of the MONT + solvent mixture, offering a unique analytical method to quantify
the amount of deuterated solvent incorporated into the MONT pores. The experimental SLD of
the MONT is obtained by fitting the 100 L1:0 L1-dy scattering profile at O hr. and 10 hrs. to the
combined model of lamellar and parallelepiped, as shown in Figure S9. The successful fitting of
the scattering profile provides the SLD of the MONT ~4.20 x 10 A2 (lamellae) and 4.12 x 10-°
A2 (parallelepiped). Equation 2 provides the mathematical relationship between the amount of
deuterated solvent incorporated in the MONT, ®;, the measured scattering length density of

MONT that includes the solvent and of the solvent.

Q) _ SLD Of MONTexperimental_SLD Of MONTtheoretical
1 SLD Of SOlventtheoretical_SLD Of MONTthearetical

Determining the amount of solvent in the MONT/solvent complex from Equation 2 shows
that the MONT/solvent complex consists of ~45% solvent at 0 hr. and ~55% solvent at 10 hrs. The
quantitative measure of the amount of deuterated solvent imbued into the MONT indicates that
solvent incorporation into the MONT structure occurs quickly after the reaction between the salt

and ligand occurs. It appears that further refining of the MONT structure with reaction time

15 35 15 35 8
50 50
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provides opportunities to further increase the amount of solvent in the MONT structure. From a
broader perspective, however, this analysis also emphasizes that a significant amount of solvent is
incorporated in the nanotube structure, which can impact the amount of MONT surface area that

is available for penetration and adsorption by adsorbents and reactants.

a b
100 100 ' _
- » 50L1:0L1-dy:50L2 (0 hr) c = 50L1:0L1-dy:50L2(10hr)
o, e 35L1:15L1-d,;:50L2 (0 hr) .;2‘ * 35L1:15L1-d,:50L2 (10 hr)
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g 14 £ 14
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Figure 3. Small angle neutron scattering profile of MONT formed from L1: L1-dg: L2 at ratios of
50:0:50, 35:15:50, 25:25:50, 15:35:50, 0:50:50 at (a) O hr. and (b) 10 hrs.

Similar to the scattering profiles of the nanostructure obtained from the mixtures of
protonated and deuterated L1, the scattering profiles of the mixtures of L1, L2 and L1-dj,
presented in Figure 3 (a and b), also shows minimal decrease in intensity with the incorporation
of deuterated L1 in the mixture. Hence, a similar analysis of the change in SLD of the
MONT/solvent complex using Equation 2 also provides the amount of solvent in the MONT
structure formed from the 50 L1: 50 L2 mixtures. In these analyses, the scattering profiles of the
50 L1: 50 L2 nanostructures are fit to the combined lamellar and parallelepiped model to obtain
the SLD of the nanostructures formed from the reaction between the metal salt and the ligands, L1
and L2 as shown in Figure S10. Using Equation 2, the solvent incorporated into the MONT
structure is found to be ~45% at 0 hr. and ~55% at 10 hrs. The amount of solvent incorporated into

the mixture of L1 and L2 ligand at the initial and final stages of the reaction is similar to the
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amount incorporated into MONT/solvent complex formed from L1 ligand. This result suggests
that incorporating the L2 ligand into the MONT structure does not significantly alter the ability of

the solvent to penetrate the MONT and fill nanopores.

Evolution of nanotube formation

The fitting process of the scattering profile of L1 and L1-dg mixtures as well as the L1, L1-dg, and
L2 mixtures required a combined model fit that includes a larger lamellae shaped nanostructure
and a smaller parallelepiped shaped nanostructure. Figure 4 shows an illustration of the lamellar
structure that correlates to the larger length scale nanostructure, which has a finite thickness, but
its dimensions in the other two dimensions are larger than the SANS experiment can monitor.
Thus, the lamella width and length are considered ‘infinite’, but the parallelepiped structure
dimensions are on a smaller length scale that has thickness, length, and width (A, B, and C in

Figure 5) that are within the resolution of the SANS experiment.

a b

I 1 |

[ \
thickness of lamellae A /_
[ 1

B
Lamellae Parallelepiped

Figure 4. Illustration of lamellae formed from the aggregatation of smaller parallelepiped shaped
MONTs. (A) Inifitely large sheets (lamelllae) formed with one dimension suitable for SANS
measurements. (B) Three dimension of parallelepiped-shaped structure where A is the thickness,
B is the width and C is the length.

We initially consider the lamellae to be a larger structure that consists of parallelepiped
building blocks. A previous study of the assembly of similar triazole ligand-based MONT

structures showed the formation of larger 3D MONT structures from smaller MONT

10
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300 nanostructures. To more fully understand the
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structural information. Initially, the scattering

Figure 5. Change in thickness of lamellae of
MONT and change in thickness, width and length

of parallelepiped MONT formed from L1 at 0 hr .
and 10 hrs. combined model to understand the growth of

profile of 100:0 L1:L1-dg is fit to the

pure ligand L1 with reaction time. Figure 5 documents the thickness of the lamellaec and the
dimension of parallelepiped that emerge from the fitting of the scattering profile of 100:0 L1:L1-
dg ligand mixtures. Figure 5 shows that the thickness of the MONT lamellae increases from ~213
A t0 ~295 A from the initial reaction to 10 hr. The thickness, width and length of the parallelepiped
building block increases from 59 A to 80 A, 161 A to 187 A and 206 A to 279 A respectively over
this same time period. This indicates that the parallelepiped shaped MONT structure increases
anisotropically in all directions from 0 to 10 hrs. Moreover, one dimension of the parallelepiped
building block is similar in length to the thickness of the lamellae after 10hrs (length of
parallelepiped = thickness of lamellae = ~300 A). This suggests that the smaller parallelepiped
building blocks aggregate along two faces of the parallelepiped to form an extended large sheet-

like lamellar structures. Unfortunately, SANS can only measure length scales of up to ~1500 A

11
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and thus these experiments can only indicate that the sheet-like aggregates of the MONTSs are

larger than ~1500 A.'7

The scattering profiles of the MONTSs formed from the contrast variation experiments
which varies the L1 and L1-dg composition were also measured. The first approach to fit these
scattering curves fixed the thickness of the lamellae as well as the dimensions of the parallelepiped
structure to that obtained from fitting the MONT scattering profile of the purely protonated L1
sample. While this fitting approach provided a robust fit of the data to the model, the polydispersity
of the thickness of the lamellae became too large (~ 1.4, which is above the accepted range (0 <
PD <1).2* Hence fitting the scattering profiles of the mixed deuterated and protonated L1 samples
allowed the thickness of the lamellae and dimensions of the parallelepiped structures to vary. This
approach resulted in polydispersity of the thickness of the MONT lamellae to be within an
acceptable range. Using this fitting protocol, Figure 6 documents the variation in the thickness of
the lamellae and the dimensions of the parallelepiped structures in these protonated/deuterated L1

mixtures as the composition of the protonated and deuterated L1 varies.

12
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Figure 6. Change in thickness of lamellae MONT and change in thickness, width and length of
parallelepiped MONT formed from varying compostion of L1 and L1-dg at 0 hr and 10 hrs. (a)
Total thickness of the lamellae MONT. (b). Thickness of the parallelepiped MONT. (c) Width of
the parallelepiped MONT. (d) Length of the parallelepiped MONT.

The results show that the average thickness of the lamellae is ~240 A at 0 hr. which
increases to a thickness of ~306 A corresponding to a ~28% increase in thickness of the lamellae
at 10 hrs. of reaction. Similarly, the thickness, width and length of the parallelepiped MONT
initially averages 56 A,157 A and 192 A respectively, which increases about 23%, 10%, and 59%
in thickness, width and length after the reaction between ligand L1 and copper salt at 10 hrs. This
anisotropic increase in three dimensions of the parallelepiped shaped building blocks of the

MONTs from mixtures of protonated and deuterated L1 is consistent with the formation process

13
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of the MONTSs created from pure protonated ligand L1. Similarly, the length of the smaller
parallelepiped and thickness of the larger lamellae are also similar to each other and the length

scales of MONTSs formed from pure protonated ligand L1.

Using a similar fitting model, this combined model is also used to fit the scattering data of
the MONTSs formed from mixtures of the L.1 and L2 ligand. Analysis of these scattering curves
provides insight into the change in the thickness of the lamellae and dimensions of the
parallelepiped formed from mixtures of L1, L1-dg and L2 at the ratios of 50:0:50, 35:15:50,
25:25:50, 15:35:50, 0:50:50 (L1: L1-dg: L2) at O hr. and 10 hrs. Figure 7 shows the thickness of
the lamellae and the dimensions of the parallelepiped nanostructures for these samples at early
stages of the reaction and after 10 hr. of reaction. The results show that the average thickness of
the larger lamellae at O hr. is ~ 240 A which grows to ~ 305 A at 10 hr. and that the average
thickness, width and length of the parallelepiped-shaped nanostructure formed from the mixed L1

and L2 ligands at the end of the reaction (10 hrs.) are ca. 57 A, 165 A and 292 A respectively.

14
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Figure 7. Change in thickness of lamellae MONT and change in thickness, width and length of
parallelepiped MONT formed from varying compostion of L1, L1-dg and L2. (A) Total thickness of the
lamellae MONT. (B) Thickness of the parallelepiped MONT. (C) width of the parallelepiped MONT.
(D) Length of the parallelepiped MONT.

Comparison of the final thickness of the lamellae nanostructures and the dimensions of the
parallelepiped-shaped nanostructures formed from the L1 and L2 ligand to that of the pure L1
ligand indicates that the final nanostructures formed from the L1 ligand and the mixture of L.1 and
L2 ligand have similar dimensions. A previous study by Shrestha et al. showed that nanostructure
formed from the pure L2 ligand are significantly larger relative to the structures formed from the
pure L1 ligand.!” Therefore, the similarity in the dimensions of the nanostructure formed from

pure L1 and the mixture of L1 and L2 ligands indicates that both parallelepiped-shaped

15
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nanostructures and aggregated parallelepiped or lamellae-like nanostructures are dominated by the

assembly of the L1 ligand.
The copolymerization of nanostructures from ligands L1 and L2

To understand the manner of copolymerization of nanostructures from the reaction between
the two ligands and copper salt, the first system studied focused on the nanotube formed from the
mixture of protonated and deuterated ligand, L1 and L1-ds. Quantifying the dependence of the
amount of L1-dg in the MONTSs formed on the reactant feed composition provides insight into the
relative reactivity of the deuterated and protonated ligand in the MONT formation reaction. If the
reactivities are very similar, the ligands will be randomly distributed in the MONTSs and the
composition of the formed MONTSs will be similar to the feed composition. However, if one ligand
is more reactive, the formed MONTs will have a higher composition of that ligand than is in the
feed. Quantifying the amount of deuterated ligand in the formed MONT (@) is accomplished with

Equation 3:

SLD of MONT oxperimentai—SLD of protonated MONT 1o0p—11
0 1 = SLD of deuterated MONT iheoreticai—SLD of protonated MONT100p—11 3

In Equation 3, the SLD of the protonated MONT at 0 hr. and 10 hrs. is obtained from the
fitting of the scattering profile of the MONT formed from the 100 L1: 0 L1-dg mixture, the SLD
of deuterated MONT is estimated by assuming there is a similar amount of solvent incorporated
into the 100 L1 MONT structure and that the SLD of MONT ¢yperimental 1S Obtained from the fitting
of the scattering profile of the MONTSs formed from the 80:20, 40:60 and 60:40 L1: L1-d; feeds.
Table 1 reports the volume fraction @, of the deuterated ligand incorporated into nanostructure

formed from the various L1 and L1-ds mixtures that are used as the feed.

16
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Table 1. Volume fractions of deuterated L1 ligand in the MONT structure at 0 hr. and 10hr in the MONTSs
formed from 80:20, 40:60 and 60:40 L1 and L1-dy mixtures.

L1: L1-dg @, (Lamellae) @, (Lamellae) O, O,
0 hr. + error 10 hrs. + error | (Parallelepiped) | (Parallelepiped)
0 hr. + error 10 hr. £ error
80:20 0.21 £0.02 0.21 £0.02 0.19+0.01 0.19 +£0.02
60:40 0.41 £0.02 0.41 +£0.02 0.38 £0.01 0.37+0.02
40:60 0.60 +0.01 0.60 £ 0.02 0.60 + 0.02 0.59 +£0.02

The estimated amount of deuterated ligand in the MONT structures calculated using
Equation 3 shows that final structures formed from the reaction of the ligand L1 and salt consists
of ~20%, ~40% and ~60% deuterated L1, which is nearly equal to the amount of deuterated L1 in
the feed at the beginning of the reaction. Therefore, this quantification of amount of deuterated
ligand in the final nanostructures formed from the protonated and deuterated L1 ligands mixtures
clearly indicates that the deuterated ligand is randomly distributed in the MONT structure.
Correlating the random distribution of deuterated ligands to the reactivity of the two ligands
indicates that the protonated and deuterated ligands have similar reactivity in the MONT formation
reaction. In other words, similar to a copolymerization reaction where two monomers form a single
polymer chain, the metal salt reacts with both protonated and deuterated ligand at the same rate to
form a final MONT structure that incorporates both protonated and deuterated ligands in a random

manner.

A similar experiment and analysis was also completed to investigate the relative reactivity
of the L1 and L2 ligands. This is accomplished by determining the amount of deuterated MONT

(@) in the final nanostructure that is formed from mixtures of protonated:deuterated L.1 and L2.

17



Nanoscale

To quantify the amount of deuterated MONT formed in this reaction, Equation 4 is used, which
establishes the relationship between the volume fraction of deuterated MONT (®;) and the

experimentally determined SLD of the MONT from the SANS profiles:

0, = SLD of nanostructreeyperimental—SLD of protonated nanostrucure,_j1.,_12
1 = SLD of deuterated MONT yjo0reticai—SLD of protonated nanstrucure,_p1.p—12

In Equation 4, the SLD of the nanostructure at 0 hr. and 10 hrs. reaction time is obtained
from the fitting the scattering profile of 50 L.1:50 L2, the SLD of deuterated MONT is determined
assuming that there is a the similar amount of solvent incorporated into these MONTS as is found
in the 100 L1 MONT structure and SLD of nanostructureeyperimental 18 the SLDs obtained from
fitting of the 35:15:50, 25:25:50, 15:35:50, 0:50:50 L1: L1-ds: L2 scattering profiles. Table 2
reports the volume fraction @, of the deuterated nanotube incorporated into the nanostructure

formed from mixtures of the L1, L1-dg and L2 ligands.

Table 2. Volume fractions of deuterated L1 ligand in MONT structure at 0 hr. and 10hr formed from the
35:15:50, 25:25:50, 15:35:50, 0:50:50 L1, L1-dg and L2 mixtures.

L1: L1-dg: | @, (Lamellae) | @, (Lamellae) (O @, (Parallelepiped)
L2 0 hr. £ error | 10 hrs. = error | (Parallelepiped) 10 hr. £ error
0 hr. £ error
35:15:50 0.16 £ 0.02 0.14 £ 0.02 0.15+0.02 0.13 +£0.02
25:25:50 0.25+£0.01 0.23 £0.01 0.26 £0.01 0.25+0.02
15:35:50 0.35+0.01 0.32+0.02 0.35+0.02 0.33 £0.02
0:50:50 0.49 £0.01 0.47 £0.01 0.46 £0.01 0.49 £ 0.02

The estimated amount of deuterated MONT structure determined from this analysis
indicates that final structures formed from the reaction of the L.1 and L2 ligand and the salt consists

of ~15%, ~25%, ~35% and ~50% deuterated MONT, values that are very close to the feed of L.1-

18
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dg fed into the reaction. This analysis clearly shows that the MONT formed from the salt and
ligands L1 and L2 follows a random copolymerization process where the deuterated L1 ligands

are randomly distributed in the copolymeric MONT formed from L1 and L2.

Ligand incorporation in the bulk material was corroborated by 'H NMR analysis of acid-
digested MONTSs containing the same reaction feed ratios of L1 : L1-dg : L2 as in Table 2. The
methylene protons of L1 and L2 were integrated against each other with the benzylic proton signal
as an internal standard because these positions are stable under both MONT formation and acid
digestion. While this bulk analysis cannot show the method of copolymerization, the initial ligand
stoichiometric ratios were shown to have close agreement (within 5%) to the acid-digested

MONTs (Figure S5).

This further indicates that the reactivity of the two ligands (L1 and L2) in this reaction are
similar, and thus have a ‘reactivity ratio’ that is close to 1. This is consistent with a previous study
by Barrett et al. that investigated the copolymerization of an L1-like ligand with a fluorine-tagged
analog, which also showed the random incorporation of its ligands into the final MONT structure.®
Thus, careful analysis and taking advantage of the ability to tune the contrast variation in small
angle neutron scattering offers insight into the relative reactivities of the L1 and L2 ligands in their
reaction with Cu to form MONT structures. These experiments show that the pair of protonated
and deuterated L1 ligands have similar reactivity in the MONT synthesis reaction, while a similar
analysis shows that the reactivity of the L1 and L2 ligands are also similar. Thus, the
copolymerization of deuterated L1, protonated L1 and L2 will form MONTs where all three

ligands are relatively evenly distributed along the MONTS.

Conclusion
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Small angle neutron scattering studies investigate the relative reactivity of 1,2,4-ditriazole-
based ligands L1 and L2 in the synthesis of MONTSs. Monitoring the incorporation of deuterated
ligands in the synthesized MONT from a mixed reaction feed provides insight into the relative
reactivity of the various ligands. Moreover, careful analysis of the SANS data clearly shows that
the formed MONT contains significant solvent within the synthesized nanoscale structure.
Quantifying the amount of solvent shows that ca. 45-55% solvent is incorporated into the pores of
the nanostructure synthesized from pure L1 ligands or the mixture of L1 and L2 ligands. Our
analysis also shows that the MONTSs synthesized from pure L1 ligand form small parallelepiped
shaped nanostructures that aggregate and expand in two dimensions to form larger lamellae like

MONTs.

Furthermore, the nanostructures formed from a mixture of L1 and L2 ligand are of similar
size and shape to those formed from the pure L1 ligand emphasizing the importance of the L1
ligand in this assembly, suggesting that the presence of the L1 ligand drives the synthetic process.
Finally, correlating the amount of deuterated ligand in the final MONT to the composition of the
reaction feed shows that the reactivity of the deuterated L1 ligand, the protonated L1 ligand, and
the protonated L2 ligand are very similar and are thus randomly distributed in the synthesized
MONT, corroborating prior studies.® !” Thus, this fundamental understanding offers crucial insight
to rationally design nanostructures tagged with specific functional groups that will be essential for

future MONT/MOF based applications.
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