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ABSTRACT 
 

Metal-organic nanotubes (MONTs) are the one-dimensional variant of 

metal-organic frameworks (MOFs), where the nanotubular framework propagates 

in one-dimension coincident with the pore. Presently, MONTs are studied by 

conventional solid-state characterization techniques, similar to MOFs. Bulk MONT 

materials are composed of thousands of nanotubes stacked together and display 

similar structures to 3D MOFs with tubular pores. Metal-organic nanotubes need 

to be isolated from this bulk material in order to study their unique one-dimensional 

properties and truly become a new unique class of materials.  

Metal-organic nanotube are synthesized through solvothermal reactions of 

organic ligands and metal salts, where the design of the ligand plays a large role 

in the dimensionality of the framework. There were several concurrent goals for 

improved MONT synthesis described herein. The organic ligand design can be 

divided in four categories including those ligands that produce (1) large pore 

MONTs, (2) fluorescent MONTs, (3) reduced aggregation MONTs, and (4) a series 

of isostructural MONTs. One ligand from each of these categories was 

incorporated in MONT reactions, but only one new MONT was synthesized. The 

challenges in predicting the dimensionality of a framework was shown by these 

MONT syntheses.  

 To show that MONTs are unique materials, the fundamental chemistry on 

the nanoscale, the colloidal phase, needs to be understood. This idea 

revolutionizes the way MONTs are typically studied. Liquid-cell transmission 

electron microscopy (LCTEM) and small angle neutron scattering (SANS) were 

used as key nanoscale characterization techniques. LCTEM was able to visualize 

the formation and growth of nanoscale MONTs in real time for the first time and 

match the colloidal product to the bulk MONT solid. Small angle neutron scattering 

provided detail of the initial nanostructures formed within the MONT reactions.  
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 The combination of ligand design and colloidal MONT analysis is vital for 

future research of these materials. Once the fundamental chemistry of formation 

is understood, directed syntheses and applications can be applied to MONTs.  
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CHAPTER 1 

INTRODUCTION TO METAL-ORGANIC NANOTUBES 
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Metal-Organic Frameworks 

Metal-organic frameworks are a class of crystalline porous coordination 

polymers famously pioneered by Omar Yaghi in the early 1990’s.1-2 As 

coordination polymers, their infinite lattice is composed of organic ligands bound 

to metal ions or clusters. Due to their porous nature, MOFs have been utilized for 

applications in gas storage,3 separations,4-5 heterogeneous catalysis,6 and analyte 

sensing.7 A key advantage of metal-organic frameworks is their boundless 

tunability; the metal center and corresponding organic ligands can be modified to 

create a desired structure. This designer aspect of MOFs makes this field an ever-

evolving area of synthetic chemistry unlike porous materials such as zeolites. In 

the 25+ years since their creation over 60,000 structures have been reported in 

the Cambridge Crystallographic Data Centre (CCDC).8 

 

Metal-Organic Nanotubes 

The topology, connectivity, pore size, pore shape, and even dimensionality 

of the MOF can be changed as a result of modifying the metal centers and organic 

ligands.9 Dimensionality refers to the number of directions the framework 

propagates.  Metal-organic frameworks have been synthesized as one, two, and 

three-dimensional variants. Three-dimensional MOFs are the most common 

dimensionality with the framework repeating in all three (x, y, and z) dimensions, 

creating a structure similar to a traditional tinker-toy set as seen in Figure 1.1.10 

Two-dimensional MOFs form a sheet-like structure where the framework 

propagates in two dimensions.11 Lastly, one-dimensional MOFs, which are 

referred to as metal-organic nanotubes (MONTs), form nanotubular structures 

where the framework propagates in one-dimension coinciding with the pore. A 

necessary requirement of MONTs is the presence of covalent bonds connecting 

each repeating unit within the framework.12-13 Metal-organic nanotubes are the 

newest and least common dimensionality of MOFs.  
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Figure 1. 1. (A) Classic tinker toy (B) 3D metal-organic framework, MOF-5, 

and its corresponding components. These images are modified from the 

original references 2, 14-15 

 

 

 

While the comparison of MONTs to 3D MOFs is obvious, there is a distinct 

1D material that also offers an important comparison. Single walled carbon 

nanotubes (SWCNTs) were also developed in the 1990’s.16 The properties of 

SWCNTs depend on their size and packing structure; however, controlling these 

properties is quite challenging synthetically.  1D MONTs may be the conceptual 

combination of both materials: SWCNTs and 3D MOFs (Figure 1.2). The tubular 

structure is similar to CNTs, but with the hybrid tunability of MOFs allows for 

MONTs to be a unique new material worth investigating.  
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Figure 1. 2. Metal-organic nanotubes are the intellectual product of metal-

organic frameworks and single-walled carbon nanotubes. These images are 

modified from the original references 17 
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Hybrid Nature of MONTs 

 
Metal-organic nanotubes are hybrid materials, meaning they are composed 

of both organic and inorganic pieces. As MONTs are still in their infancy as a 

material, comparisons to similar materials can give insight and inspiration for 

possible applications. The completely organic nanotubes for comparison are 

single-walled carbon nanotubes18 (SWCNTs) (Figure 1.3A) and the completely 

inorganic nanotubes are boron-nitride nanotubes (BNTs) (Figure 1.3C).19-20  

MONTs are structurally analogous to these two materials and can be 

envisioned to act as nanostraws or nanowires. It is possible to envision MONTs as 

nanostraws where the tubular architecture is utilized as a transport vehicle that 

could carry small molecules through their pores. Studies on single-walled carbon 

nanotubes have shown that this is possible where small molecules have been 

transported through lipid bilayers21 (Figure 1.4A). A nanowire type application can 

allow for the highly anisotropic structure to be used to connect materials through 

nano-sized junctions. MONTs could even be loaded with conductive small 

molecules and act as a protective conduit material for the nanowire. SWCNTs have 

also shown similar style applications and even recently have been incorporated in 

microprocessors as mini-transistors22-23 (Figure 1.4B). 
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Figure 1. 3. (A) Single-walled carbon nanotubes, (B) metal-organic 

nanotubes, and (C) boron-nitride nanotubes.  

 

 
 
 
 

 

 

Figure 1. 4. (A) The nanostraw21 and (B) nanowire22 applications of SWCNTs. 

These images are modified from the original references.  
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Metal-organic nanotubes have beneficial characteristics over these 

analogous organic and inorganic nanotubes. Metal-organic nanotubes are 

synthesized through a solvothermal synthetic approach to form nanotubes of 

identical pore size. CNTs and BNTs may have established synthetic methods; 

however, all of these methods for synthesis involve high energy techniques such 

as laser ablation,24 arc discharge,25 and chemical vapor deposition.26-27 These 

techniques utilize specialized and expensive equipment for their synthesis which 

typically yields in a distribution of various nanotube pore sizes. 

MONTs are also easily and directly modified in comparison to carbon 

nanotubes and boron-nitride nanotubes. The organic linker can be altered through 

organic syntheses for a desired structure such as one with an additional tag or 

functional group.28 CNTs and BNTs can be modified with external tags; however, 

the placement of the tag typically depends on defect sites on the nanotube.29 A 

direct placement of an external tag cannot be controlled for these nanotubes.  

 

Synthesis of Metal-Organic Nanotubes 

 
Metal-organic nanotubes, like MOFs, utilize combinatorial techniques for 

their synthesis. By varying the metal center or organic linker, a multitude of 

possible structures can be made. However, given their tubular structure there is a 

limit on the types of MONTs that can be formed.  To date, four classes of MONTs 

exist depending of the structural motif that is employed (Figure 1.5).30 Each class 

of MONTs has a porous one-dimensional structure with covalent bonds connecting 

the repeating units within the MONT; however, as the geometric motif or distinct it 

is not surprising that the ligands employed in the reaction are different between 

classes. Helical MONTs (Figure 1.5A) employ flexible organic ligands that wrap 

around each other in a helical fashion to bind with a metal center, forming a 

MONT.31 These may be analogous to DNA. A two-column pillared method as 

shown by Figure 1.5B utilizes an organic ligand in the syn-conformation to bind  
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Figure 1.5. Schematic of the four methods to synthesize MONTs, with 

corresponding literature examples. (A) Helical,12 (B) 2-column pillar,32 (C) 4-

column pillar,13 and (D) Greater than 4-column pillar.33 These images are 

modified from the original references.  
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with a metal center, creating the MONT. In this case, two semi-rigid ligands form a 

pair of “C” shaped to connects the metals. Figure 1.5C illustrates the four-column 

pillar wherein rigid ligands are connected at 90 angles in a cis position on the 

metals.32 Greater than four-column pillar approach (Figure 1.5D) either employs a 

wider angle at a single metal or builds more complex secondary building units to 

achieve a wider internal angle. The column motifs employ even numbered 

equivalents of a ligands to react with metal centers to form the MONT. The number 

of ligands, four, six, and eight, match the edges of the shapes, square, hexagonal, 

and octagonal, respectively, that are formed.13, 34  

 

Jenkins Group Methodology for MONT Synthesis 

 
The Jenkins group has previously shown the successful incorporation of a 

series of semi-rigid syn-confirmation di-1,2,4-triazole ligands in the formation of 

one-dimensional metal-organic nanotubes (Figure 1.6).32 The organic ligands vary 

in width from the smallest, 4,4′-(1,3-(xylene)diyl)bis(1,2,4-triazole) (Figure 1.6, 

Ligand 1), to 4,4′-(1,4-(xylene)diyl)bis(1,2,4-triazole) (Figure 1.6, Ligand 2), and 

to the widest ligand, 4,4′-[naphthalene-2,6-diylbis(methylene)]bis(1,2,4-triazole) 

(Figure 1.6, Ligand 3). Crystal structures were obtained for each framework with 

single crystal X-ray diffraction.  which confirmed that the pore sizes increased with 

the width of each organic ligand.   

Di-1,2,4-triazole ligands are the chosen framework binding moiety for the 

Jenkins group because they yield the correct geometry for synthesizing a MONT 

whose 1D channels are created via the metal ion-triazole bonds and capping 

anions. This chapter will focus on new directions of di-1,2,4-triazole ligands via the 

2-column pillar MONT synthetic route in hopes to solve common problems with 

metal-organic nanotube characterization.  
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Figure 1.6. The first isostructural series of metal-organic nanotubes 

previously synthesized by the Jenkins group.32 These images are modified 

from the original references.  
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Importance of Discrete Dimensionality  

 
Currently MONTs have been studied by conventional MOF characterization 

techniques which include solid-state nuclear magnetic resonance spectroscopy 

(SSNMR),35 infrared spectroscopy (IR),36 powder X-ray diffractometry (PXRD),37 

single-crystal X-ray diffractometry (SCXRD),38 and gas adsorption 

measurements.39 All of these techniques require solid materials on the macro-

scale for analysis, typically milligrams of bulk material. This bulk material 

requirement highlights the main limitation of MONTs. Metal-organic nanotubes 

need to be isolated from each other in order to exhibit unique properties.  

As previously stated, MOFs can be split into three categories based on their 

dimensionality, similar to the allotropes of carbon. The allotropes of carbon clearly 

illustrate the relationship between structure and properties of a material. Diamond 

(3D allotrope) is an extremely hard substance, graphene (2D allotrope) has a 

unique electronic structure,40-41 and carbon nanotubes (1D allotrope) have high 

tensile strength.18 Each of these allotropes are composed of carbon-carbon 

covalent bonds, yet exhibit different properties. These differences are especially 

significant for graphene and carbon nanotubes due to their similar sp2 

hybridization. Similar statements are hypothesized about MOFs. A 3D metal-

organic framework with channel-like pores, such as MOF-74,42 will look structurally 

similar to a bundle of 1D metal-organic nanotubes (Figure 1.7). Both structures are 

composed of metal ions linked together via organic ligands creating a structure 

with tubular pores; the only difference is the connectivity of the framework. Thus, 

aggregated MONTs are hypothesized to act similarly to 3D MOFs. 
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Figure 1. 7. Structural similarities of (A) aggregated MONTs32 in bulk material 

and (B) 3D MOFs, such as MOF-74.42 These images are modified from the 

original references.  
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Revolutionary MONT Characterization 

  

 In order to characterize MONTs as unique low dimensional materials, new 

characterization techniques and new methods of analyzing MONTs must be 

employed. A discrete or singular MONT will not form large quantities of solid, 

therefore MONTs must be analyzed in similar methods to nanomaterials or 

colloidal materials and cannot be treated as bulk porous materials. This key 

fact forces a new revolutionary way of thinking towards the preparation and 

characterization of MONTs. Colloidal nanomaterials have been studied by small-

angle X-ray scattering (SAXS),43-44 transmission electron microscopy (TEM),45 and 

fluorescence spectroscopy.46 These methods should be employed for MONTs.  

Initial studies with SAXS by the Jenkins and Dadmun group has allowed for the 

understanding of the growth mechanism of a previously synthesized metal-organic 

nanotube.47 Two preliminary growth mechanisms were proposed as seen in Figure 

1.8. The top route in Figure 1.8 (1D Chain Growth) shows initial nanotube growth 

and then aggregation of the tubes to form bulk crystals, and the bottom route (3D 

Aggregation) shows aggregation of metal ions and ligands which them grow to 

form nanotubes and bulk crystals. Ex situ SAXS was able to monitor the 

progression of the solvothermal MONT reaction and analysis of the experiments 

concluded that the reaction underwent an autocatalytic reaction until all starting 

materials were consumed. This mechanism can also be described by the bottom 

3D aggregation growth route. In addition, the pore size and dimensionality of the 

structure were able to be correctly modeled and matched to the single-crystal X-

ray structure.  
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Figure 1. 8. Proposed routes of nucleation and growth of a silver-based 

MONT by SEM and SAXS analysis. This image is modified from the original 

reference.47 
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Classically, transmission electron microscopy has been used to image the 

fine detail of nanomaterials due to their enhanced resolution.48-49 New techniques 

have further developed TEM for solution phase imaging by incorporating a liquid-

cell into the microscope. This is appropriately known as liquid-cell transmission 

electron microscopy (LCTEM) and has been shown to successfully monitor the 

progression of colloidal reactions including those of covalent organic frameworks45 

and metal-organic frameworks50-52 Figure 1.9 depicts the real-time growth of ZIF-

8 over a span of 11 minutes. Important initial structures can be directly imaged with 

this new technique and can give additional insight towards the reaction 

mechanisms. 

 

 

 

  

 

Figure 1. 9. Real time liquid-cell transmission electron microscope images 

of 3D metal-organic framework, ZIF-8. This image is modified from the 

original reference.52  
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Additionally, fluorescence spectroscopy can be utilized to study colloidal 

materials and have been commonly incorporated in the study of single-walled 

carbon nanotubes.53 If MONTs were synthesized as colloids, their high aspect 

ratios could be studied with fluorescence  anisotropy measurements to estimate 

the size and length of the frameworks via their Brownian motion.54 This would allow 

for an estimation of particle size or the degree of metal-organic nanotube 

aggregation. Further studies including confocal fluorescence microscopy could 

allow for fluorescence imaging of MONTs.55 The incorporation of a fluorescent 

substituent within a MONT will open the door to new possible characterization 

techniques.  

For metal-organic nanotubes to truly become a new unique class of 

materials, it is essential to understand the fundamental chemistry of MONTs at the 

nanoscale. Only once this is achieved MONTs can be utilized to their full potential. 

This dissertation takes the first steps towards this goal and will focus on the two 

specific aspects of metal-organic nanotubes. First, the preparation of new ligands 

for new metal-organic nanotubes that tackle the challenges regarding the 

formation of discrete nanotubes, and second, the synthesis of metal-organic 

nanotubes for colloidal studies with TEM and SAXS.  
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CHAPTER 2 

DESIGN OF DI-1,2,4-TRIAZOLE LIGANDS FOR TOWARDS 

SYNTHESIS OF METAL-ORGANIC NANOTUBES 
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Abstract 

In synthesizing metal-organic nanotubes, the design of the organic linker is 

critical. This chapter details the ligand design process for preparing discrete metal-

organic nanotubes (MONTs). The general design goal of creating a durable and 

characterizable MONT was followed by creating ligands that fit in five different 

categories. A discrete MONT that can be detected by conventional methods needs 

a ligand that can: (1) form large pores, (2) be fluorescent, (3) mitigate aggregation 

of formed MONTs, and (4) be a part of an isostructural series of MONTs for 

comparison. Both complete and partially complete ligand syntheses will be 

discussed in this chapter.  

  

Introduction 

The ability to tailor a structure, and particularly the pore size, to a desired 

application is a critical feature in MOF chemistry which is what differentiates MOFs 

from many other materials. The Jenkins group follows the 2-column pillar (Figure 

2.1A) approach for MONT synthesis because this style allows for MONTs to be 

directly and uniformly tailored through two main routes. First, with this method, the 

height and width of the metal-organic nanotube can be altered independently 

(Figure 2.1B). Secondly, the organic ligand can also be modified by adding an 

external tag through conventional organic synthesis (Figure 2.1C). These 

modifications are clear examples of the superiority of the 2-column pillar approach 

versus other methods for MONT synthesis previously discussed in Chapter 1 

(Figure 1.5).  

As previously stated, the syn confirmation ligand can be modified in two 

main locations (Figure 2.1A dark blue, and light blue components). The MONT 

pore width can be increased or decreased by changing the substituent in the center 

of the ligand. This central substituent is denoted by the dark blue piece of the ligand 

in Figure 2.1A. Next, the MONT pore height can be altered by adding a substituent 

beneath the ‘hinge’ of the ligand. The ‘hinge’ and the modifiable substituent are   
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Figure 2. 1. (A) Schematic of a generic 2-column pillar MONT with beneficial 

features including; (B) independent height and width tuning, and (C) the 

addition of external tags, such as an alkyne.  
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denoted by the red and light blue piece respectively, in the organic ligand of Figure 

2.1A. To date, a CH2 moiety is used as the ‘hinge’ in all of the Jenkins group MONT 

ligands.   

In addition to altering the height and width of the MONT, the organic ligand 

can be further modified by the incorporation of an external tag or reactive 

substituent (Figure 2.1C). This modification can take place on the central moiety 

of the ligand (Figure 2.1A, dark blue location). The addition of an external tag gives 

opportunities for functionalizing or post-synthetically modifying the metal-organic 

nanotubes.  External tags can participate in a range of chemistries from peptide 

coupling reactions56 to click reactions.57 This expanded scope of available 

chemistries opens the door to future applications or different characterization 

methods.  

 

Synthesis of New Di-1,2,4-triazole Ligands 

 

The lack of volume of metal-organic nanotubes in literature is evident. As of 

2019, a literature search would yield approximately ~50 structures. This result is 

in high contrast to the hundreds of two-dimensional and thousands of three-

dimensional metal-organic frameworks. As of 2019, there are upwards to 60,000 

MOF structures in the CCDC database. The reason there are so few one-

dimensional frameworks is partly due to their difficult synthesis. It is commonly 

understood that MOFs have been shown have labile metal ions within the materials 

and studies where the metal nodes have been post-synthetically exchanged have 

proven this. Furthermore, there have also been studies that have shown the 

production of 2D or 3D MOFs even through MONTs could be formed. For example, 

if the organic ligand used in the 2-Column Pillar approach does not stay in the syn 

confirmation, a 2D sheet can be formed instead.  

This chapter will discuss the rationale and synthetic methods for designing 

ligands for the formation of MONTs, and in particular, discrete MONTs. It is 
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hypothesized that the discrete MONTs will exhibit unique properties as compared 

to bulk, aggregated MONTs; therefore, creating solutions for the pitfalls within 

MONT synthesis is a vital task.  

First, in order to study discrete MONTs with established tools similar to 3D 

MOF characterization techniques, MONTs need to be of a minimum size for 

detection. Transmission electron microscopy Has a detection limit of typically 

around 1 nm, or 10 Å. To study a single, discrete MONT, the structure needs to be 

larger than the limit of detection. This problem is not a concern for 3D MOFs since 

their frameworks propagate in three dimensions. However, the framework of 

MONTs propagate in one dimension yielding highly anisotropic structures with high 

aspect ratios; therefore, the ability to detect MONTs with most characterization 

techniques is dependent on the smallest dimension, i.e. the width, or pore size. 

Previously published MONTs in the Jenkins group range in size from 7.6 Å to 10.3 

Å. Other MONTs in the literature range from approximately 2 Å up to 33 Å. A survey 

of metal-organic nanotube pore diameters is shown in Table 2.1. The MONTs are 

divided by synthetic design, either column or helical, and by pore size, i.e. extra 

small, small, medium, and large. Within these categories each MONT is described 

as anionic, cationic, or neutral, and whether there is intertube hydrogen bonding 

or π-π stacking. As of now, the majority of MONTs are just below or just above the 

TEM detection limit. Future MONTs need to be synthesized in a way that produces 

large pore MONTs that can be easily characterized.    

While wider MONTs will allow for direct measurement of the structures, 

additional approaches can also circumvent this problem. Inspiration from the 2014 

Nobel Prize in Chemistry won by Betzig, Hell, and Moerner,58 shows that single 

molecule detection can be achieved via fluorescence. We can exploit this by 

adding a fluorescent substituent into the organic ligand or through an external tag 

as seen in Figure 2.2. The fluorescence measurement can indicate the degree of 

MONT bundling.  
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Table 2. 1. Survey of MONTs with reported pore size in literature. Green 

represents neutral MONTs, blue represents anionic MONTs, red represents 

cationic MONTs. ▲ represents intertube π-π stacking while * represents 

intertube hydrogen bonding. □ represents a MONT with structural 

amorphism.  

Pore Size Column Design Ref Helical Design Ref 

Extra Small 
(< 5 Å) 

3.6 Å 
4 Å▲ 
4 Å* 
5.7 Å 

59 
60 
61 
62 

2-3 Å* 63 

Small 
(5-10 Å) 

5 Å 
6-8 Å 
7 Å 

7.3 Å 
7.6 Å 
8.2 Å 

8.6 Å▲ 
8.7 Å 
9.1 Å 
9.2 Å 
9.3 Å 

9.9 Å▲ 
10 Å* □ 
10 Å* 
10 Å* 
10.3 Å 

13 
64 
65 
66 
32 
67 
68 
32 
32 
69 
32 
70 
71 
72 
73 
32 

10 Å* □ 71 

Medium 
(11-20 Å) 

11 Å 
13.3 Å 
14 Å 
14 Å 

 

74 
75 
76 
77 

 

11 Å 
12 Å* 
14 Å* 
15 Å 
20 Å* 

12 
78 
79 
80 
81 

Large 
(>20 Å) 

21 Å 
23 Å 

82 
83 

33 Å* 84 
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Figure 2. 2. (A) Alkyne functionalized ditriazole ligand, 2.21. (B) Azide 

functionalized pyrene tag. (C) Schematic of MONT reaction with alkyne 

functionalized ligand and addition of a fluorescent pyrene tag via Click 

chemistry.  
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The goal to synthesize a discrete MONT is immediately hindered by the 

aggregation of metal-organic nanotubes which was previously discussed in 

Chapter 1 (Figure 1.7). The aggregation of the nanotubes will hide the unique 

properties that the discrete material holds. As shown in Figure 2.3, the aggregation 

of nanotubes is caused by the π-π interactions from vertically adjacent tubes. To 

obtain a discrete MONT, this aggregation needs to be stopped or controlled. A 

method to stop this aggregation is with the addition of bulk groups to the organic 

ligand so that π-π interactions cannot occur.  

While there are disadvantages to MONTS, these problems can be solved 

as long as research continues in this field. For MONTs to be truly understood there 

must be more examples of structures in the literature. More structures will give a 

clear understanding of the capabilities of this class of materials. Therefore, the last 

ligand design category will be centered on expanding the ligand library for MONT 

synthesis in the Jenkins group. Synthesizing additional syn conformation ligands 

will yield a larger set of isostructural MONTs for direct comparison.  

The ligands described in this chapter (Table 2.2) will follow the main design 

goal; to create a ligand that would favor the formation of a discrete MONT. This 

general design goal has been divided further into subsequent synthetic categories: 

(1) large pore ligands, (2) fluorescent ligands, (3) aggregation blocking ligands, (4) 

ligands to build a larger library of isostructural MONTs (Figure 2.4). These four 

categories are used as guides for ligand design, with most ligands synthesized in 

this chapter falling under multiple categories. 

 

Results and Discussion 

 
 The following discussion will explain the rationale for each proposed ligand. 

While each ligand has been placed into one of the four previously listed categories, 

some may have traits from multiple categories. For this reason, the ligand will be 

placed into the main classification category and any bonus traits will be described.  
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Figure 2. 3.  (A) Single crystal X-ray structure illustrating the inter-tube π-π 

interactions, and (B) locations for functionalization to block inter-tube π-π 

interactions. 
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Table 2. 2. Di-triazole ligands synthesized in this chapter.  

# Ligand Structure 
Design 

Category 

2.5 
2,7-bis((4H-1,2,4-triazol-4-

yl)methyl)anthracene 

 

(1) 
Large Pore 

MONTs 

2.8 
9,10-bis((4H-1,2,4-triazol-

4-yl)methyl)anthracene 

 

(2) 
Fluorescent 

MONTs 

2.16 
1,4-bis((4H-1,2,4-triazol-4-

yl)methyl)anthracene 

 

(2) 
Fluorescent 

MONTs 

2.21 
4,4'-((5-ethynyl-1,3-

phenylene)bis(methylene))
bis(4H-1,2,4-triazole) 

 

(2) 
Fluorescent 

MONTs 

2.30 
4,4'-((5-(tert-butyl)-1,3-

phenylene)bis(methylene))
bis(4H-1,2,4-triazole) 

 

(3) 
Aggregation  

Blocking 
MONTs 

2.33 

potassium 1,1'-(1,4-
phenylene)bis(4-((4H-

1,2,4-triazol-4-yl)methyl)-
2,6,7-trioxa-1-

borabicyclo[2.2.2]octan-1-
uide) 

 

(4) 
Isostructural  

MONTs 

2.35 
1,8-bis((4H-1,2,4-triazol-4-

yl)methyl)naphthalene 

 

(4) 
Isostructural 

MONTs 

2.37 
2,7-bis((4H-1,2,4-triazol-4-

yl)methyl)naphthalene 

 

(4) 
Isostructural 

MONTs 
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Category 1. Ligands to Create Large Pore MONTs 

The first category involves increasing the pore size of MONTs. The 2-

Column pillar synthetic method dictates the width of the organic ligand must be 

increased to create a wider MONT. Large pore MONTs are a requirement for the 

analysis of new materials. Direct measurements with electron microscopy give 

confirmation of the morphology of a material.  

The synthesis of large pore MONTs includes the synthesis of ligand 2.5. 

From previous success with increasing the pore width by adding additional aryl 

groups, as seen from the para-xylyl and naphthyl di-1,2,4-triazole ligands, the next 

step was to create an anthracene based di-1,2,4-triazole ligand. This would allow 

for an elegant isostructural comparison of one, two, and three aromatic rings along 

similar designs of isoreticular MOF synthesis by Yaghi.85 The use of anthracene 

may also allow for fluorescence measurements.  

Ligand 2.5 is synthesized through previously published procedures with two 

new syntheses in the last two steps, as seen in Scheme 2.1. This reaction started 

with a Friedel Crafts alkylation with benzyl alcohol in toluene to form the 2,7-

dimethylanthracene, 2.1. To synthesize the dibromide species, 2.3, elemental 

bromine was refluxed in chloroform. This particular species was a challenge to 

isolate and reproduce. On a small scale, the dibromide species (2.3) can be 

synthesized; however, upon scaling up, the methyl groups on 2.1 are not 

brominated, but the carbons on the 9 and 10 positions are. DEPT (Distortions 

Enhancement by Polarization Transfer) NMR which differentiates the type of 

carbon atoms (C, CH, CH2, or CH3) in a molecule confirmed this result. Research 

by Plunkett also showed the synthesis of a partially hydrogenated pentacene 

analogue in Scheme 2.2 by similar synthetic means, therefore due to the scalability 

concerns, the synthesis of ligand 2.5 was not pursued further.  
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Scheme 2.1. Synthesis of 2,7-bis((4H-1,2,4-triazol-4-yl)methyl)anthracene, 

2.5. 

 
 

 

 

 

Scheme 2.2. Synthesis of 6,13-dibromo-1,2,3,4,8,9,10,11-

octahydropentacene by Plunkett and coworkers.86  
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Category 2. Spectroscopically Active Ligands 

 The next category for ligand design is the incorporation of spectroscopically 

active substituents within a ligand. This opens the door to new characterization 

techniques such as fluorescence spectroscopy. By using fluorescence, single 

molecule detection can be achieved.  

 The first set of ligands that fall under this design category are 9,10-bis((4H-

1,2,4-triazol-4-yl)methyl)anthracene (2.8) and 1,4-bis((4H-1,2,4-triazol-4-

yl)methyl)anthracene (2.16). Both of these ligands utilize the anthracene moiety as 

the spectroscopically active ligand component. In addition to the ability to bypass 

the need for a wider MONT, the additional aromatic rings within the anthracene 

moiety are hypothesized to act as external ‘flags’. If the anthracene moiety is tilted 

90° as compared to the xylyl group on the MONT shown in Figure 2.4A, the 

interactions within the bulk MONT will change. Figure 2.4A depicts the inter-tube 

π-π interactions from adjacent tubes. These interactions are believed to be the 

driving force for the MONT aggregation. Figure 2.4B depicts the intra-tube π-π 

interactions within the MONTs. It is hoped that this orientation will stabilize the 

MONT and limit greater aggregation.  

Taking the knowledge gained from the synthesis of 2.5, the next ligands 

were designed by rotating the anthracene moiety 90°, creating a symmetric (2.8, 

Scheme 2.3) and an asymmetric (2.16, Scheme 2.4) fluorescent ligand. The 

protons on the central aromatic ring in anthracene (position 9 and 10) are highly 

acidic and prone to participating in chemical reactions, anthracene was reacted 

with paraformaldehyde with hydrobromic acid and acetic acid to produce 2.6, 9,10-

bis(bromomethyl)anthracene by methods of Sun and coworkers.87 This dibromide 

was then used in the Horváth method for synthesizing di-1,2,4-triazole ligands. 

This is the established method used by the Jenkins group where the propane-

nitrile triazole reagent (2.3) was dissolved in acetonitrile with the dibromide and 

participated in an SN2 reaction which formed the intermediate, 2.7. The final di-

1,2,4-triazole ligand (2.8) was then made by deprotecting 2.7 with potassium 

hydroxide.  
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Figure 2. 4. (A) Inter-tube interactions between adjacent MONTs, and (B) 

intra-tube interactions within a MONT.  

 

 

 

 

 

Scheme 2. 3. Synthesis of 9,10-bis((4H-1,2,4-triazol-4-yl)methyl)anthracene, 

2.8. 
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Scheme 2. 4. Synthesis of 1,4-bis((4H-1,2,4-triazol-4-yl)methyl)anthracene, 

2.16. 
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The synthesis of the asymmetric anthracene di-1,2,4-triazole ligand, 2.16, 

is much more challenging because the acidic protons on the 9 and 10 position of 

the anthracene moiety need to be protected. An eight-step synthesis has been 

proposed, as shown in Scheme 2.3. This synthesis utilizes previously published 

reactions to synthesize the dibromide compound 2.14 which can then be reacted 

through new methods to form the di-1,2,4-triazole ligand (2.16). First, the 1,4-

dimethylanthraquinone, 2.9, is synthesized. Two possible routes to synthesize this 

product were attempted and denoted as Routes A and B. Route A uses phthalic 

anhydride and para-xylene through a Friedel Crafts reaction to form 2.9.88 This 

reaction resulted in a thick dark green mixture that was difficult to purify and formed 

only 3% of the product. Route B was chosen because it utilized a Diels Alder 

reaction with naphthoquinone and 2,4-hexadiene to form the desired 1,4-

dimethylanthraquinone product (2.9).89 This reaction yielded 50% product and 

while this is still a moderate yield, there was little purification needed, making it the 

favored route. Next, the 1,4-dimethylanthraquinone was oxidized to form the 1,4-

dicarboxylic acid anthraquinone product, 2.10.89 This reaction was performed in 

25% nitric acid in a metal Parr bomb reactor at 190°C for 24. The next steps 

proposed are to reduce the quinone (2.10) with zinc powder and ammonium 

hydroxide to yield the 1,4-anthracene dicarboxylic acid (2.11).90 This carboxylic 

acid substituent will then undergo an esterification process to form 2.1291 which 

will then be reduced to form the diol (2.13).88 This 1,4-anthracene diol will then be 

brominated88 to form the 1,4-bis(bromomethyl) anthracene reagent (2.14) needed 

to undergo the addition of the triazole via the Horváth method. 

 The next ligand that falls in the fluorescence design category is 2.21. This 

ligand has the same meta-xylene architecture as previous ligands in the Jenkins 

group; however, 2.21 incorporates an alkyne functional group on the center moiety 

of the ligand . The alkyne functional group is an important addition because it can 

participate in Click chemistry which would drastically increase the capabilities of 

the MONT. Through click chemistry any molecule functionalized with an azide (N3) 

can be added to the exterior of the nanotube. This alkyne functionalized ligand 
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would allow for fluorescent tags such as the pyrene tag in Scheme 2.5 to be easily 

added to the MONT for fluorescence analysis (Figure 2.2). This final alkyne 

functionalized ligand can also be blended in with a non-functionalized ligand to 

statistically control the amount of tags present which  

 The synthesis of this ligand was proposed through two routes. The first 

route (Scheme 2.6, Route A) synthesized the necessary dibromide reagent via 

previous methods of Stoddardt.92 Initially, the starting material, 2,5-

dimethylbenzaldehyde, from Stoddardt’s methods was used; however, it was soon 

changed to 3,5-dimethylbenzaldehyde in efforts to create a symmetrical ligand. An 

asymmetrical ligand would create a non-uniform nanotube with alkyne functional 

groups protruding from the right or left side to the tube in an uncontrollable fashion. 

This could cause difficulty in solving the single crystal structure. 3,5-

dimethylbenzaldehyde underwent a Corey Fuches reaction with carbon 

tetrabromide with triphenylphoshine in methylene chloride to form 2.17, 1-(2,2-

dibromovinyl)-3,5-dimethylbenzene. Compound 2.17 was then reacted with n-butyl 

lithium and trimethylsilylchloride to produce 2.18, ((3,5-

dimethylphenyl)ethynyl)trimethylsilane. At this step, the radical bromination with n-

bromosuccinimide and aizobisisobutyronitrile in carbon tetrachloride produced a 

variety of products. This reaction needed to brominate both methyl groups only 

once; however, it is very difficult to control the degree in which bromines are added 

to the molecule. Two methyl groups doubled the difficulty of this synthesis. For this 

reason, Route B was proposed.   

Route B was proposed in efforts to circumvent the need for a radical 

bromination of the two methyl groups. While this route (Scheme 2.7) is seven steps 

as opposed to the five steps in Route A, most of the reactions follow classic 

chemistry techniques that have been established and reproduced. Route B starts 

with 5-aminoisophthalic acid that undergoes a Sandmeyer reaction with 

concentrated hydrochloric acid, sodium nitrite and potassium iodide to produce the 

5-iodoisophthalic acid (2.22). This compound will then be transformed into 2.23 via 

a Fischer esterification process with concentrated sulfuric acid and methanol.  
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Scheme 2. 5. Azide functionalized pyrene tag for Click chemistry.  

 

 

 

 

 

Scheme 2. 6. Synthetic route A for 4,4'-((5-ethynyl-1,3-phenylene)bis 

(methylene))bis(4H-1,2,4-triazole), 2.21. 
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Scheme 2. 7. Synthetic route B for 4,4'-((5-ethynyl-1,3-phenylene)bis 

(methylene))bis(4H-1,2,4-triazole), 2.21. 
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Once the ester has been formed, a Sonogashira coupling reaction with 

trimethylsilylacetylene and 2.23 can be utilized to form 2.24, dimethyl 5-

((trimethylsilyl)ethynyl)isophthalate. The next step is to use lithium aluminum 

hydride to reduce the ester and deprotect the alkyne functional group to form 2.25. 

The diol (2.25) is then brominated with phosphorus tribromide to create 2.19. 

Finally, the dibromide compound undergoes an SN2 reaction and deprotection to 

add the final di-1,2,4-triazole to the ligand.  

 

Category 3. Ligands for Reduced MONT Aggregation  

The third ligand design category is aimed towards inhibiting the aggregation 

of metal-organic nanotubes. As discussed in Chapter 1, a silver-based metal-

organic nanotube, [Ag2(4,4′-(1,4-(xylene)diyl)bis(1,2,4-triazole) (NO3)2]·NMP, was 

previously studied through small-angle X-ray scattering (SAXS) and the growth 

mechanism was evaluated (Figure 1.3). The MONT was determined to form 

through an initial aggregation of preliminary metal and ligand structures, then after 

this aggregation, anisotropic nanotubes grew. The desired MONT growth 

mechanism would be the reverse of this observed mechanism where the nanotube 

growth occurs first, and then aggregates to form bulk crystals. This would infer that 

it would be possible to stop the MONT reaction prior to the nanotube aggregation 

so that a discrete MONT could be isolated.  

With the goal of synthesizing a discrete MONT in mind, the conclusions from 

the SAXS analysis were used to design a new ligand. The MONT grew as initial 

aggregates of the metal salt and organic ligand aggregated together, indicating 

that ligand 2.30 which incorporates a large bulky group on the center of the ligand 

may be able to mitigate the aggregation and favor the formation of nanotubes. The 

synthesis of ligand 2.30 follows a similar path as the previously detailed ligands 

(Scheme 2.8).93 The 5-tertbutylisophthalic acid first underwent a Fischer 

esterification process to form 2.26 which was then reduced with lithium aluminum 

hydride to form the diol, 2.27. This diol was brominated with phosphorus tribromide 
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Scheme 2. 8. Synthesis of 4,4'-((5-(tert-butyl)-1,3-phenylene)bis(methylene)) 

bis(4H-1,2,4-triazole), 2.30. 
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 to form 2.28. The last two steps follow the method of Horváth where the di-1,2,4-

triazole was added through an SN2 and deprotection reactions to form the final 

ligand 2.30. 

 

Category 4. Ligands for a Set of Isostructural MONTs 

Lastly, creating a large library of isostructural MONTs is important because 

this gives more information about the material as a whole. Not all MOFs have the 

same characteristics, so it is not a surprise that that is the same for MONTs. A 

larger MONT library will enable researchers to study more than pore size. Trends 

in the material as a whole can be made which can further help develop MONTs as 

a useful material.  

An important problem that needs to be addressed is the robustness of 

metal-organic nanotubes. As synthesized, MONTs can be stored in ambient 

conditions; however, when characterized, especially with high energy sources 

such as electron microscopes, MONTs have shown to decompose before full 

characterization is obtained. Therefore, by synthesizing isostructural MONTs, 

MONTs can be tuned for additional stability.  

As previously discussed in this chapter, Figure 2.1 A illustrates the 

schematic of a 2-Column Pillar MONT. The ‘capping anion’ (Figure 2.1A, purple 

cube) on both sides of the metal-organic nanotube is essential to the formation of 

a one-dimensional structure. This anion allows for charge neutrality within the 

MONT as well as blocks the framework from propagating in a second dimension 

to form a two-dimensional MOF with a structure similar to fused nanotubes. This 

effect has been shown in previous Jenkins group papers.94 However, the capping 

anion bonds are weak metal-ligand coordination bonds. To make a MONT that is 

stable, the general schematic for a 2-Column Pillar MONT can be changed slightly 

so that there is no need for a capping anion. To do so, an anionic ligand must be 

synthesized so that when reacted with a divalent metal, a neutral MONT is formed. 
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Neutral MONTs are hypothesized to be more stable under high energy 

characterization methods.  

From this requirement, ligand 2.33 was proposed. This ligand incorporates 

charged borate species that are ideal for an anionic ligand. In addition to the benefit 

of creating charge neutrality, this ligand will also increase the width of the MONT 

for even greater ability of direct measurements. Scheme 2.9 depicts the four-step 

process to synthesize the diborate ligand.95 The propane-nitrile triazole reagent is 

first reacted with 2-(bromomethyl)-2-(hydroxymethyl)propane-1,3-diol to form 2.31. 

The triazole was then deprotected with potassium hydroxide to form 2.32. Future 

steps would include the condensation reaction of 2.32 with 1,4-benzenediboronic 

acid to form the anionic diborate ligand 2.33. 

Another set of similar ligands that can be synthesized following the ligands 

that have been previously synthesized in the Jenkins group from Figure 1.6 can 

be seen in Schemes 2.10 and 2.11. The location of the triazole off the central 

substituent was changed to the 1, 8 and the 2, 7 positions in an effort to synthesize 

2.35, and 2.37 respectively. The starting dibromide materials for both of these 

ligands was commercially available, therefore, the previously described two-step 

procedure for adding the triazole by Horváth was followed. 

Conclusion 

In conclusion, a variety of syn-confirmation di-triazole ligands have been 

proposed and synthesized for the future utilization in MONT synthesis. Each ligand 

was designed to achieve the overall goal of synthesizing a singular discrete metal-

organic nanotube. For this to be achieved, multiple synthetic routes were taken 

including; the synthesis of ligands that will form large pore MONTs, the synthesis 

of fluorescent ligands, aggregation blocking ligands, ligands that will form strong 

MONTs, and ligands to build an expanded library of isostructural MONTs. The 

completed ligands synthesized in this chapter will be discussed in the MONT 

syntheses in Chapter 3.  
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Scheme 2. 9. Synthesis of potassium 1,1'-(1,4-phenylene)bis(4-((4H-1,2,4-

triazol-4-yl)methyl)-2,6,7-trioxa-1-borabicyclo[2.2.2]octan-1-uide), 2.33. 

 

 

 

 

Scheme 2. 10. Synthesis of 1,8-bis((4H-1,2,4-triazol-4-yl)methyl)naphthalene, 

2.35. 

 

 

 

Scheme 2. 11. Synthesis of 2,7-bis((4H-1,2,4-triazol-4-yl)methyl)naphthalene, 

2.37. 
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Experimental 

I. General Considerations for Synthesis  

Starting material benzyl alcohol was purchased from Fischer Scientific. 

Starting materials 5-aminoisophthalic acid, anthracene, p-xylene, and 5-(tert-

butyl)isophthalic acid were purchased from Sigma Aldrich. Phthalic anhydride and 

3,5-dimethylbenzalhehyde were purchased from Acros, and 1,4-naphthoquinone, 

and 2,4-hexadiene were purchased from Alfa Aesar. All purchased chemicals were 

used with no additional purification.  

Compounds 2.1,96 2.2,87 2.3,97 2.6,87 2.9,88-89 2.10,89 2.22,98 2.26- 2.27,93 

and 2.2899 were synthesized according to previous literature procedures. Future 

experiments will include synthesizing compounds 2.11,90 2.12,91 2.13-2.14,88 2.19 

and 2.23-2.2592, 98, 100 by previous literature procedures.     

Tetrahydrofuran and methylene chloride were dried on an Innovative 

Technologies (Newburyport, MA) Pure Solv MD-7 solvent purification system and 

degassed by three freeze-pump-thaw cycles, on a Schlenk line, to remove O2 prior.  

 

Synthesis of 2,7-dimethylanthracene, 2.1: 

The synthesis of 2.1 was achieved by following the 

literature procedure by Gong and coworkers.96 Additional purification was 

achieved to separate the syn and anti-dimethylanthracene products. The crude 

solid was dissolved in minimal chloroform and layered with acetonitrile to 

crystallize the syn product (2,7-dimethylanthracene). Spectra matches literature. 
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Synthesis of 4,4'-(anthracene-9,10-diylbis(methylene))bis(1-(2-cyanoethyl)-

1H-1,2,4-triazol-4-ium) bromide, 2.7: 

1,4-bis(bromomethyl)naphthalene (0.1014 g, 

2.785*10-4 mol), 2.6, was dissolved in 10 mL of acetonitrile with 3-(1H-1,2,4-triazol-

1-yl)propanenitrile (0.1335 g, 1.0931*10-3 mmol), 5, in a 25 mL round bottom flask 

and refluxed for 3 days.  The reaction mixture was cooled to room temperature.  

Diethyl ether was added to precipitate product, which was then filtered through a 

fine frit, yielding a pale yellow solid (0.1064 g, 85.2 %).   

1H NMR (DMSO-d6, 499.74 MHz): 10.03 (s, 2H), 9.14 (s, 2H), 8.61 (d, 4H), 7.78 

(d, 4H), 6.69 (s, 4H), 4.64 (t, 4H), 3.16 (t, 4H). 13C NMR (DMSO-d6, 125.66 MHz): 

144.73, 143.14, 130.70, 127.87, 125.85, 124.60, 117.58, 47.11, 44.14, 17.30. IR: 

3086, 3025, 2919, 2254, 1942, 1704, 1675, 1604, 1508, 1495, 1459, 1419, 1379, 

1350, 1275, 1178, 1138, 1041, 1003, 957, 921, 882, 727, 694, 660, 647 cm-1.   

 

Synthesis of 9,10-bis((4H-1,2,4-triazol-4-yl)methyl)anthracene, 2.8: 

 A slurry of 2.8 (0.2690 g, 5.9974*10-4 mol) and potassium 

hydroxide (0.1238 g, 2.206*10-3 mol) was refluxed overnight in 55 mL of ethanol.  
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This yielded a yellow solid that was collected on a fine frit and washed with THF 

(0.0159 g, 7.79 %).   

1H NMR (DMSO-d6, 499.74 MHz): 8.60 (d, 4H), 7.70 (s, 4H), 6.38 (d, 4H), 4.34 (d, 

2H). 13C NMR (DMSO-d6, 125.66 MHz): 206.42, 142.75, 130.11, 124.66, 30.69. 

IR: 3289, 2962, 2924, 2854, 2246, 1954, 1723, 1665, 1599, 1555, 1528, 1447, 

1376, 1352, 1318, 1258, 1172, 1159, 1057, 1019, 931, 842, 797, ,767, 723, 694, 

676, 637 cm-1.   

 

Synthesis of 9,10-dioxo-9,10-dihydroanthracene-1,4-dicarboxylic acid, 2.10: 

The synthesis of 2.10 was achieved through a modified 

procedure of Morris and coworkers.89 A slurry of the dimethyl quinone (2.9) (0.8717 

g, 3.689*10-3 mol) in 12 mL of 25 % nitric acid was placed into a 45 mL PTFE lined 

autoclave vessel. This vessel was placed into an oven at room temperature. The 

oven was then heated to 190 °C for 24 hours. After 24 hours, the oven was turned 

off and allowed to cool to room temperature for an additional 24 hours. The 

autoclave was then opened, and the resulting slurry was washed with copious 

amounts of water to produce a bright yellow solid (0.5908 g, 54 %) The spectra 

matches literature values.  
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Translated Synthesis of anthracene-1,4-dicarboxylic acid, 2.11:  

The original synthesis was translated to English from 

German for future use.90 An aqueous ammonia solution (1:1), 5g quinone, and 30g 

zinc dust were mixed together at room temperature. Solution was boiled until the 

red color turned green/yellow. Reaction mixture was filtered over a hot frit. Residue 

was washed with hot ammonia solution. Concentrated HCl was added to the liquid 

resulting in a brown precipitate (crude product). The brown solid was purified by 

recrystallization with acetic acid. 

 

Translated Synthesis of dimethyl anthracene-1,4-dicarboxylate, 2.12: 

The original synthesis was translated to English from 

German for future  use.91 Anthracene-1,4-dicarboxylic acid (2.11) (25g), 25mL of 

methanol, and 50 mL of H2SO4 were mixed together and refluxed for 4 hours. 

Reaction was then cooled, and potassium carbonate was added. Solvent was 

removed. 51% yield.   
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Synthesis of 1-(2,2-dibromovinyl)-3,5-dimethylbenzene, 2.17: 

 Compound 2.17 was synthesized by a modified procedure of 

Stoddart and coworkers92 with the 3,5-dimethylbenzaldehyde starting material. In 

the glovebox, carbon tetrabromide (0.7739 g, 2.3336*10-3 mol) and 

triphenylphosphine (1.1750 g, 4.4798*10-3 mol) were each dissolved in 5 mL of 

methylene chloride and mixed together and stirred for 30 minutes. 3,5-

dimethylbenzaldehyde was added dropwise to the reaction mixture and allowed to 

stir at room temperature for 6 hours. Reaction mixture was filtered with a fine frit 

to afford pure product 2.17. Spectra matches literature.101  

 

Synthesis of ((3,5-dimethylphenyl)ethynyl)trimethylsilane, 2.18: 

 Compound 2.18 was synthesized by a modified procedure of 

Stoddart and coworkers92 with the 1-(2,2-dibromovinyl)-3,5-dimethylbenzene  

(2.17) starting material. Spectra matches literature.102  
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Synthesis of 1-(2-cyanoethyl)-4-(3-hydroxy-2,2-bis(hydroxymethyl)propyl)-

4H-1,2,4-triazol-1-ium bromide, 2.31:  

In a glovebox under nitrogen atmosphere, 2-

(bromomethyl)-2-(hydroxymethyl)propane-1,3-diol (1.0942 g, 5.497 mmol) was 

measured into a round bottom flask and dissolved into 15 mL of acetonitrile. This 

round bottom flask was taken out of the glovebox and attached to a reflux 

condenser with nitrogen flowing. Compound 2.3 (1.3314 g, 10.90 mmol) was 

dissolved in an additional 15 mL of acetonitrile and added to the reaction flask. The 

reaction was refluxed under nitrogen atmosphere overnight to produce a pale-

yellow oil.  

1H NMR (CD3CN, 499.74 MHz): 8.28 (s, 1H), 7.94 (s, 1H), 4.43 (t, 3H), 3.54 (s, 

2H), 3.53 (s, 4H), 3.13 (s, 2H), 2.98 (t, 2H).13C NMR (CD3CN, 125.66 MHz): 

153.46, 145.07, 118.46, 63.26, 45.88, 45.67, 36.74, 19.47. 

 

Synthesis of 4,4'-((5-(tert-butyl)-1,3-phenylene)bis(methylene))bis(1-(2-

cyanoethyl)-4H-1,2,4-triazol-1-ium) bromide, 2.29: 

Compound (2.28) (0.0643 g, 2.009*10-4 mol), was 

dissolved in 6 mL of acetonitrile with 3-(1H-1,2,4-triazol-1-yl)propanenitrile (0.0590 

g, 4.831*10-4 mmol), in a 25 mL round bottom flask and refluxed for 3 days.  The 
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reaction mixture was cooled to room temperature.  Diethyl ether was added to 

precipitate product, which was then filtered through a fine frit, yielding a white solid 

(0.0218 g, 26.8%).   

1H NMR (DMSO-d6, 499.74 MHz): 10.33 (s, 2H), 9.41 (s, 2H), 7.60 (s, 2H), 7.42 

(s, 1H), 5.56 (s, 4H), 4,74 (t, 4H), 1.29 (s, 9H). 13C NMR (DMSO-d6, 125.66 MHz): 

152.81, 144.97, 143.35, 133.92, 126.92, 126.52, 117.68, 50.52, 47.28, 34.76, 

30.96, 17.39. 

 

Synthesis of 4,4'-((5-(tert-butyl)-1,3-phenylene)bis(methylene))bis(4H-1,2,4-

triazole), 2.30: 

 A slurry of 2.29 (0.0301 g, 7.441*10-4 mol) and potassium 

hydroxide (0.0129 g, 2.299*10-4 mol) was stirred at room temperature overnight in 

6 mL of  DI H2O.  This yielded a white solid that was collected on a fine frit.   

1H NMR (DMSO-d6, 499.74 MHz): 8.62 (s, 4H), 7.33 (s, 2H), 7.07 (s, 1H), 5.25 (s, 

4H), 4.43 (t, 4H), 1.23 (s, 9H). 13C NMR (DMSO-d6, 125.66 MHz): 151.16, 142.29, 

136.12, 123.59, 55.01, 46.62, 33.56, 30.02, 17.61. 
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Synthesis of 4,4'-(naphthalene-1,8-diylbis(methylene))bis(1-(2-cyanoethyl)-

4H-1,2,4-triazol-1-ium) bromide, 2.34:  

 Compound 2.3 (0.1162 g, 0.9514 mmol) 

was dissolved in 4 mL of acetonitrile with 1,8-bis(bromomethyl)naphthalene 

(0.1213 g, 0.3863 mmol) and refluxed for 24 hours. Reaction mixture was cooled 

to room temperature. Ether was added to the flask to help precipitate the product 

which was then filtered through a fine frit to produce a white solid product (0.1491 

g, 69.1 %). 

1H NMR (DMSO-d6, 499.74 MHz): 10.36 (s, 2H), 9.47 (s, 2H), 8.07 (s, 2H), 8.05 

(d, 2H), 7.68 (d, 2H), 5.78 (s, 4H), 4.47 (t,  4H), 3.24 (t, 4H). 13C NMR (DMSO-d6, 

125.66 MHz): 145.20, 143.69, 135.44, 131.50, 130.42, 129.15, 128.30, 125.93, 

117.77, 51.56, 47.35, 30.70, 17.35, 1.18 

 

Synthesis of 1,8-bis((4H-1,2,4-triazol-4-yl)methyl)naphthalene, 2.35:  

 A slurry of 2.34 (0.1043 g, 0.1868 mmol) and potassium 

hydroxide (27 mg, 0.4812 mmol) was refluxed overnight in 5 mL of ethanol.  This 

yielded a white solid that was collected on a fine frit. 

1H NMR (DMSO-d6, 499.74 MHz): 8.56 (s, 4H), 7.99 (d, 2H), 7.49 (t, 2H), 6.81 (d, 

2H), 6.00 (s, 4H). 
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Synthesis of 4,4'-(naphthalene-2,7-diylbis(methylene))bis(1-(2-cyanoethyl)-

4H-1,2,4-triazol-1-ium) bromide, 2.36: 

Compound 2.3 (0.7025 g, 5.752 mmol) was 

dissolved in 70 mL of acetonitrile with 2,7-bis(bromomethyl)naphthalene (0.4100 

g, 1.3056 mmol) and refluxed for 48 hours. Reaction mixture was cooled to room 

temperature. Ether was added to the flask to help precipitate the product which 

was then filtered through a fine frit to produce a white solid product (0.7205 g, 98 

%). 

1H NMR (DMSO-d6, 499.74 MHz): 10.36 (s, 2H), 9.47 (s, 2H), 8.07 (s, 4H), 7.66 

(d, 2H), 5.78 (s, 4H), 4.74 (t, 4H), 3.24 (t, 4H) 

 

II. X-ray Structure Determinations 

Crystals of 2.6 were recrystallized in warm toluene overnight.  A yellow 

needle crystal was mounted in the 100 K cold stream provided by an Oxford 

Cryostream low-temperature apparatus on the head of a Bruker D8 diffractometer 

equipped with a PHOTON 2 CMOS detector, at beamline 12.2.1 of the Advanced 

Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA).  Data were 

collected with the use of synchrotron radiation (λ = 0.7288 Å).  

Crystals of 2.34 were recrystallized in warm toluene overnight.  A colorless 

plate crystal was mounted in the 100 K cold stream provided by an Oxford 

Cryostream low-temperature apparatus on the head of a Bruker D8 Venture 

diffractometer equipped with an APEXIII CCD detector, employing the use of Mo 

Kα radiation (λ = 0.71073 Å). 
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All data sets were reduced with Bruker SAINT and were corrected for 

absorption using SADABS.  Structures were solved and refined using SHELXT 

and SHELXL-2015, respectively. 

   

 

 

Figure 2. 5. Single Crystal X-ray structure of 2.6 collected on the ALS by Dr. 

Xian Powers. Black, white, and brown ellipsoids (50% probability) represent 

carbon, hydrogen, and bromine atoms respectively. 

 

 

 

Figure 2. 6. Single Crystal X-ray structure of 2.34. Black, light blue, and brown 

ellipsoids (50% probability) represent carbon, nitrogen, and bromine atoms 

respectively. Hydrogen atoms have been omitted for clarity.  
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III. Selected Spectra and Analytical Data for 2.7-2.36 

The corresponding spectra and analytical data for compounds 2.7, 2.8, 

2.29, 2.30, 2.31, 2.34, 2.35, and 2.36 are presented in this section.  

 

 

 

 

Spectra 2. 1. 1H-NMR of 2.7 in DMSO-d6.  
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Spectra 2. 2. 13C-NMR of 2.7 in DMSO-d6. 
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Spectra 2. 3. ATR-IR of 2.7.  
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Spectra 2. 4. 1H-NMR of 2.8 in DMSO-d6. 
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Spectra 2. 5. 13C-NMR of 2.8 in DMSO-d6. 
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Spectra 2. 6. ATR-IR of 2.8.  
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Spectra 2. 7. 1H-NMR of 2.29 in DMSO-d6. 
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Spectra 2. 8. 13C-NMR of 2.29 in DMSO-d6. 
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Spectra 2. 9. 1H-NMR of 2.30 in DMSO-d6. 
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Spectra 2. 10. 13C-NMR of 2.30 in DMSO-d6. 
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Spectra 2. 11. 1H-NMR of 2.31 in CD3CN.  
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Spectra 2. 12. 13C-NMR of 2.31 in CD3CN.  
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Spectra 2. 13. 1H-NMR of 2.34 in DMSO-d6. 
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Spectra 2. 14. 13C-NMR of 2.34 in DMSO-d6. 
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Spectra 2. 15. 1H-NMR of 2.35 in DMSO-d6. 
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Spectra 2. 16. 1H-NMR of 2.36 in DMSO-d6. 
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CHAPTER 3 

SYNTHESIS OF METAL-ORGANIC NANOTUBES 
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Biphenyl ligand was originally synthesized by Dr. Brianna Solomonson94 and 

reproduced by me. All other ligands, discussed in Chapter 2, and subsequent 

MOFs and MONTs were synthesized by me. Dr. Xian Carroll gave assistance with 

single-crystal X-ray analysis and solved the structure for [Ag(1,4-bis((4H-1,2,4-

triazol-4-yl)methyl)naphthalene)(Br)2].  

 

Abstract 

 

This chapter discusses the synthesis of metal-organic nanotubes through the 2-

Column Pillar approach with ligands that follow the design goals detailed in 

Chapter 2 which include: (1) synthesizing large pores MONTs, (2) fluorescent 

MONTs, (3) MONTs with limited aggregation, and (4) an isostructural set of 

MONTs. Ligands 2.8, 2.30, and 2.35 from Chapter 2, 1,4-bis((4H-1,2,4-triazol-4-

yl)methyl)naphthalene from Chapter 4, and the previously reported ligand, 4,4'-

bis((4H-1,2,4-triazol-4-yl)methyl)-1,1'-biphenyl, were incorporated in these 

solvothermal MONT reactions. While the 2-Column Pillar approach guided the 

synthesis for metal-organic nanotubes, only one new MONT was synthesized and 

characterized by single-crystal X-ray diffraction. The incorporation of an 

anthracene (2.8) and a naphthalene (2.35) moiety resulted in the synthesis of two 

and three-dimensional MOFs, while the bulky ligand 2.30 produced no identified 

product. Successful new MONT and MOF that were used in collaborative studies 

are described in later chapters. 

 

Introduction  

 

As discussed in Chapter 1, aggregated metal-organic nanotubes have 

some similar properties as three-dimensional metal-organic frameworks, 

especially those frameworks with one-dimensional channel-like pores (Figure 1.6). 
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In order for MONTs to emerge as a new material that is distinct from MOFs, it is 

essential for single MONTs to be synthesized. As the nanotubes are dispersed, 

their structures no longer have similarities to 3D MOFs and can be finally be 

studied as independent materials.  

 Metal-organic nanotubes are synthesized by solvothermal methods 

similarly to metal-organic frameworks. Both components, metal salt and organic 

ligand are dissolved in solvents and then mixed together and heated. The simplicity 

of solvothermal syntheses allows for a combinatorial approach to MONT chemistry 

that is similar to MOFs. A series of small-scale MONT reactions can be conducted 

to screen the correct conditions for the formation of crystalline MONTs. The 

frameworks synthesized in this chapter are listed in Table 3.1. 

 

Results and Discussion 

   

The following will discuss solvothermal reactions with selected di-1,2,4-

triazole ligands that follow the four ligand design categories; (1) large pore MONTs, 

(2) fluorescent MONTs, (3) MONTs with limited aggregation, and (4) an 

isostructural set of MONTs. Single crystal X-ray structure of the resulting metal-

organic frameworks will be analyzed. 

 

Synthesis of Large Pore MONTs 

The first ligand design category includes the synthesis of ligands that will 

form large pore MONTs. A MONT that has a larger pore will make it more feasible 

to image a single nanotube. Currently, most MONTs have pore sizes under or just 

above the detection limit (approximately 1 nm) of most transmission electron 

microscopes. 
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Table 3. 1. Ligands utilized for metal-organic framework synthesis discussed 

in this chapter.   

Framework 
# 

Ligand 
Structural 
Dimension 

Design 
Category 

3.1 
 

‘biphenyl’ 

2 
(1) 

Large Pore 
MONTs 

NA 

 
2.30 

NA 

(3) 
Aggregation 

Blocking 
MONTs 

3.2 

 
2.8 

2 or 3 
(2) 

Fluorescent 
MONTs 

3.3 

 
2.35 

2 
(4) 

Isoreticular 
MONTs 

3.4  
1,4-bis((4H-1,2,4-

triazol-4-
yl)methyl)naphthalene 

1 
(4) 

Isoreticular 
MONTs 
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The previously synthesized biphenyl ligand, 4,4'-bis((4H-1,2,4-triazol-4-

yl)methyl)-1,1'-biphenyl (Figure 3.1A), incorporates a biphenyl motif in order to 

extend the size of the pore. This ligand was initially used for understanding the 

“gate” effect within two-dimensional MOFs. The “gate” effect occurs when the 

phenyl rings rotate between two positions; open, and closed (Figure 3.1B). The 

switch from opened position to the closed position is dependent on the guest 

molecules and creates a “breathing” effect within the MOF.94, 103 

The initial reported structures are 2D frameworks formed from the biphenyl 

ligand in Figure 3.1A and metal salts of silver(I) perchlorate and copper(II) 

perchlorate. In efforts to synthesize a one-dimensional framework with this ligand, 

many small-scale reactions were screened. Screening reactions included varying 

the metal salt, metal to ligand ratio, concentration of total reagents, solvent, and 

solvent combination. Group 11 metal salts tested included copper(II) bromide, 

copper(II) chloride, and silver(I) nitrate with varying the metal to ligand (M:L) ratios  

of 1:5, 1:2, 1:1, 2:1, and 5:1. Solvent combinations of water, n-methyl-2-

pyrrolidone, dimethylformamide, diethylformamide, dimethyl sulfoxide, and 

dimethylacetamide were also tested for framework formation.  

The use of a smaller, less bulky anion such as a bromide and nitrate, similar 

to previously reported MONTs was investigated.32 The goal was to provide a 

‘capping’ anion that would bridge the repeating units within the framework and form 

favorable 1D tubes as opposed to the frameworks formed with the perchlorate 

anions (Figure 3.2). The perchlorate anions in the 2D framework in Figure 3.2 

participates in balancing the charge of the framework, thus allowing the tetrahedral 

copper atoms to bind with additional triazole ligands and extending the framework.   

From the screening reactions, the sample that yielded a crystalline solid 

(3.1) is from the reaction of silver(I) nitrate in, n-methyl-2-pyrrolidone at 85 °C as 

seen in Scheme 3.1. The bulk crystals grew rapidly forming microcrystalline 

materials that were too small to be mounted on the single-crystal X-ray 

diffractometer at the University of Tennessee. This sample was sent to the 

Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBML)  
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Figure 3. 1. (A) Extended width ligand, 4,4'-bis((4H-1,2,4-triazol-4-yl)methyl)-

1,1'-biphenyl, previously reported by the Jenkins group. (B) Open and closed 

positions of the “gate” effect. This image is modified from the original 

reference.94 

 

 

 

 
 

Figure 3. 2. Single crystal X-ray structure of previously reported 2D structure, 

[Cu(biphenyl)(ClO4)]•DMF•H2O. Black, light blue, dark blue, red, and green 

spheres represent carbon, nitrogen, copper, oxygen, and chlorine atoms 

respectively. Hydrogen atoms are omitted for clarity. This image is modified 

from the original reference.94 
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Scheme 3. 1. Synthesis of 3.1 with sliver(I) nitrate in NMP and water. The bulk 

solid and image of crystal under microscope.  
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which has the capabilities in analyzing smaller crystalline materials. The structure 

of 3.1 was determined to be a two-dimensional framework with tubular pores 

(Figure 3.3) which is isostructural to the previously reported 2D framework in 

Figure 3.2. Although the framework is not the desired dimensionality, the pores 

measure to be 15.1 Å which are indeed larger than previously synthesized MONTs. 

The fused tube 2D structure of 3.1 shows water molecules within the wide 

tubular pores and nitrate anions on the exterior of the framework. The nitrate 

anions did not bridge the adjacent repeating units of the framework as seen in 

previously synthesized MONTs Figure 3.4A-B.32 Figure 3.4B-C illustrates the 

difference in nitrate position comparing a 1D MONT and 2D MOF of similar 

components. The reaction conditions for the synthesis of the 1D MONT as shown 

in Figure 3.4A nearly identical to structure 3.1; the only difference is the additional 

phenyl ring on the biphenyl ligand. It is hypothesized that the additional phenyl 

rings drive the aggregation of the nanotubes together due to π-π interactions, 

creating more space for the nitrate counterions. The 1D MONT synthesized from 

the para-xylyl ligand (Figure 3.4A) drives a similar aggregation-based reaction,47 

but in this case there is only one aromatic ring in the ligand to form π-π interactions. 

The nanotubes formed in this case are packed closer together. In this case, the 

nitrates are in close enough proximity to bridge the repeating units within the 

framework.   

MONTs with Limited Aggregation 

The second ligand design category is to synthesis ligands that will stop the 

aggregation of metal-organic nanotubes. To achieve this goal, ligand 2.30 was 

synthesized and then used in MONT screening reactions. 

The goal of this ligand was to use the tert-butyl functional group to disrupt 

the π-π interactions of the aromatic rings within the organic ligand of adjacent 

MONTs in order to synthesize a singular MONT. The tert-butyl functional group 

proved highly effective in regard to mitigating the MONT aggregation; however, it 

was so effective that no MOF or MONT product was produced.   
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Figure 3. 3. Single crystal X-ray structure of 3.1. Black, light blue, red, purple, 

and brown spheres represent carbon, nitrogen, oxygen, silver, and bromine 

atoms respectively. Hydrogen atoms are omitted for clarity.  
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Figure 3. 4, (A) Previously reported 1D MONT structure [Ag(para-

xylyl)(NO3)2]•NMP with corresponding organic linker, (B) Side view of 1D 

MONT illustrating the bridging nitrate.32 (C) Side view of newly synthesized 

2D MOF (structure 3.1) with non-bridging nitrate ions. 
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Synthesis of Spectroscopically Active MONTs 

The third ligand design category includes the synthesis of spectroscopically 

active ligands that will form MONTs that can be studied by various fluorescence 

techniques. Ligand 2.8 incorporates an anthracene unit as the central moiety of 

the di-1,2,4-triazole ligand.  

The solvothermal reaction of the anthracene based di-1,2,4-triazole ligand 

2.8 and silver(I) nitrate yielded a mixture of amorphous powder and some 

microcrystalline material. This sample was also sent to the Advanced Light Source 

(ALS) at Lawrence Berkeley National Laboratory (LBML). The crystal that was 

mounted on the instrument was 13.9 μm x 44.3 μm x 28.9 μm, a size crystal that 

could not be mounted on the single-crystal X-ray diffractometer at the University 

of Tennessee.  

The metal-organic framework obtained from the reaction depicted in 

Scheme 3.2 produced the structure shown in Figure 3.5. This framework is not the 

desired one-dimensional metal-organic nanotube. This suggests that synthesizing 

a ligand with bulky substituents that would occupy the potential pore of the MONT, 

such as the aromatic rings of 2.8, can cause the ligand to distort and not remain in 

the syn conformation. The anti conformation allows for 2D or 3D structures to be 

formed depending on the coordination around the metal center. Thorough analysis 

of this structure shows extra electron density around the silver atoms; therefore, a 

complete description of dimensionality could not be made. This framework, 

however, is not a one-dimensional MONT because the geometry of the ligands 

around the metal center show multiple directions where the framework can repeat. 

Due to the limited access to the beamlines at the ALS source at LBNL and the 

limited crystal growth of the sample, additional characterization could not be 

conducted therefore a better data set was not collected. Solutions such as a 

SQUEEZE parameter was attempted to remove solvent from the pores, but this 

was unsuccessful and the disordered molecules within the framework remained. 

These molecules could be disordered nitrate ions or NMP solvent.  
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Scheme 3. 2. Synthesis of 3.2 with sliver(I) nitrate in NMP and water. 

 

 

 

 

 

Figure 3. 5. Single crystal X-ray structure depicting framework of structure 

3.2. Black, light blue, and purple spheres represent carbon, nitrogen, and 

silver atoms respectively. 
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Synthesis of Isoreticular MONTs 

The last ligand design category describes the need for creating a large 

library of isostructural MONTs. With a set of MONT structures that are comparable, 

the characteristics can be analyzed as a whole, which will allow for a broader 

analysis that can help develop MONTs.  

The isostructural series of MONTs previously synthesized in the Jenkins 

group (Figure 1.5) acted as a starting point to expand the catalog of metal-organic 

nanotubes. First, the triazole connectivity to the naphthalene ligand (Figure 1.5, 

Ligand 3) was changed to create a series of naphthalene based MONTs including 

2.35 and 1,4-bis((4H-1,2,4-triazol-4-yl)methyl)naphthalene. Both of these ligands 

were reacted with silver(I) nitrate in NMP and water (Scheme 3.3).  These 

reactions yielded vastly different single crystal X-ray structures.  

Ligand 2.35 produced a two-dimensional framework as seen in Figure 3.6 

with the topology similar to structure 3.1. The framework contains narrow channel-

like pores with the naphthalene moiety extending outside the framework. Adjacent 

two-dimensional sheets interlock the naphthalene moieties in a “zipper-like” 

fashion (Figure 3.7). This framework includes disordered nitrates within the narrow 

pores of the MOF.  Additional analysis of the crystal data set proved unsuccessful 

towards a complete solution of the structure; however, the disorder in this structure 

does not change the dimensionality of the framework. This 2D framework shows 

the syn conformation ligand needs enough flexibility and distance between the 

‘hinges’ to create a pore for a 1D nanotube structure. Ligand 2.35 creates a drastic 

angle at the ‘hinge’ which in addition to the π-π stacking of the aromatic ring drives 

the MONT reaction towards the 2D structure. 
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Scheme 3. 3. Synthesis of (A) structure 3.3 and (B) structure 3.4 with silver(I) 

nitrate in NMP and water.  
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Figure 3. 6. Single crystal X-ray structure of 3.3. Black, light blue, red, and 

purple spheres represent carbon, nitrogen, oxygen, silver, and bromine 

atoms respectively. Hydrogen atoms are omitted for clarity. 
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Figure 3. 7. Side view of structure 3.3 illustrating the “zipper” nature of the 

naphthalene moieties in the organic ligand. Black, light blue, and purple 

spheres represent carbon, nitrogen, silver, and bromine atoms respectively.  
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 The last ligand used to synthesize a metal-organic nanotube is 1,4-bis((4H-

1,2,4-triazol-4-yl)methyl)naphthalene. The synthesis of this ligand is detailed in 

Chapter 4. As seen in Scheme 3.3B, the second naphthalene ligand variation was 

reacted with silver nitrate in NMP and water and heated at 85 °C for three months, 

to produce structure 3.4. Figure 3.8 illustrates a 1D MONT with the naphthalene 

ligand; however, the counter anion to the single crystal X-ray structure was solved 

to be a bridging bromide anion rather than the expected bridging nitrate anion. 

While Scheme 3.3B contains no bromine atoms, it was determined that the ligand 

contained a trace amount of potassium bromide impurities from the synthesis. 

Scheme 3.4 depicts the deprotection of the triazole moiety with potassium 

hydroxide. This reaction produces potassium bromide that is NMR and IR silent. 

Elemental analysis showed a discrepancy between the expected and actual 

percent abundance of carbon, hydrogen, and nitrogen which led to the 

determination that potassium bromide was present in the sample. It is believed that 

the bromides participated in an anion exchange reaction to replace the nitrates in 

the structure. Further solution state experiments would need to be conducted to 

verify this hypothesis. This anion exchange caused problems with the 

reproducibility of this structure.  

Similar to structure 3.3, this 1D MONT (3.4) creates a series of “zipper-style” 

π-π interactions from vertically adjacent MONTs. The naphthalene moieties 

extend outside the pore to create these interactions. This effect was not seen with 

the anthracene ligand featured in structure 3.2. Removing the bulk of the third 

aromatic ring (ligand 2.8) from the ligand successfully produced a 1D MONT. The 

width (i.e. pore size) of the MONT was measured to be 10.2 Å which is slightly 

larger than the previously synthesized MONTs in the Jenkins group.  
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Figure 3. 8. Structure 3.4 front view. Black, light blue, purple, and brown 

ellipsoids (50% probability) represent carbon, nitrogen, silver, and bromine 

atoms respectively.  

 
 
 

 

 

Scheme 3. 4. Deprotection synthesis of 1,4-bis((4H-1,2,4-triazol-4-

yl)methyl)naphthalene ligand.  
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Similar to structure 3.3, this 1D MONT (3.4) creates a series of “zipper-style” 

π-π interactions from vertically adjacent MONTs. (Figure 3.9) The naphthalene 

moieties extend outside the pore to create these interactions. This effect was not 

seen with the anthracene ligand featured in structure 3.2. Removing the bulk of the 

third aromatic ring (ligand 2.8) from the ligand successfully produced a 1D MONT. 

The width (i.e. pore size) of the MONT was measured to be 10.2 Å which is slightly 

larger than the previously synthesized MONTs in the Jenkins group.  

 

Conclusion 

 

In conclusion, the synthesis of metal-organic nanotubes with the proposed 

ligands from Chapter 2 was discussed. While methods of synthesizing MONTs 

have been established, this chapter shows there is still a chance of creating two 

or three-dimensional frameworks even via the 2-Column Pillar approach. The 

organic ligand in MONT reactions plays a large role in the dimensionality of the 

framework. 2D frameworks were formed from MONT reactions with the biphenyl 

ditriazole ligand and the naphthalene ligand 2.35. A 2D or 3D framework was 

formed from the anthracene ditriazole ligand, 2.8. The tert-butyl functionalized 

ditriazole ligand (2.30) produced no MONT structures. The only successful 

synthesis of a MONT was with the 1,4-bis((4H-1,2,4-triazol-4-

yl)methyl)naphthalene ligand, yet this reaction was due to a bromide impurity and 

is not reproducible. While not all structures synthesized in this chapter produced 

the desired one-dimensional MONTs, insight towards new ligands for MONT 

synthesis was gathered. Organic ligands should be synthesized so that they 

remain in the syn confirmation in order to prevent 2D or 3D framework formation, 

and the ligands should be sterically encumbered enough to force the counter 

anions into bridging the repeating units of the MONT for 1D framework formation. 
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Figure 3. 9. Side view of structure 3.4, illustrating the “zipper” effect of the 

naphthalene moiety. Black, light blue, purple, and brown ellipsoids (50% 

probability) represent carbon, nitrogen, silver, and bromine atoms 

respectively. 
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Experimental 

 

I. Synthesis of Metal-Organic Frameworks 

Synthesis of Structure 3.1:  

Silver(I) nitrate (6.0 mg, 0.03532 mmol) was dissolved in 1 mL DI water and heated 

at 85 °C for 10 minutes. The biphenyl ligand (4,4'-bis((4H-1,2,4-triazol-4-

yl)methyl)-1,1'-biphenyl) (5.7 mg, 0.01802 mmol), was dissolved in 2 mL NMP and 

heated at 85 °C until dissolved.  The hot solutions were combined in a 4 mL 

scintillation vial and heated at 85 °C for 24 hours to afford an off-white precipitate. 

 

Synthesis of Structure 3.2: 

Silver(I) nitrate (5.0 mg, 0.02943 mmol) was dissolved in 1 mL DI water and heated 

at 85 °C for 10 minutes. The anthracene ligand (2.8) (5.6 mg, 0.01645 mmol), was 

dissolved in 2 mL NMP in a 4 mL scintillation vial and heated at 85 °C until 

dissolved. Both metal and ligand solutions were allowed to slowly cool to room 

temperature. Cyclohexanol (0.5 mL) was carefully pipetted on top of the ligand 

solution and placed into a small beaker of dry ice until the cyclohexanol layer froze. 

The cooled metal solution was then carefully pipetted on top of the cyclohexanol 

layer. The scintillation vial with all three layers was allowed to warm to room 

temperature and was placed on a heating block at 85 °C for 24 hours. Yellow 

microcrystalline and amorphous material was formed from this reaction. Solid 

product was too fine to collect and isolate from the water NMP solution, thus bulk 

solid-state analysis was not conducted.  

 

Synthesis of Structure 3.3: 

Silver(I) nitrate (7.6 mg, 0.0465 mmol) was dissolved in 1 mL DI water and heated 

at 85 °C for 10 minutes. The naphthalene-based ligand (2.35) (4.9 mg, 0.01687 
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mmol), was dissolved in 2 mL NMP and heated at 85 °C until dissolved. The hot 

solutions were combined in a 4 mL scintillation vial, immediately forming a cloudy 

white precipitate. The scintillation vial was allowed to heat for 24 hours to produce 

a few single crystals. Bulk solid was not recovered from this reaction.  

 

Synthesis of Structure 3.4: 

Silver(I) nitrate (4.8 mg, 0.02826 mmol) was dissolved in 4 mL DI water and heated 

at 85 °C for 10 minutes. The naphthalene-based ligand, 1,4-bis((4H-1,2,4-triazol-

4-yl)methyl)naphthalene (5.32 mg, 0.01832 mmol), was dissolved in 2 mL NMP 

and heated at 85 °C until dissolved.  A 1 mL aliquot of the metal solution was added 

to the ligand solution in a 4 mL scintillation vial and heated at 85 °C for 

approximately 3 months. This reaction produced few single crystals on the edge 

of the vial. No bulk solid was recovered from this reaction.  

 

II. X-ray Structure Determinations 

Structure 3.1 crystals were grown directly from the reaction vial.  A 

colorless plate was mounted in the 100 K cold stream provided by an Oxford 

Cryostream low-temperature apparatus on the head of a Bruker D8 diffractometer 

equipped with a PHOTON 2 CMOS detector, at beamline 12.2.1 of the Advanced 

Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA).  Data were 

collected with the use of synchrotron radiation (λ = 0.7288 Å).  

Structure 3.2 crystals were grown directly from the reaction vial.  A colorless 

plate was mounted in the 100 K cold stream provided by an Oxford Cryostream 

low-temperature apparatus on the head of a Bruker D8 diffractometer equipped 

with a PHOTON 2 CMOS detector, at beamline 12.2.1 of the Advanced Light 

Source (Lawrence Berkeley National Laboratory, Berkeley, CA).  Data were 

collected with the use of synchrotron radiation (λ = 0.7288 Å).  

Structure 3.3 crystals were grown directly from the reaction vial. A clear 

colorless plate crystal with dimensions of 212.3 μm x 98.5 μm x 43.6 μm was 
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mounted in the 100 K cold stream provided by an Oxford Cryostream low-

temperature apparatus on the head of a Bruker D8 Venture diffractometer 

equipped with an APEXIII CCD detector, employing the use of Mo Kα radiation (λ 

= 0.71073 Å). 

Structure 3.4 crystals were grown directly from the reaction vial. A colorless 

needle was mounted in the 100 K cold stream provided by an Oxford Cryostream 

low-temperature apparatus on the head of a Bruker SMART APEXII diffractometer 

equipped with an ApexII CCD detector, employing the use of Mo Kα radiation (λ = 

0.71073 Å). 

All data sets were reduced with Bruker SAINT and were corrected for 

absorption using SADABS.  Structures were solved and refined using SHELXT 

and SHELXL-2015, respectively. 
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III. Selected Analytical Data for 3.1 

 

 

 

Spectra 3. 1. ATR-IR of Structure 3.1. 

 

 
 

Spectra 3. 2. Experimental PXRD of Structure 3.1. 
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CHAPTER 4 

ELUCIDATING THE GROWTH OF METAL-ORGANIC 

NANOTUBES COMBINING ISORETICULAR SYNTHESIS WITH 

LIQUID-CELL TRANSMISSION ELECTRON MICROSCOPY 
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A version of this chapter was originally published by Kristina M. Vailonis, 

Karthikeyan Gnanasekaran, Xian B. Powers, Nathan C. Gianneschi, and David M. 

Jenkins as:   

 

Vailonis, K. M.; Gnanasekaran, K.; Powers, X. B.; Gianneschi, N. C.; Jenkins, D. 

M., Elucidating the Growth of Metal–Organic Nanotubes Combining Isoreticular 

Synthesis with Liquid-Cell Transmission Electron Microscopy. Journal of the 

American Chemical Society 2019, 141 (26), 10177-10182.70 

 

The work presented in this chapter was part of a collaborative project in which Dr. 

Karthikeyan Gnanasekaran and I shared credit for first authorship. I completed the 

design and synthesis of the ligand and metal-organic nanotube. Dr. Xian Powers 

collected single crystal X-ray diffraction structure of the MONT at the ALS source. 

Dr. Karthikeyan Gnanasekaran collected all microscopy data.  

 

This work includes LCTEM videos collected by Karthikeyan Gnanasekaran and 

can be viewed online at the ACS Publications website 

(https://pubs.acs.org/doi/10.1021/jacs.9b04586).  

 

Abstract 

 

 Metal–organic nanotubes (MONTs) are tunable porous 1D materials that 

are envisioned to be complementary to carbon nanotubes for anisotropic 

applications. To date, characterization of MONTs relies on single crystal X-ray 

diffraction (SCXRD) to determine structure and composition. This requires crystals 

on the micrometer regime, effectively rendering bulk 3D materials. By tracking the 

growth of a MONT as a function of time with liquid-cell transmission electron 

microscopy (LCTEM), TEM, and SCXRD, it was possible to ascertain that the 

material in the bulk phase matches the nanomaterial in terms of molecular 

https://pubs.acs.org/doi/10.1021/jacs.9b04586
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structure. This result allowed for the first measurements of finite bundles of MONTs 

on the nanometer scale. By employing in situ LCTEM, a time course of the 

formation of small bundles of MONTs could be acquired which provided 

mechanistic information on MONT formation which is of utility in reaction 

optimization and applications development. 

 

Introduction 

 

Dimensionality dictates properties for all materials, and metal−organic 

frameworks (MOFs) are no exception.104-107 The vast majority of MOFs are 3D or 

2D interconnected solids that take advantage of their rigid spaces, for applications 

such gas storage, liquid phase separations, or heterogeneous catalysis.4, 108-110 

Conversely, 1D MOFs, known as metal−organic nanotubes (MONTs), are still 

relatively unexplored.13, 32, 111 With a high aspect ratio reminiscent of carbon 

nanotubes, MONTs could conceivably be designed for distinct applications, such 

as nanowires or nanostraws.107,112-113 However, like MOFs, the principles of 

isoreticular design can be applied for MONTs in a manner that is simply impossible 

for other 1D materials, such as carbon or boron-nitride nanotubes.32, 107, 112 In 

particular, the ability to synthesize a tube with variable height and width and a 

controlled, singular diameter is in stark contrast to syntheses of free carbon 

nanotubes, where a mixture of widths is typically formed.114  

The key to unlocking the unique applications and properties of MONTs is 

the ability to form discrete tubes or small finite bundles of them (Figure 4.1). To 

approach small bundles, or individual MONTs (Figure 4.1A, B), it is necessary to 

understand their nucleation and growth, as they are built as each chemical bond 

is formed. Hitherto, almost all studies of MONTs focus on aggregate macroscale 

collections of tubes that are sufficiently large enough for single crystal X-ray 

diffraction (SCXRD) analysis, which is necessary to determine their structure 

(Figure 4.1D).47 At this stage, the MONTs will have similar properties to classical  
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Figure 4. 1. (A) A single MONT with a two-columned pillared design. The 

height and width of the tubes are controlled separately (MONT shown from 

Reference 10). (B) Depiction of a small bundle of tubes that can be observed 

by LCTEM and TEM. (C) Schematic of LCTEM chip employed for MONT 

reactions. (D) As bundles of MONTs aggregate, they become large enough 

to crystallize, but approach bulk 3D materials. (E) Crystal of bulk MONT 

described herein ([(L1)Cu2Br2]).  
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3D MOFs as they are effectively bulk 3D materials. To succeed in evaluating 

individual tubes or quantifiable bundles, one must employ a combined synthetic 

and measurement strategy that evaluates both the bulk and the colloidal MONT.  

Herein, we describe a new copper MONT studied by a combination of 

isoreticular synthesis with liquid-cell TEM (LCTEM) (Figure 4.1C) and classical dry 

state TEM to investigate the growth and morphology of these 1D materials on the 

colloidal scale. Two-column pillared MONTs allow for excellent isoreticular 

synthesis and control of MONT growth based on ligand design (Figure 4.1A).13, 32, 

59-62, 64-69, 71-74, 76-77, 82-83 By comparing measurements of the bulk MONT, including 

SCXRD with the colloidal MONT during its growth phase, we can ensure that the 

same material is being formed on the nanoscale in the confined solution cell by 

TEM. Liquid-cell TEM is a nascent technique with the potential to observe 

reactions that yield nanoscale structures.50-51, 115-116 It has been successfully 

deployed in the study of the synthesis of covalent organic frameworks, and of 

metal−organic frameworks.45, 52 We utilized a silicon nitride (SiNx) membrane-

based liquid-cell into which organic ligands and metal salts were injected and by 

heating the cell, MONTs were generated. 

 

Results and Discussion 

 

We have developed a strategy for isoreticular synthesis of MONTs with 

monovalent group 11 metals.32 These two column pillared MONTs are formed by 

attaching di-1,2,4- triazoles in a syn conformation.32 Here we describe a new 

ligand, 1,4-bis((4H-1,2,4-triazol-4-yl)methyl)naphthalene, L1, that was 

synthesized in five steps (see Experimental). The final two steps are newly 

reported (Figure 4.2A). 1,4-Bis(bromomethyl)- naphthalene was reacted with 3-

(1H-1,2,4-triazol-1-yl)- propanenitrile in refluxing acetonitrile to yield a white 

powder, compound 2, in 97% yield.97 This compound was deprotected with 

potassium hydroxide in refluxing ethanol to yield L1 in 78% yield. Reaction of L1 
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with copper(II) bromide dihydrate in a mixture of DEF and water yielded an off-

white precipitate, [(L1)Cu2Br2], in 5 days (see Experimental).  

The solid state structure determined by SCXRD showed the formation of a 

MONT that is isostructural to our previous reported examples, with one key 

difference (Figure 4.2B,C).32 For [(L1)Cu2Br2], the naphthyl rings have been 

rotated 90° and are interlocked between the tubes giving the appearance of a 

zipper from the π−π stacking (Figure 4.2C).117-119 This increases the spacing 

between the tubes relative to previous MONTs.32 This interlocking decreases the 

height of the pore to 0.8 nm (Figure 4.2B) while keeping the width the same as the 

phenyl variant at 1.0 nm. Single crystal X-ray diffraction gives us the exact position 

of the atoms in the MONT, and the interatomic distances between the heavy atoms 

(Cu and Br) can be verified by selected area electron diffraction (SAED) lattice 

spacing measurements which is critical for matching the bulk material to the small 

bundles of MONTs.  

Next, the change in morphology of the MONT during the reaction was 

examined by TEM at various time points (Figure 4.3). Fibrillar-shaped structures 

formed at 5 min after mixing the reactants (Figure 4.3A). TEM images show that 

these initial structures grow over time to form larger anisotropic structures (Figure 

4.3B, C, D). Sharp edges and corners indicating faceting of the anisotropic 

structures over time (Figure 4.3C). SAED at these corresponding time points 

reveals characteristic MONT diffraction. The lattice spacing of ∼13 and ∼10 Å 

represents the vertical distance between subsequent tubes and pore width, 

respectively (see Figure 4.2). Lattice spacing of MONT crystals were also 

measured from high resolution (HR) TEM images, which supports the formation of 

MONT immediately after the reactants mix (Figure 4.3). It is likely that at the 

beginning of the reaction, only the surface of the structure is crystallized with 

significant amount of metastable amorphous phase.120-121  
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Figure 4. 2. (A) Synthesis of [(L1)Cu2Br2]. (B and C) Solid state structure of 

[(L1)Cu2Br2] drawn at the 50% probability level. Hydrogen atoms are omitted. 

Dark blue, light blue, brown, and black ellipsoids represent copper, nitrogen, 

bromine, and carbon atoms, respectively. (B) View down the tubes showing 

the pores. (C) Side-on view of two adjacent tubes, showing the “zipper” 

formed by π−π stacking. Key interatomic Cu···Cu and Br··· Br distances are 

shown. 

 

 



 

98 
 

 

 

Figure 4. 3. TEM images of aliquots taken during the reaction illustrate the 

morphological transformation and lattice spacings of [(L1)Cu2Br2] over time: 

(A) 5 min, (B) 30 min, (C) 2 h, and (D) 24 h. 
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To capture the time course of MONT formation, growth was then examined 

by performing the reaction in situ, by LCTEM. Success here would lead to our 

ability to monitor the formation of individual MONTs or small bundles and therefore 

gather information related to the growth mechanism. The first step was to confirm 

imaging could be performed without damaging the MONT nucleation and growth 

by radiolysis and/or other beam induced effects.122-124 To maximize the achievable 

contrast at limited electron flux, we used a beam current of 0.63 nA and an electron 

flux of ∼0.05 e−Å−2 per second. These electron flux thresholds were determined 

by trial and error, confirming the safe imaging condition to be the same conditions. 

The very initial nucleation events were difficult to capture, with observables limited 

by the achievable contrast and resolution in solution at a low electron dose. 

However, nanocrystal growth could be observed as the reaction continued (Figure 

4.4A, B, Movies 4.2, 4.3, 4.4, https://pubs.acs.org/doi/10.1021/jacs.9b04586), 

which led to the formation of large bundled fibril-like structures with sharp edges 

reminiscent of the structures observed in the bulk experiment (Figure 4.3B, C).  

LCTEM chips could be pried open for analysis following the in situ 

experiments and analyzed by diffraction and energy dispersive X-ray spectroscopy 

(EDS) (Figure 4.4C−F). MONT crystals were observed over the entire SiNx 

membrane of the LCTEM chips, not only in the observed region impacted by the 

electron beam, which is further evidence for the formation of [(L1)Cu2Br2] within 

the confinement of the liquid-cell (Figures 4.4C, D and 4.26). A significant size 

distribution was also observed in the MONT bundles formed within the liquid-cell. 

There are no apparent differences in sizes of MONT bundles formed at 

room and elevated temperatures (See Experimental Section, Figure 4.11). The 

smallest MONT crystal has a length and diameter of 300 nm × 70 nm, with the 

largest MONT crystal approximately 4 μm × 600 nm (See Experimental Section, 

Figure 4.11). The size of these MONT bundles corresponds to 10 to 100 individual 

tubes. SAED for one crystallite gave a diffraction spot showing lattice spacing of 

13.55 and 3.62 Å (Figure 4.4E). These values are the same (within error) for the 

vertical distance between the MONTs (vertical Cu···Cu interatomic distance), and  

https://pubs.acs.org/doi/10.1021/jacs.9b04586
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Figure 4. 4. (A and B) Snapshots of growth of MONT acquired by LCTEM. (C 

and D) Fully grown MONT in LCTEM environment acquired during post-

mortem analysis. (E) SAED of MONT grown in LCTEM. (F) EDS spectrum of 

MONT grown in LCTEM. (G) Size of MONT plotted as a function of time. 
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the distance between each unit of the MONT longitudinally (horizontal Cu···Cu 

interatomic distance) (Figure 4.2). Crucially, EDS mapping from the same 

crystallite shows copper and bromine in proportion to the elemental composition 

from the bulk [(L1)Cu2Br2] (Figure 4.4F and See Experimental Section for Figure 

4.12) demonstrating, that the same material is formed on the nanoscale as in the 

bulk material.  

The average rate of growth of MONTs is over three times slower at room 

temperature (0.64 nm/sec) than at 85 °C (2.06 nm/s) (Figure 4.4G). We also 

examined the growth mechanism of MONTs, as defined by the 

Lifshitz−Slyozov−Wagner (LSW) model.125-127 The growth evolution over time was 

fitted to the power law model as projected area or size, S α t n , where n ≥ ½  

represents the reaction-limited growth where surface specific attachment of 

monomers is the rate limiting step and n < ½  represents the diffusion-limited 

growth where transport of the reactants is the rate limiting step. The time 

dependent growth profile of [(L1)Cu2Br2] measured from its projected area reveals 

a growth factor following reaction-limited growth, where the power law fit yields a 

growth exponent t ½ for 23 and 85 °C (Figure 4.28).125, 128 This result suggests that 

irrespective of the thermal energy provided to the system, MONT growth is driven 

by thermodynamics rather than kinetic effects. In addition, precursor ions or 

amorphous clusters do not react instantly, but instead seek the lowest energy face 

of the growing crystal, and induce anisotropic growth.47, 116 Therefore, size 

distributions are not affected by the overall availability of the reactant monomers, 

but by localized effects within the confined LCTEM environment such as rate of 

nucleation, number of nucleation sites, depletion of precursor ions/amorphous 

clusters, surface nucleation on the SiNx membrane that controls the surface 

specific monomer−monomer attachment locally and hence the sizes of MONT 

bundles.52, 129-131 
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Conclusion 

 

In conclusion, we have observed finite bundles of MONTs on the nanoscale, 

a critical step toward developing applications for these anisotropic materials that 

require isolation of these 1D structures. The growth of [(L1)Cu2Br2] was tracked 

in real time by LCTEM without electron beam damage or influence to the structures 

formed. The same MONT material captured over a time course measured in 

seconds by LCTEM could be examined by conventional single crystal X-ray 

diffraction, with many days required to grow a sufficiently large crystal. Two 

microscopy techniques were critical to matching the nanomaterial to the bulk 

MONT. First, the SAED measurements gave diffraction spots that were consistent 

with the measured distances between heavy atoms (Cu or Br) that was found in 

the single crystal X-ray analysis of the MONT. Second, the EDS measurements 

from TEM imagining confirmed the same elemental composition found in the bulk 

material. Our analysis shows anisotropic MONT growth is a thermodynamically 

driven surface-specific monomer−monomer attachment process. Future studies 

will focus on methods to inhibit or modulate the growth of MONTs to limit them to 

smaller bundles or even to individual tubes. We anticipate that reaction 

development of this kind, conducted in tandem with liquid phase TEM experiments, 

will accelerate the discovery of new MONT materials with new properties.45, 52 

 

Experimental 

 

I. General Considerations for Synthesis  

Compound 5 was synthesized through a previously published procedure.97 

Compounds 1, 3, and 4 were synthesized following modified procedures.132-134 The 

synthesis of compounds 1-L1 and MONT [(L1)Cu2Br2] are discussed in this 

section.  



 

103 
 

Naphthalene-1,4-dicarboxylic acid was purchased from Alfa Aesar and 

used with no further purification. Tetrahydrofuran and methylene chloride were 

dried on an Innovative Technologies (Newburyport, MA) Pure Solv MD-7 solvent 

purification system and degassed by three freeze-pump-thaw cycles, on a Schlenk 

line, to remove O2 prior to use. All other reagents were purchased from commercial 

vendors and used with no initial purification. 1H and 13C NMR spectra were 

collected at ambient temperature on either a Varian Mercury 300 MHz, a Varian 

VNMRS 500 MHz, or a Varian VNMRS 600 MHz narrow-bore broadband system. 

1H and 13C NMR chemical shifts were referenced to the residual solvent. All mass 

spectrometry analyses were conducted at the Mass Spectrometry Center located 

in the Department of Chemistry at the University of Tennessee. High resolution 

DART-MS were collected using a JEOL AccuTOF-D time-of-flight (TOF) Mass 

Spectrometer with a DART (Direct Analysis in Real Time) ionization source from 

JEOL USA, Inc., Peabody, MA. High resolution ESI-MS were analyzed using an 

electrospray ionization source set to positive mode with mass analysis performed 

using an Exactive Plus OrbitrapTM Mass Spectrometer (Thermo Scientific, San 

Jose, CA, USA). Attenuated Total Reflectance (ATR) Infrared Spectroscopy data 

were collected on a Thermo Scientific Nicolet iS10 with a Smart iTR accessory. 

Thermogravimetric analysis was collected on freshly prepared samples on a TA 

Instruments TGA Q50 under N2. Elemental analysis of carbon, hydrogen, nitrogen 

for [(L1)Cu2Br2] was obtained from Atlantic Microlab, Inc., Norcross, GA. 
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Scheme 4. 1. Synthetic Scheme for L1.  

 

Synthesis of dimethyl naphthalene-1,4-dicarboxylate, 3: 

Compound 3 was synthesized by modifying the literature 

procedure.133  1,4-naphthalene dicarboxylic acid (4.999 g, 23.12 mmol) was added 

to a flask with 50 mL of methanol and stirred until completely dissolved.  

Concentrated sulfuric acid (2.5 mL) was then added to the reaction flask and the 

solution was refluxed overnight. The solution was cooled to room temperature, 

diluted with 50 mL of ethyl acetate, and washed with 10% sodium hydroxide.  The 

organic layer was dried with magnesium sulfate then removed through rotary 

evaporation, and dried under high vacuum.  This yielded a white solid (81.6%, 4.61 

g). The spectra match literature values.135  



 

105 
 

DART HR MS (m/z): [M+H]+: 245.08116 (found); C14H13O4: 245.08138 

(calculated).   

 

Synthesis of naphthalene-1,4-diyldimethanol, 4: 

Compound 4 was synthesized by slightly modifying literature 

procedure with the dimethyl naphthalene-1,4-dicarboxylate analogue, 3.134  

Compound 3 (1.0016 g, 4.1012 mmol) was weighed into a heated and dried flask 

and brought into a glovebox with a nitrogen atmosphere.  The dicarboxylate was 

dissolved into 40 mL of dry tetrahydrofuran and sealed with a septum secured with 

copper wire.  Lithium aluminum hydride (LAH) (1.7216 g, 45.365 mmol) was placed 

into a separate flask with 70 mL of dry tetrahydrofuran and sealed with a septum 

secured with a copper wire.  Both flasks were carefully taken out of the glovebox 

and placed under nitrogen atmosphere via a Schlenk line.  The flask containing 

the LAH was placed into an ice water bath at 0 °C.  The solution of 3 was 

transferred dropwise into the LAH solution via syringe resulting in a green 

suspension.  Once the transfer was complete, the reaction mixture was allowed to 

slowly warm up to room temperature and stir overnight.  The reaction was cooled 

to 0 °C and then quenched by addition of approximately 7 mL 10% sodium 

hydroxide (w/v) followed by 7 mL water dropwise, over 40 minutes.  The reaction 

mixture was diluted with 40 mL ethyl acetate, resulting in a yellow suspension.  

Quenching the reaction produced alumina which was removed by adding copious 

amounts of Celite to the flask and stirring for approximately 30 minutes.  Additional 

ethyl acetate was added to facilitate stirring.  The solid alumina/Celite mixture was 

filtered, and the filtrate was collected for isolation of the product.  The organic layer 
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was dried over magnesium sulfate. A pale yellow solid was obtained after solvent 

was removed under vacuum.  The crude product was recrystallized by layering 

hexanes over an ethyl acetate solution.  This yielded a white solid which was dried 

under high vacuum (96.7%, 0.746 g).  Additional characterization that has not been 

previously reported has been provided.136   

1H NMR (CDCl3, 599.74 MHz): 8.17 (m, 2H), 7.59 (m, 2H), 7.51 (s, 2H), 5.16 (s, 

4H), 1.69 (broad, 2H).  13C NMR (DMSO-d6, 149.94 MHz): 136.97, 130.81, 125.50, 

124.21, 123.72, 61.25. IR: 3293, 2922, 1597, 1513, 1466, 1439, 1392, 1341, 1260, 

1224, 1162, 1086, 1062, 1006, 985, 935, 848, 795, 775, 746, 700 cm-1. DART HR 

MS (m/z): [M+Na]+: 211.0726 (found); C12H12O2Na: 211.0730 (calculated). 

 

Synthesis of 1,4-bis(bromomethyl)naphthalene, 1: 

Compound 1 was synthesized by slight modification of a literature 

procedure with the naphthalene-1,4-diyldimethanol analogue, 4.132  Diol starting 

material, 4, (2.237 g, 11.88 mmol) was suspended in 50 mL of dry methylene 

chloride in a dried and heated flask sealed with a septum secured with copper wire 

while under inert nitrogen atmosphere of a glovebox.  Potassium tribromide (9.65 

g, 35.7 mmol) was measured into a separate dried and heated flask and sealed 

with a septum secured with copper wire.  Both flasks were carefully taken out of 

the glovebox and placed under nitrogen atmosphere via a Schlenk line.  The flask 

containing the diol was placing into an ice water bath at 0 °C. The potassium 

tribromide was transferred via syringe dropwise into the diol solution at 0 °C.  Once 

the transfer was complete, the reaction flask was allowed to slowly warm up to 

room temperature and stir for 4 hours.  The resulting solution was then slowly 

poured into ice water (100 mL).  Product was extracted with methylene chloride, 
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dried with magnesium sulfate, and solvent was removed through rotary 

evaporation and a high vacuum, yielding a white solid (82.4%, 3.07 g).   

1H NMR (CDCl3, 599.74 MHz): 8.21 (m, 2H), 7.67 (m, 2H), 7.48 (s, 2H), 4.93 (s, 

4H).  13C NMR (CDCl3, 125.66 MHz): 135.06, 131.73, 127.39, 127.02, 124.74, 

31.37.  IR: 2923, 1724, 1517, 1444, 1391, 1277, 1252, 1201, 1165, 1114, 1073, 

1047, 1006, 951, 891, 846, 795, 769, 751, 697, 650 cm-1. DART HR MS (m/z): 

[M+H]+: 314.92452 (found); C12H11Br2: 314.92074 (calculated). 

 

Synthesis of 4,4'-(naphthalene-1,4-diylbis(methylene))bis(1-(2-cyanoethyl)-

4H1,2,4-triazol-1-ium) bromide, 2: 

1,4-bis(bromomethyl)naphthalene (0.0792 g, 0.252 

mmol), 1, was dissolved in 10 mL of acetonitrile with 3-(1H-1,2,4-triazol-1-

yl)propanenitrile (0.0642 g, 0.526 mmol), 5, and refluxed for 3 days.  The reaction 

mixture was cooled to room temperature.  Diethyl ether was added to precipitate 

product which was then filtered through a fine frit, yielding a white solid (0.0924 g, 

97.5%).   

1H NMR (DMSO-d6, 499.74 MHz): 10.35 (s, 2H), 9.41 (s, 2H), 8.28 (m, 2H), 7.74 

(m, 2H), 7.73 (s, 2H), 6.13 (s, 4H), 4.72 (t, 4H), 3.22 (t, 4H).  13C NMR (DMSO-d6, 

125.66 MHz): 145.10, 143.49, 130.84, 130.81, 128.14, 127.84, 124.07, 117.65, 

48.46, 47.27, 17.33. IR: 3103, 3029, 2963, 2251, 1807, 1574, 1519, 1440, 1415, 

1372, 1342, 1288, 1226, 1184, 1139, 1071, 979, 923, 848, 774, 747, 627 cm-1. HR 

ESI-MS (m/z): [M-Br+H]+: 477.1136 (found); C22H22BrN8
+: 477.1145 (calculated). 
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Synthesis of 1,4-bis((4H-1,2,4-triazol-4-yl)methyl)naphthalene, L1: 

A slurry of 2 (0.3500 g, 0.6269 mmol) and potassium hydroxide 

(0.0986 g, 1.7573 mmol) was refluxed overnight in 15 mL of ethanol.  This yielded 

a white solid that was collected on a fine frit (0.200 g, 78.0%).   

1H NMR (DMSO-d6, 499.74 MHz): 8.61 (s, 4H), 8.23 (m, 2H), 7.66 (m, 2H), 7.32 

(s, 2H), 5.80 (s, 4H).  13C NMR (DMSO-d6, 125.66 MHz): 143.40, 132.99, 130.57, 

127.02, 126.01, 123.92, 45.42.  IR: 3110, 1602, 1533, 1514, 1454, 1431, 1386, 

1373, 1337, 1252, 12160, 1183, 1150, 1084, 1077, 1039, 994, 970, 952, 873, 819, 

806, 772, 754, 745 cm-1.  DART HR MS (m/z): [M+H]+: 291.13692 (found); 

C16H15N6: 291.13582 (calculated). 

 

Synthesis of [(L1)Cu2Br2]: 

Copper(II) bromide dihydrate (0.0037 g, 0.0166 mmol) was dissolved in 1 mL DI 

water and heated at 85 °C for 10 minutes. The ligand (0.0049, 0.0169 mmol), L1, 

was dissolved in 2 mL DEF and heated at 85 °C until dissolved.  The hot solutions 

were combined in a 4 mL scintillation vial and heated at 85 °C for 5 days to afford 

an off-white precipitate.  The solid was washed with water and acetone to yield the 

pure product (0.0016 g, 33.7% yield). Single crystals of [(L1)Cu2Br2] were grown 

as colorless needles by combining dilute solutions of the metal (5.4 µM) and ligand 

(9.2 µM) at 85 °C for 5 days. 

IR(neat): 3112, 3015, 2961, 1668, 1606, 1540, 1524, 1472, 1431, 1395, 1377, 

1360, 1283, 1262, 1220, 1192, 1109, 1082, 1042, 1012, 985, 972, 952, 857, 825, 
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804, 759, 746 cm-1.  Anal. Calcd. For C8H6N3BrCu • H2O • 0.5 C5H11NO: C, 35.41; 

H, 3.82; N, 13.76. Found: C, 35.87; H, 3.63; N, 13.29. 

 

X-ray Structure Determinations 

Ligand (L1) crystals were recrystallized in warm acetonitrile overnight.  A 

colorless plate crystal was mounted in the 100 K cold stream provided by an Oxford 

Cryostream low-temperature apparatus on the head of a Bruker SMART APEXII 

diffractometer equipped with an ApexII CCD detector, employing the use of Mo Kα 

radiation (λ = 0.71073 Å). 

[(L1)Cu2Br2] crystals were grown directly from the reaction vial.  A colorless 

plate was mounted in the 100 K cold stream provided by an Oxford Cryostream 

low-temperature apparatus on the head of a Bruker D8 diffractometer equipped 

with a PHOTON 2 CMOS detector, at beamline 12.2.1 of the Advanced Light 

Source (Lawrence Berkeley National Laboratory, Berkeley, CA).  Data were 

collected with the use of synchrotron radiation (λ = 0.7288 Å).  

All data sets were reduced with Bruker SAINT and were corrected for 

absorption using SADABS.  Structures were solved and refined using SHELXT 

and SHELXL-2015, respectively. 

 

Powder X-ray Experiments 

Powder X-ray diffraction data were collected on the sample using a 

Panalytical Empyrean θ-2θ diffractometer in reflectance Bragg-Brentano 

geometry. Cu-K radiation (= 1.5406 Å; 1,800 W, 45 kV, 40 mA) was focused 

using a planar Gobel Mirror riding the Κα line.  A 0.25 mm divergence slit was used 

for all measurements.  Diffracted radiation was detected using a PIXcel3d detector 

[(6° 2θ sampling width) equipped with a Ni monochromator. [(L1)Cu2Br2] sample 

was mounted onto a zero-background quartz plate fixed on a sample holder by 

dropping a suspension of the MONT powder in acetone onto the plate.  The 
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acetone was then allowed to evaporate, leaving a thin film of [(L1)Cu2Br2] on the 

sample plate.  The best counting statistics were achieved by using a 0.0394º 2θ 

step scan from 3 – 50° with an exposure time of 118.30 s per step and a revolution 

spin rate of 4 s.  

 

II. Single Crystal X-ray Structures 

 

 

 

Figure 4. 5. Single Crystal X-ray structure of L1 ligand.  Black, and light blue 

ellipsoids (50% probability) represent carbon and nitrogen atoms 

respectively.  Hydrogen atoms have been omitted for clarity. 
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Figure 4. 6. Single Crystal X-ray structure showing the π- π distances from 

the alternating aromatic rings of the naphthyl of two adjacent [(L1)Cu2Br2]’s. 
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Table 4. 1. π-π distances from the alternating aromatic rings of the naphthyl 

of two adjacent [(L1)Cu2Br2]’s as shown in Figure 4.6. 

 

Atoms Pi-Pi Distance (Å) 

C1∙∙∙C9 3.5635 (4) 

C2∙∙∙C10 3.5582 (4) 

C3∙∙∙C11 3.5582 (4) 

C4∙∙∙C12 3.5635 (4) 

C5∙∙∙C13 3.5635 (4) 

C6∙∙∙C14 3.5582 (4) 

C7∙∙∙C15 3.5582 (4) 

C8∙∙∙C16 3.5635 (4) 

C9∙∙∙C17 3.5635 (4) 

C10∙∙∙C18 3.5582 (4) 

C11∙∙∙C19 3.5582 (4) 

C12∙∙∙C20 3.5635 (4) 

C13∙∙∙C21 3.5635 (4) 

C14∙∙∙C22 3.5582 (4) 

C15∙∙∙C23 3.5582 (4) 

C16∙∙∙C24 3.5635 (4) 
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Figure 4. 7. Copper connectivity in [(L1)Cu2Br2]. 

 
 

Table 4. 2. Corresponding bond angles and bond lengths for [(L1)Cu2Br2]. 

Atoms Bond 

Angle/Distance (°/Å) 

Br1-Cu1-N1 98.693(2) 

N1-Cu1-Br1’ 102.309(3) 

Br1’-Cu1-N1’ 98.693(2) 

N1’-Cu1-Br1 102.309(3) 

N1-Cu1-N1’ 137.736(2) 

Br1-Cu1-Br1’ 119.303(1) 

Cu1-N1 1.9704(1) 

Cu1-Br1 2.5402(2) 

Cu1-N1’ 1.9704(1) 

Cu1-Br1’ 2.5402(2) 
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III. Selected Spectra and Analytical Data for 1-5 and MONT 

The corresponding spectra and analytical data for compounds 1, 2, 4, L1, 

and metal-organic nanotube [(L1)Cu2Br2] are presented in this section.  

 
 

 

 

Spectra 4. 1. 1H NMR of 4 in CDCl3.  
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Spectra 4. 2. 13C NMR of 4 in DMSO-d6.  
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Spectra 4. 3. ATR-IR of 4. 
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Spectra 4. 4. 1H of 1 in CDCl3.  
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Spectra 4. 5. 13C NMR of 1 in CDCl3.  
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Spectra 4. 6. ATR-IR of 1. 
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Spectra 4. 7. 1H NMR of 2 in DMSO-d6. 
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Spectra 4. 8. 13C NMR of 2 in DMSO-d6. 
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Spectra 4. 9. ATR-IR of 2.  
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Spectra 4. 10. 1H NMR of L1 in DMSO-d6.  
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Spectra 4. 11. 13C NMR of L1 in DMSO-d6. 
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Spectra 4. 12. ATR-IR of L1.  

 

 

 

Spectra 4. 13. ATR-IR of [(L1)Cu2Br2]. 
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Spectra 4. 14. Simulated (black) and experimental (red) PXRD of [(L1)Cu2Br2]. 

 

 

 

Spectra 4. 15. TGA of [(L1)Cu2Br2]. 
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IV. TEM and LCTEM Imaging  

TEM and LCTEM imaging was performed using a JEOL ARM300F 

GrandARM TEM with Gatan OneView-IS camera operated at 300 keV. Post-

mortem EDS analyses were performed in HAADF-STEM mode at a camera length 

of 20 cm. 

[(L1)Cu2Br2] is sensitive to the electron beam and undergoes significant 

beam induced transformations. However, under controlled electron dose (< 0.5 e–

/Å2), and careful operation, HRTEM images of lattice spacing of MONT crystals 

can be acquired as shown in Figure 4.23. The spacing measured from FFT (of 

Figure 4.23B and 4.23D) reveals the MONT crystal along the direction and, 

respectively (see Figure 2 in Manuscript). 

 

 

 

 

Figure 4. 8. TEM images of MONT and their corresponding FFT illustrates 

their lattice spacing.  
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For in situ liquid-cell TEM experiments, we used a Protochips Poseidon 

Select Heating holder (i.e. using 2 separate inlets and 1 outlet). Firstly, the liquid-

cell chips (with 50 nm silicon nitride thickness) were cleaned in acetone and 

methanol to remove the photoresist layer. Subsequently, top and bottom chips 

were plasma cleaned for 5 minutes to induce hydrophilicity. Finally, the chips were 

assembled in the tip of the holder, and leak checked to prevent breakage of the 

column vacuum during the experiment. After inserting the holder into the column 

of the microscope, CuBr2 in DI water and L1 in DEF were allowed to flow through 

the inlets separately using a syringe pump at the rate of 1 µl/min. After 

approximately 20 min, we observed the wetting of the liquid-cell. Once, the wetting 

of the chips was observed, they were heated to 85 °C using a Protochips 

temperature controller at the rate of 1 °C/sec. During heating the chips were not 

exposed to the electron beam. Once the temperature reached 85 °C, the movies 

of growth events were captured using screen recorder software (Camtasia Studio 

7 Recorder screen capture software – TechSmith Corporation, USA). Before 

starting movie capture, the wetted liquid cell was exposed to the electron beam for 

approximately 2-3 min. Note: All the TEM alignments, beam settings, dose 

settings, and calibrations were carried-out prior to the liquid-cell experiments using 

a standard gold nanoparticles or diffraction grating waffle TEM sample. 

We also performed the growth experiments at room temperature, with 

minimum exposure of the electron beam. Precisely, reactant monomers were 

flowed in and allowed to mix, nucleate and grow in the pumping station (outside 

the microscope). After confirming the mixing of reactants, the liquid-cell holder was 

transferred to the column of the microscope and several time lapse images were 

acquired at various time points. 

 

V. LCTEM—Dose Analysis 

The effect of the electron beam, and its interactions with the reactant 

molecules cannot be avoided.45, 122 Hence, to prevent and minimize the effect of 
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the electron beam during in situ growth experiments, we performed several trial 

and error experiments at various electron flux conditions. At an electron flux of ~1 

e–Å–2s–1 (with beam current of 1.52 nA), de-wetting of the chips was predominant 

upon irradiating with the electron beam. Immediately after the electron beam 

exposure, the reactant mixture receded away from the viewing area (exposed 

area). And, further exposure results in the nucleation of residual metal precursors 

onto the SiNx membrane (Figure 4.24). By reducing the electron flux to 0.36 e–Å–

2s–1 (with beam current of 0.63 nA), de-wetting of the liquid-cell was prevented, 

and we do not observe any apparent beam induced transformation, or damage. 

Nevertheless, upon heating the reactants to 85 °C, we did not observe the 

formation of MONTs in the viewing area. MONTs were formed in other regions that 

were not exposed to the electron beam (Movie 4.2, 

https://pubs.acs.org/doi/10.1021/jacs.9b04586, Figure 4.25). Upon irradiating 

these growing MONTs, beam induced transformations and damage can be 

observed after certain cumulative electron flux. Initially, MONT growth was 

observed. As the cumulative electron flux exceeds ~11 e–Å–2, the MONTs shrink 

and disappear. After the cumulative electron flux of ~20 e–Å–2, we observed the 

formation of smaller structures from the dissolved MONT. By further increase in 

electron flux (at ~27 e–Å–2 of cumulative electron flux), we observed the complete 

destruction of MONT material, resulting in the formation of secondary products 

(Movie 4.1, https://pubs.acs.org/doi/10.1021/jacs.9b04586). For the room 

temperature experiments, we used an electron flux of 0.15 e–Å–2 and time lapse 

images were acquired for every 100 sec with an exposure of 1 sec. 

 

https://pubs.acs.org/doi/10.1021/jacs.9b04586
https://pubs.acs.org/doi/10.1021/jacs.9b04586
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Figure 4. 9. Snapshots of de-wetted LCTEM chip illustrates the formation of 

metal nanoparticles from the residual metal precursors after prolonged 

exposure at high flux.  
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Figure 4. 10. Snapshots of growth of [(L1)Cu2Br2] MONT and subsequent 

beam induced transformation/damage (snapshots from Movie 4.2, 

https://pubs.acs.org/doi/10.1021/jacs.9b04586). 

 

  

https://pubs.acs.org/doi/10.1021/jacs.9b04586


 

132 
 

VI. LCTEM—Post-mortem Analyses 

Post-mortem analyses were performed after the in-situ TEM experiments. 

The liquid-cell chips were opened carefully and washed gently with pure water to 

remove the excess reactants and solvent mixture. The chips were then placed on 

a standard TEM holder and analyzed by EDS and diffraction. 

 

 

 

 

Figure 4. 11. HAAD-STEM images and SAED of MONT grown within the 

liquid-cell.  
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Figure 4. 12. EDS analysis of MONT grown at 85 °C – HAADF-STEM image 

EDS spectrum and corresponding elemental mapping illustrates the 

formation of micron sized MONTs within the liquid-cell. Note: In addition to 

light elements, Cu, Br, strong Si signal originates from the SiN membrane of 

the LCTEM window. The peaks between 5 and 7.5 keV represent Fe and Co 

from the TEM holder. 
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VII. Kinetic Measurements from LCTEM Data 

Growth exponents of MONTs were measured by fitting the size vs. time 

data to power law: y = axt + c, where y is the normalized area measured by image 

analysis (see Image Analysis, Section VII), x is the time (in sec), c is the uncertainty 

in the data, t is the growth exponent which reveals whether the growth process is 

predominately diffusion limited (when t < ½) or surface-reaction limited (when t ≥ 

½) as proposed by Lifshitz−Slyozov−Wagner (LSW) model.125-127 Power law fit to 

our data yields a = 0.1, t = ½, c = –0.48 with R2 = 0.98 for elevated temperature 

measurements; a = 0.04, t = ½, c = – 0.48 with R2 = 0.99 for room temperature 

measurements. 

 

 

 

Figure 4. 13. Power law fitting to the kinetic data measured from LCTEM data.  
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VIII. Image Analysis 

To quantify the growth parameters of MONTs, the acquired time series were 

segmented frame-by-frame. Firstly, the acquired time series was median filtered 

(2x2x5 elliptical) to remove salt and pepper noise (Figure 4.29). Followed by 

Gaussian filtered with sigma of 50 or more, and the background was subtracted 

(Figure 4.29B). The data was ‘Otsu’ thresholded to generate binary images where 

MONTs were set as 1 and rest as 0 (Figure 4.29C). To further remove the noise, 

data was dilated (2 px elliptical) and objects smaller than 100 nm2 in area were 

removed (Figure 4.29D). Then, the area was quantified for each frame. 

 

 

 

 

 

Figure 4. 14. Illustration of image analysis carried-out to obtain size of 

[(L1)Cu2Br2] as a function of time. 
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CHAPTER 5 

MECHANISTIC INSIGHTS ON NUCLEATION AND GROWTH OF 

METAL-ORGANIC NANOTUBES VIA LIQUID-CELL 

TRANSMISSION ELECTRON MICROSCOPY  
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A version of this chapter is in preparation for publication by Karthikeyan 

Gnanasekaran, Kristina M. Vailonis, David M. Jenkins, and Nathan C. Gianneschi. 

 

The work presented in this chapter was part of a collaborative project. The 

synthesis of all organic ligands were reproduced by myself and the LCTEM 

experiments were conducted by Dr. Karthikeyan Gnanasekaran.  

 

Abstract 

 

Metal-organic nanotubes (MONTs) are highly ordered one-dimensional 

crystalline porous frameworks. Despite being one-dimensional, virtually all studies 

of MONTs rely on characterization of the bulk crystalline material (micron-sized) 

by single crystal X-ray diffraction. However, for MONTs to achieve their raison 

d'être as tunable one-dimensional materials, individual tubes or small finite 

bundles of tubes must be synthesized and characterized. Therefore, to directly 

observe their formation under a variety of reaction conditions in solution, we 

employed liquid-cell transmission electron microscopy (LCTEM) which allows the 

MONT formation to be monitored in real time. Notably, changing the metal-to-

ligand ratio in the reaction, not only leads to different nucleation and growth 

mechanisms of the MONTs but also diverse morphologies of the nanoscale 

material. Despite these diverse morphologies at the nanometer regime, each 

MONT eventually grows to a similar needle phase in the bulk materials. These 

LCTEM measurements demonstrate the importance of MONTs morphology on the 

nanoscale for potential applications and suggests that LCTEM is a critical tool for 

monitoring reactions on nanomaterials more generally.  
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Introduction 

 

Metal–organic nanotubes (MONTs) are highly ordered one-dimensional 

crystalline frameworks composed of metal ions connected together via 

coordination bonds of organic ligands that repeat in one direction.13, 32, 111, 137-138 

Their porous and tubular architectures, with substantial specific surface areas, 

make them potential candidates for several applications including: gas storage, 

sensing, separations, and as hosts for small molecules, such as organic 

conductors.139-140 Like their more widespread three dimensional cousin, metal-

organic frameworks (MOFs), the principles of isoreticular design can be leveraged 

to control the size and porosity of the MONTs. However, understanding their 

atomic structure is predicated on successful single crystal X-ray diffraction of the 

bulk material, which eliminates many of their intrinsic advantages. 

Despite the value in improved understanding of MONTs on the nanoscale 

regime, either as individual tubes or small finite bundles of them, very few studies 

have been conducted.47, 67, 141 Methods for monitoring the progress of MONT 

reactions in solution in real time are desirable if they can be coupled with detailed 

characterization of the purified material.  For organic compounds the this is already 

possible with in situ NMR and in situ IR.142-143 Time lapse transmission electron 

microscopy (TEM) images of bulk experiments aliquoted onto TEM grids at defined 

timepoints can be used to monitor the morphological changes and different 

morphologies at of each different reaction condition as it progresses.70 As an 

additional complication, the nanoscale morphology of the MONTs cannot by 

directly deduced from the bulk mixture as seen in SCXRD. For comparison, protein 

solutions and colloidal systems have been reported that undergo phase separation 

at the nanoscale and leading to complex assembly of intermediate phases.129, 131, 

144-145 
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Liquid-cell transmission electron microscopy (LCTEM) has shown potential 

for monitoring morphological changes during reactions and self-assembly of 

nanomaterials in situ.115, 131 LCTEM allows testing of reactions on a minute-by-

minute basis, beginning at the very first instance of the appearance of nanoscale 

seeds. To date, LCTEM has predominately been used to study the nucleation and 

growth of metal nanoparticles,116, 128, 146-153 with very limited studies addressing the 

nucleation, growth behavior of highly beam sensitive and low contrast organic or 

hybird materials.50-51, 154-155 Recent exceptions include studies on porous materials 

including metal-organic frameworks,52 covalent organic frameworks (COFs),45 and 

a recently reported copper-based MONT where 1D growth was observed in the 

liquid phase.70 

In this chapter, we explore the growth and nanoscale morphology of two 

MONTs over a range of reaction conditions by varying metal and ligand ratios 

during the reaction as well as the temperature. We conducted studies by direct 

observation and propose growth mechanisms using LCTEM of isoreticular copper 

and silver MONTs with a ditriazole ligand. These studies demonstrate that the 

process of forming the same bulk material can proceed through multiple 

mechanisms depending on the reaction conditions.32 

 

Results and Discussion 

 

Electron Dose Measurements 

LCTEM measurements present significant challenges and limitations 

because of liquid-cell confinement, liquid thicknesses, small observable reaction 

volumes (in contrast to bulk experiments), and electron beam interactions with 

reactants and solvent.116, 151-152, 154, 156 To capture the formation of initial primary 
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particles, we performed LCTEM experiments in flow mode at an elevated 

temperature (85 °C) or at room temperature using a Protochips Poseidon Select 

Heating holder with two separate inlets and one outlet for solution flow control. In 

this geometry, a metal ion solution and an organic ligand solution are made to mix 

immediately prior to entering the SiNx window allowing the beginning of the 

reaction to be captured.52, 70, 154, 157-158 

These studies require the prevention of metal nanoparticle formation by 

reducing and minimizing the effect of the electron beam induced growth or 

destruction of the MONTs. Kinetic modelling, empirical observation, and control 

experiments have shown that the electron beam can induce metal nanoparticle 

nucleation from solutions of metal salts by reduction, with their size increasing 

monotonically with time through monomer addition.116, 122 Previous research has 

shown that the rate of nucleation increases as a function of electron flux, with a 

cumulative electron flux of 50 to 100 e–Å–2 necessary to initiate the nucleation of 

metal nanoparticles from metal salts.116 Hence, the first step was to confirm 

imaging could be performed without inhibiting or damaging MONT formation by 

radiolysis or other beam induced effects.122-124 Therefore, we first determined the 

imaging and electron flux thresholds to confirm safe imaging conditions to be less 

than 70 e–Å–2 in terms of cumulative electron flux at a rate of 0.1 to 0.2 e–Å–2 per 

second (Figures 5.9, 5.10).70   

 

Observation of MONT Growth  

To understand the nucleation and growth mechanisms of metal-organic 

nanotubes, analysis of the immediate solution phase reaction was studied by 

LCTEM. Two metal-organic nanotubes such as Ag-MONT and Cu-MONT which 

were previously characterized in the bulk phase were chosen for this study. Single 

crystal X-ray diffraction of both MONTs previously confirmed the nanotubular 

structure and give key intermetallic distances for comparison with LCTEM. Ag-
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MONT and Cu-MONT are isostructural MONTs and were synthesized with the 

same di-triazole ligand, 4,4′-(1,4-(xylene)diyl)bis(1,2,4-triazole) (L1). This ligand 

adopts a syn conformation to form the 2-pillared motif about the metal ion. Altering 

the metal salt and concentration of reactants will also allow for understanding their 

role in the growth and nucleation mechanisms of MONTs (Figure 5.1).   

Ag-MONT Growth 

The first reaction that was attempted in the LCTEM was of the Ag-MONT 

and included an equivalent ratio of metal to ligand (1:1 AgNO3:L1 ratio) at 85 °C 

(i.e. Ag-MONT, Reaction 1, Figure 5.1). The silver nitrate and L1 reagents were 

first introduced into the liquid cell (Figure 5.2) and formed heterogeneous particles 

with broad size distributions from 50 nm to 200 nm after approximately 30 seconds. 

These broad structures are in contrast to MONT crystals that typically form highly 

anisotropic morphologies (Figure 5.2A, Movie 5.1).32, 47, 70 To capture 

morphological evolution at extended time scales for Reaction 1, the growth was 

captured by imaging the sample every 30 seconds to limit overall electron beam 

exposure. The stroboscopic imaging at 30 second pulses revealed the growth of 

small Ag-MONT nanotubes (< 200 nm in length) in the presence of the initially 

formed larger faceted particles (Figure 5.2B, Movie 5.2). After 10 minutes, fully 

grown rod- and sheet-like structures along with the initial faceted particles were 

observed (Figure 5.2C, Movie 5.3). Because of the stroboscopic imaging, the 

appearance of the individual rods was instantaneous, and the MONT growth was 

not able to be observed in real time.  

Post-mortem analysis of the materials formed in the liquid cell following the 

LCTEM experiment revealed the presence of large sheet-like structures with 

significant length-to-width ratios (10 µm by 2 µm) and large faceted particles. A 

selected area electron diffraction (SAED) pattern of the faceted particles exhibit 

distinct diffraction spots of 3.77 Å that are not representative of MONT crystals 

(Figures 5.2D, 5.12). By contrast, a diffraction spot at 12.37 Å with uniform  
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Figure 5. 1. Crystal structures and reaction conditions for the preparation of 

Ag-MONT and Cu-MONT evaluated by LCTEM herein.  Single crystal X-ray 

diffraction structures were obtained from the bulk scale synthesis of the 

respective MONTs, and analyzed on micron sized crystals. Key intermetallic 

distances are shown.32, 47 Black, light blue, red, purple, dark blue, and brown 

spheres represent carbon, nitrogen, oxygen, silver, copper, and bromine 

atoms respectively. Hydrogen atoms are omitted for clarity. 
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Figure 5. 2. LCTEM analysis of Ag-MONT, Reaction 1. (A) Snapshots of 

growth of initial metastable faceted nanoparticles (red arrows); (B) 

Snapshots of growth of small nanotubes on the surface of the faceted 

nanoparticles (green arrows); (C) Snapshots of fully grown metastable 

morphologies and anisotropic morphologies within liquid-cell; (D) Post-

mortem analyses – HAADF-STEM image of Ag-MONT prepared under these 

reactions conditions, corresponding SAED pattern, EDS spectrum and Ag 

map. 
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distribution of Ag (shown by EDS map) was obtained from the large sheet-like 

morphologies. This revealed the formation of large-scale crystallites (Figure 5.2D). 

Depending on the orientation of the crystal, we obtained diffraction data between 

~7 Å to ~14 Å that represent the MONT pore dimensions and the distances 

between MONT tubes (shown in Figure 5.1). Additional key intermetallic distances 

for Ag-MONT can be seen in the Experimental Section VI, Figure 5.11. This data 

suggests the faceted particles are not metal-organic nanotubes due to the lack of 

long-range diffraction data. The faceted particles may be aggregated clusters of 

silver nitrate and triazole ligands formed from π−π stacking of the aromatic rings 

of the triazole ligand. Addition testing may be required to make a final 

determination. Therefore, we propose, at present, that these initial particles, are a 

kinetic metastable phase.47, 150 

By increasing the silver nitrate concentration and changing the AgNO3:L1 

ratio to 3:1 (i.e. Ag-MONT, Reaction 2), the supersaturation of reactant monomers 

was tuned (Figure 5.3). More importantly, it was observed that the initially formed 

metastable particles that were seen in Reaction 1 served as reservoirs of 

monomers or possible sites for heterogeneous nucleation for anisotropic particle 

growth. Movie 5.4 shows the formation of these metastable particles which form 

and then grow into anisotropic MONT structures and further suggests the 

composition of the metastable particles are silver nitrate and L1 aggregations. This 

nucleation is similar to classical zeolite nucleation described by the secondary 

building unit (SBU) model (Figure 5.3A, Movie 5.4).47, 159-161 Not all MONT bundles 

in the reaction medium grew by this heterogeneous nucleation mechanism, as the 

formation of elongated sheet- and rod-like structures were observed to form 

directly from solution (Figure 5.3B, Movie 5.5).  

In contrast to the previous two reactions, by adding additional excess 

AgNO3 to the reaction (i.e. 6:1 AgNO3:L1 ratio, Ag-MONT, Reaction 3) only Ag-

MONT primary particles were observed when the reactants were mixed (Figure  
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Figure 5. 3.  LCTEM analysis of Ag-MONT, Reaction 2. (A and B) Snapshots 

of growth of metastable (red arrow) and anisotropic morphologies of Ag-

MONT (green arrow) within liquid-cell; (C) TEM, SAED, and HRTEM of MONT 

nanotube bundles grown in bulk synthesis conditions;32, 47 (D) Post-mortem 

analyses – HAADF-STEM image of Ag-MONT prepared under these reactions 

conditions, corresponding SAED pattern, EDS spectrum and Ag map. 
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5.4A, Movie 5.6). In this case, the size of initially formed particles were smaller 

than in previous experiments at 20-50 nm in diameter (Figures 5.2, 5.3). The 

anisotropic growth of the MONT primary particles (up to 1 µm in length) was 

observed and matched the morphology observed in bulk experiments under the 

same reaction conditions (Figure 5.4B-C). Formation of Ag-MONT bundles were 

confirmed by the post-mortem analysis with distinct SAED diffraction spots 

corresponding to Ag···Ag distances within the Ag-MONT (Figures 5.4D, 5.11, 

5.14). 

The length of the individual metal-organic nanotubes was measured over 

time from the LCTEM data. Figure 5.4E shows the length growth of five Ag-MONT 

structures during the reaction. These structures are denoted by the corresponding 

colored arrows in Figure 5.4A. The analysis of the anisotropic growth of the Ag-

MONTs revealed the nanotubes grew via two mechanisms. One mechanism was 

observed directly as the continuous growth of individual nanotubes where 

monomers of metal salts and ligands attached to the ends of the growing tubes. 

The second mechanism progressed by the coalescence of two or more smaller 

Ag-MONT particles (Figures 5.4F, 5.15, Movie 5.7). It is well accepted that MOFs 

and MOF-like particles predominately grow through the addition of smaller MOF 

clusters (~1 nm) in solution, but not through coalescence as seen in the second 

mechanism.52, 120, 162 However, the heterogeneous nucleation and 1D growth of 

Ag-MONTs suggested the assembly of metal-organic nanotubes took place over 

several stages. (See Experimental, Section XI).  

Ag-MONT Growth Mechanisms 

Classical nucleation theory (CNT) explains the rate of nucleation Jn = A 

exp(-Bα3/σ2), where A is the pre-factor depends on kinetic considerations, B 

depends on temperature and volume, α is the interfacial energy and σ is the 

supersaturation of the solution. The step speed (i.e. rate of the growth of crystal) 

increases linearly with time and leads to non-linear change in area and/or volume 
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Figure 5. 4. LCTEM analysis of Ag-MONT, Reaction 3. (A) Snapshots of 

growth of Ag-MONT within liquid-cell; (B and C) TEM image of fully-grown 

Ag-MONT in bulk synthesis and corresponding SAED pattern and FFT; (D) 

Post-mortem analyses – HAADF-STEM image of MONT bundles grown within 

the liquid-cell, and corresponding SAED pattern, EDS spectrum, and silver 

map; (E) Length evolution of individual Ag-MONT bundles plotted as a 

function of time; (F) Magnified snapshots of a Ag-MONT bundle that 

illustrates the coalescence of primary particles. 
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of the MONT crystal growth.163 An inherent assumption in the above discussion is 

that the pathway of nucleation goes directly from the solution to the formation of 

MONT nuclei with ordered crystalline structures identical to that of the eventual 

bulk MONT crystal. The formation of kinetic metastable particles (in Reaction 1 

and 2), and coalescence events in Reaction 3 contradicts the classical growth 

pathways and instead suggests multiple nucleation and growth pathways within 

the same reaction. Similar observations were made for MOF-5, and CaCO3.131, 164 

I Increasing the concentration of AgNO3 from Reaction 1 to Reaction 3 causes 

the growth of MONT morphologies changes from non-linear to linear behavior with 

time. This change indicates a gradual deviation from classical pathways upon 

increasing the concentration of AgNO3 (Figure 5.5A). This deviation suggests that 

at low to moderate concentration of AgNO3 as in Reaction 1 and Reaction 2, there 

exists a localized competing behavior for the formation of thermodynamically 

stable MONT crystals by classical pathway as well as the kinetic (metastable) 

product within the same reaction that was controlled by the local availability and 

depletion of reactant monomers (AgNO3 and L1), MONT precursor ions, and 

amorphous clusters.129-131 Upon increasing the concentration of AgNO3 to a large 

excess such as in Reaction 3, the growth behavior changes to a linear behavior 

and increases in area with time which reveals the growth cannot be driven 

predominately by monomer attachment, but by coalescence and aggregation of 

particles.163 Due to the secondary attachment of particles at later time scales, the 

average size of the Ag-MONT particle also increases drastically in Reaction 3 

(Figure 5.5B).  

 
Mean crystal growth rate of MONTs from solution was also measured by 

Lifshitz−Slyozov−Wagner (LSW) model for Ostwald ripening.125-127 The projected 

sizes, <S>, evolved over time, t, were fitted to the power law model as <S> α tn, 

where n ≥ ½ representing reaction-limited growth; i.e., surface specific attachment 

of monomers being the rate limiting step. For n < ½ represents diffusion-limited 

growth wherein, transport of the reactants is the rate limiting step (See  
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Figure 5. 5. Ag-MONT bundles growth parameters measured from LCTEM 

data. (A) Increase in area fraction of MONT growth plotted as a function of 

time; (B) Increase in average size of MONT particles plotted as a function of 

time; (C) Normalized size of MONT growth and their corresponding power fit 

plotted as a function of time. In all above data black curve represents growth 

of metastable particles in Reaction 1; red curve represents growth of 

anisotropic MONT crystals directly from solution in Reaction 2; blue curve 

represents anisotropic MONT crystal growth observed by coalescence in 

Reaction 3. 
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Experimental, Section XI).125, 150 The exponent measured from the growth profile 

of the metastable morphologies in the beginning of the reaction yielded n = ⅓ 

(Figure 5.5C), revealing the growth of these initial particles was controlled by the 

diffusion of reactants (AgNO3 or L1) or precursor ions (clusters of AgNO3 and 

L1).125 However, the time dependent growth of elongated sheet-like and rod-like 

MONT morphologies directly from the solution phase (Figure 5.5C) measured from 

LCTEM data revealed a reaction-limited growth as the power law fit yielded a 

growth exponent of n = ½. This power law fit is commonly observed in other MOF 

and MOF-like materials (Figure 5.5C).45, 52, 70 A linear growth profile, secondary 

aggregation, and coalescence observed in Reaction 3 clearly contradicts the LSW 

model for Ostwald ripening as the power law fit yielded a growth exponent n = 

1.11.52, 125-127, 165 

Based on the above results, the complexity of the free-energy landscape on 

Ag-MONT growth can be accessed. When less supersaturated reactant 

monomers mix (as in the beginning of the Reaction 1 and Reaction 2), the 

interfacial surface energy of precursor ions and their density fluctuations create 

unstable amorphous clusters that lead to a metastable phase as the free energy 

cost for the transformation of MONT nuclei is significantly higher. As reactant 

monomers continue to flow into the reaction cell, steady state supersaturation was 

achieved. Thus the metastable phase could lower the energy barrier and enhance 

the anisotropic MONT crystal nucleation from the metastable phase which lead to 

heterogeneous nucleation.144, 166-167 When highly supersaturated reactant mix (as 

in Reaction 3), precursor ions and ligands produce initial particles by monomer 

attachment, and once a certain length scale was achieved, oriented attachment 

and coalescence of ensemble particles occurred predominately that led to 

anisotropic MONT crystals. Along with these indirect pathways, local variation in 

the availability and depletion of reactant precursors, and local variation in 

supersaturation also facilitates classical growth mechanisms within the same 
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reaction. A schematic illustration of the Ag-MONT growth from the three reactions 

is described in Figure 5.6.   

In addition to the bulk characterization of Ag-MONT by single crystal X-ray 

diffraction,32 this MONT was previously characterized through the complementary 

solution phase measurements, small angle X-ray scattering (SAXS).47 A Ag-

MONT reaction with a 5:1 AgNO3:L1 ratio was analyzed by ex-situ SAXS to obtain 

information of the reaction kinetics. Time resolved SAXS interpreted by the 

Gualtieri model indicated the nucleation of the Ag-MONT grew through an 

autocatalytic reaction where initial aggregates form and then grow in a preferred 

direction until the reagents were consumed. This SAXS analysis supports the 

preferential aggregation leading to micron-sized anisotropic MONT crystals as 

seen in the LCTEM of this study.  

These combined results on growth pathways over the three reactions are 

critical for developing future MONT applications since nanoscale bundles of tubes 

are the required particle size for MONTs to take advantage of their inherent 

anisotropy.  In this case, adding additional silver nitrate as metal source, with 

respect to ligand concentration, forms only the desired MONT with no additional 

metastable phases even at the beginning of the reaction. Thus, the reaction can 

be stopped at different lengths of time to yield different sized MONTs, with no 

additional phases which is crucial for the integration and application of metal-

organic nanotubes.  

Cu-MONT Growth 

A second L1 based MONT was investigated by changing the metal salt to 

copper(II) bromide for comparison to the silver based MONT (Figure 5.7).32 In situ 

experiments were performed with copper(II) bromide as the metal salt with 

CuBr2:L1 ratios of 1:1 and 4:1. At the ratio of 1:1 CuBr2:L1 (Cu-MONT, Reaction 

1), no structure formations were observed over extended periods of time. At a 4:1 
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CuBr2:L1 ratio (Cu-MONT, Reaction 2), Cu-MONT nanocrystal growth was 

observed after approximately 30 seconds, which lead to large elongated sheet-like 

structures as also observed in bulk experiments (Figures 5.7A-B, Movie 5.8). The 

growth of these MONTs were limited to < 1 µm. However, an increase in contrast 

suggested they thickened with time (Figure 5.7C). Post-mortem analysis of the Cu-

MONT crystals included an EDS spectrum with copper and bromine composition 

and corresponding elemental mapping showing uniform distribution of carbon, 

nitrogen, copper, and bromine (Figure 5.20). Unlike Ag-MONT, intermediate 

phases, coalescence events, and kinetic products were not observed; instead, 

continuous transformation of precursor ions into a crystalline phase was observed 

suggesting the classical growth mechanism (Figure 5.7D, 5.21). This mechanism  

is qualitatively consistent with the previous copper MONT that we studied with 

LCTEM.163  
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Figure 5. 6. Schematic illustration of Ag-MONT growth observed by LCTEM 

in Reactions 1, 2, and 3. Key structures: silver nitrate (red circles), organic 

ligand (purple circles), precursor ions (red and purple overlapping circles), 

metastable particles (blue circles), MONT nuclei (yellow circles), and MONTs 

(yellow ovals).  

 

  



 

154 
 

CuBr2:L1 ratio (Cu-MONT, Reaction 2), Cu-MONT nanocrystal growth was 

observed after approximately 30 seconds, which lead to large elongated sheet-like 

structures as also observed in bulk experiments (Figures 5.7A-B, Movie 5.8). The 

growth of these MONTs were limited to < 1 µm. However, an increase in contrast 

suggested they thickened with time (Figure 5.7C). Post-mortem analysis of the Cu-

MONT crystals included an EDS spectrum with copper and bromine composition 

and corresponding elemental mapping showing uniform distribution of carbon, 

nitrogen, copper, and bromine (See Experimental Section, Figure 5.20). Unlike Ag-

MONT, intermediate phases, coalescence events, and kinetic products were not 

observed; instead, continuous transformation of precursor ions into a crystalline 

phase was observed suggesting the classical growth mechanism (Figure 5.7D, 

See Experimental Section for Figure 5.21). This mechanism  is qualitatively 

consistent with the previous copper MONT that we studied with LCTEM.163  

 

Conclusion 

In summary, we have demonstrated that changing the reaction conditions 

lead to different reactions on the nanoscale in the formation of bulk MONTs. 

Depending on the ratio of the reactant molecules, the nucleation of the precursor 

ions is skewed either to monomer-based or particle-based pathways. For example, 

by increasing the concentration of AgNO3, MONT growth shifts from classical 

pathways to non-classical pathways. At low AgNO3 concentration, there exists a 

competition for the formation of thermodynamically stable MONT crystals and 

kinetically driven amorphous metastable morphologies. This interplay of 

thermodynamic and kinetic effects is controlled by the local availability and 

depletion of reactant monomers, precursor ions, and amorphous clusters.129-131 

Here the surface energy minimization is attained by the aggregation and short-

range clustering of precursor ions that do not form MONT crystals immediately. 

Instead we observe a faceted metastable phase that serves as a reservoir for   
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Figure 5. 7. LCTEM analysis of Cu-MONT, Reaction 2. (A) Snapshots of 

growth of Cu-MONT within liquid-cell; (B) TEM image of fully-grown Cu-

MONT in bulk synthesis; (C) Increase in thickness of MONT plotted as a 

function of time; (D) Schematic illustration of Cu-MONT grown mechanism 

within LCTEM environment. Key structures: copper bromide (red circles), 

organic ligand (purple circles), precursor ions (red and purple overlapping 

circles), MONT nuclei (yellow circles), and MONTs (yellow ovals).  
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MONT crystal growth. Critically, adding more silver favors the formation of only 

nanorods that are identified as metal-organic nanotubes. This observation is 

critical in developing applications since only MONTs that are smaller than 1 μm in 

diameter will be employed for anisotropic applications. By changing the metal salt 

to copper bromide, the free-energy barrier is significantly skewed toward the 

classical pathway. That is, it involves only a continuous transformation of the 

supersaturated solution into the crystalline MONT phase. In addition to these 

physical insights specific to MONT nucleation and growth mechanisms, we have 

shown that LCTEM has significant potential as a tool for reaction development. 

Insights like this are of utility in subsequent bulk solution phase tuning of reaction 

conditions, where understanding reaction progression through specific 

intermediates and self-assembly mechanisms are important.  

 

Experimental 

 

I. TEM and Liquid-Cell TEM (LCTEM) Imaging 

TEM and LCTEM imaging was performed using a JEOL ARM300F 

GrandARM TEM with Gatan OneView-IS camera operated at 300 kV. Post-mortem 

EDS analyses were performed in HAADF-STEM mode at a camera length of 20 

cm. We used a Protochips Poseidon Select Heating holder for the in situ 

experiments. Firstly, the liquid-cell chips (with 50 nm silicon nitride thickness) were 

cleaned in acetone and methanol to remove the photoresist layer. Subsequently, 

top and bottom chips were plasma cleaned for 5 minutes to induce hydrophilicity. 

The chips were assembled in the tip of the holder, and leak checked to prevent 

any leak or breakage of the column vacuum during the experiment. After inserting 

the liquid-cell holder into the column of the microscope, reactants were flowed 

through the inlets separately using a syringe pump at the rate of 1 μL/min (Figure 

5.8B). After approximately 20 min, we observed the wetting of the liquid-cell. BF-
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TEM images were acquired before and after the flow of the reactants for the liquid 

thickness measurements. Once the wetting of the chips was observed, they were 

heated to 85 °C using a Protochips temperature controller at the rate of 1 °C/sec. 

During heating, the chips were not exposed to the electron beam. Once the 

temperature reached 85 °C, the movies of growth events were captured using 

screen recorder software (Camtasia Studio 7 Recorder screen capture software – 

TechSmith Corporation, USA). Note: All the TEM alignments, beam settings, dose 

settings, and calibrations were carried-out prior to the liquid-cell experiments using 

a standard gold nanoparticles or diffraction grating waffle TEM sample. 

 

Movie 5.1: Ag-MONT, Reaction 1 

Movie 5.2: Ag-MONT, Reaction 1  

Movie 5.3: Ag-MONT, Reaction 1 

Movie 5.4: Ag-MONT, Reaction 2  

Movie 5.5: Ag-MONT, Reaction 2 

Movie 5.6: Ag-MONT, Reaction 3 

Movie 5.7: Ag-MONT, Reaction 3, Coalescence of primary particles 

Movie 5.8: Cu-MONT, Reaction 2 

Movie 5.9: Structural damage of MONT from excess electron flux 
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II. Schematics of Liquid-Cell TEM (LCTEM) Assembled Chips and Holder 

 

 
 
 

Figure 5. 8. (A) Schematic illustration of LCTEM chips employed for MONT 

reactions. (B) Schematic illustration of flow of reactants in Protochips 

Poseidon SelectTM Liquid-cell TEM holder. 

 

III. LCTEM Electron Flux Measurements  

The effect of the electron beam and its interactions with the reactant 

molecules cannot be avoided.45, 122 Hence, to prevent and minimize the effect of 

the electron beam during in situ growth experiments, we performed several trial 

and error experiments at various electron flux conditions.  At an electron flux of ~1 

e–Å–2s–1 (with beam current of 1.52 nA), de-wetting of the chips was predominant 

upon irradiating with the electron beam. Immediately after the electron beam 

exposure, the reactant mixture receded away from the viewing area (exposed 
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area).  And, further exposure results in the nucleation of residual metal precursors 

onto the SiNx membrane (Figure 5.8A). By reducing the electron flux to 0.36 e–Å–

2s–1 (with beam current of 0.63 nA), de-wetting of the liquid-cell was prevented. 

Upon heating the reactants to 85 °C, we allowed the MONT to form and grow. 

Followed by, we irradiated the fully-grown MONT with electron beam and 

measured the cumulative electron flux. We observed beam induced transformation 

and structural damage of MONT as the cumulative flux exceeds 70 e–Å–2 (See 

Figure 5.10, Movie 5.9). Hence, we further reduced the electron flux to 0.1 e–Å–2s–

1 or 0.2 e–Å–2s–1 as such the cumulative flux did not exceed 70 e–Å–2. Further 

details and in-depth analyses were presented in our prior publication – Vailonis et 

al.70 

 

IV. LCTEM- Electron Flux Analysis 

 

 

 

Figure 5. 9. Snapshots of de-wetted LCTEM chip illustrates the formation of 

Ag nanoparticles from the residual metal precursors after prolonged 

exposure at high flux. 
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Figure 5. 10. Snapshots of disintegration of MONT bundles due to the 

prolonged exposure to the electron beam (see Movie 5.9). 

 

V. Sample Preparation for In Situ Experiments.  

Ag-MONT, Reaction 1: 10 mg of L1 dispersed in 3 mL of NMP, and 10 mg 

of AgNO3 dispersed in 3 mL of deionized water was prepared separately. Ag-

MONT, Reaction 2: 10 mg of L1 dispersed in 3 mL of NMP, and 30 mg of AgNO3 

dispersed in 3 mL of deionized water was prepared separately. Ag-MONT, 

Reaction 3: 10 mg of L1 dispersed in 3 mL of NMP, and 60 mg of AgNO3 dispersed 

in 3 mL of deionized water was prepared separately. Cu-MONT, Reaction 1: 10 

mg of L1 dispersed in 3 mL of DMF, and 10 mg of CuBr2 dispersed in 3 mL of 

deionized water was prepared separately. Cu-MONT, Reaction 2: 10 mg of L1 

dispersed in 3 mL of DMF, and 40 mg of CuBr2 dispersed in 3 mL of deionized 

water was prepared separately. All the reactants were dispersed by ultrasonication 

for 3 minutes. 

 

VI. Single-Crystal Structures 

The synthesis and single-crystal X-ray structures of Ag-MONT and Cu-

MONT have been previously reported.32  
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Figure 5. 11. Additional key intermetallic distances of Ag-MONT. (A) Front 

view, and (B) top view. Black, light blue, red, and purple spheres represent 

carbon, nitrogen, oxygen, and silver atoms respectively. Hydrogen atoms 

are omitted for clarity. 

 

VII. Post-mortem analysis of Ag-MONT, Reaction 1 

Post-mortem analyses were performed after the in situ experiments. The 

liquid-cell chips were opened carefully and washed gently with pure water to 

remove the excess reactants and solvent mixture. Followed by, the chips were 

placed on the standard TEM holder and analyzed by EDS and diffraction. 
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Figure 5. 12. Post-mortem analysis of Ag-MONT, Reaction 1. TEM images, 

SAED pattern, HAADF-STEM image, EDS spectrum and corresponding 

elemental mapping illustrates the faceted particles and elongated sheet-like 

Ag-MONT bundles within the liquid-cell. Note: In addition to light elements 

and Ag, strong Si signal represents the inevitable SiNx membrane of the 

LCTEM window. The peaks between 5 and 7.5 keV represents the Fe and Co 

signal arises from the TEM holder. We also observed the same peaks at 

different experiments using the same holder. 
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VIII. Post-mortem Analysis of Ag-MONT, Reaction 2 

 

 

 

Figure 5. 13. Post-mortem analysis of Ag-MONT growth in Reaction 2. TEM 

image, HAADF-STEM image, EDS spectrum and corresponding elemental 

mapping illustrates the formation of micron sized MONT bundles within the 

liquid-cell. 

 

  



 

164 
 

IX. LCTEM post-mortem Analysis of Ag-MONT, Reaction 3 

 

 

 

Figure 5. 14. Post-mortem analysis of Ag-MONT growth in Reaction 3. 

HAADF-STEM image, EDS spectrum and corresponding elemental mapping 

illustrates the formation of micron sized MONTs within the liquid-cell. 
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X. Coalescence of Primary Particles 

 

 

 

Figure 5. 15. Magnified snapshots of Movie 5.7 illustrate the coalescence of 

primary particles from elongated rod-like morphologies.  

 

XI. TEM and EDS Analysis of Ag-MONT, Reaction 3 

In the bulk experiments, immediately after mixing the reactants, the solution 

turns turbid which suggests the immediate formation of initial primary particles or 

MONT nanocrystals directly from solution. For the development of long-range 

order of crystals, leading to the fully crystalline phase, the reaction was continued 

for 24 hours. The structure formation, morphological transformation, and 

crystallinity were analyzed by TEM at intermediate time points. Immediately after 

the reactants mix, inhomogeneous strands (Figure 5.16a) of structures were 

formed. These primitive strands were transformed to sheet like structures with 

sharp edges and corners that indicating the faceting with increase in time (Figure 

5.16b). We observed the thickness of these sheet-like structures increases with 
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reaction time and they also seem to bend (Figure 5.16c). It is known that in order 

to reduce the surface tension between several layers of growing sheets, the sheets 

could bend or roll and takes tubular morphology.31 The length (long axis) of the 

structures also increased (Figure 5.16d) by continuing the reaction to 24 hours. 

This increase in length of the MONT suggests the heterogeneous nucleation of 

crystals takes place on the existing crystals. The reaction was continued for 48 

hours to examine the change in morphology; however, no significant difference in 

morphology was observed. Selected area electron diffraction (SAED) at various 

time points also illustrates the increase in relative crystallinity over time. It is likely 

that at the beginning of the reaction, only the surface of the particle is crystallized 

with significant amount of metastable phase.121 MONTs are very sensitive to the 

electron beam and undergo significant beam induced transformations. Hence, 

under controlled electron flux (<0.5 e–/Å2), and careful operation, HRTEM images 

of lattice spacing of MONT crystals were acquired (Figure 5.16e and Figure 5.16g). 

The measured lattice spacings from FFT (inset – Figure 5.16e and Figure 5.16g) 

corresponds to 101 plane and 011 plane, respectively. We also observe some 

long-range grain boundaries (Figure 5.17), which represents the discontinued 1D 

growth of MONTs, suggesting that the assembly of MONT morphology took place 

at several stages. This supports the LCTEM observations, that relatively isotropic 

primary particles were formed immediately after mixing the reactants, which then 

grow in a preferred orientation and forms rod-like or sheet-like structures. These 

anisotropic structures would further aggregate to forms secondary structures 

which results in mismatch and discontinued lattice structure. In addition, EDS 

analysis on Ag-MONT illustrates the uniform distribution of silver centers, triazoles 

and nitrate anions (Figure 5.18). 
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Figure 5. 16. Morphological transformation of Ag-MONT as observed by TEM. 

(a) 5 min), (b) ~30 min, (c) ~2 hours, (d) ~ 24 hours, (e and f) HRTEM image, 

corresponding FFT and iFFT illustrating assembly of MONT bundles in 101 

plane, (g and h) HRTEM image, corresponding FFT and iFFT illustrating the 

assembly of MONT bundles in 011 plane. 

 
 

 

 

 

Figure 5. 17. HRTEM image illustrating the grain boundaries of Ag-MONT.  
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Figure 5. 18. HAADF-STEM image, EDS spectrum and corresponding 

elemental mapping illustrates the formation of Ag-MONT in Reaction 3 

conditions.  

 

XII. Image Analysis to Segment MONT Bundles 

To quantify the growth parameters of MONT bundles, the acquired time 

series were segmented frame-by-frame (Figure 5.19A). First, the acquired time 

series was median filtered (2x2x5 elliptical) to remove salt and pepper noise. 

Followed by Gaussian filtered with sigma of 50 or more, and the background was 

subtracted (Figure 5.19B). The data was ‘Otsu’ thresholded to generate binary 

images where MONTs were set as 1 and rest as 0 (Figure 5.19C). To further 

remove the noise, objects smaller than 100 nm2 in area were removed (Figure 

5.19D). Then, the area was quantified for each frame. 



 

169 
 

 

 

Figure 5. 19. Illustration of image analysis performed to obtain size of 

growing MONT bundles as a function of time. 

 

XIII. MONT Bundles- Growth Measurements from LCTEM Data 

Growth exponents of MONTs were measured by fitting the size vs. time 

data to the power law: y = axt,+ c where y is the normalized area measured by 

image analysis, x is the time (in sec), c is the uncertainty in the data, t is the growth 

exponent which reveals whether the growth process is predominately diffusion 

limited (when t < ½) or surface-reaction limited (when t ≥ ½) as proposed by 

Lifshitz−Slyozov−Wagner (LSW) model.125-127 

Ag-MONT, Reaction 1: a = 0.52, t = ⅓, c = –0.57 with R2 = 0.97 

Ag-MONT, Reaction 2: a = 0.26, t = ½, c = –0.42 with R2 = 0.98 

Ag-MONT, Reaction 3: a = 0.02, t = 1.11, c = –0.06 with R2 = 0.97 

Cu-MONT, Reaction 2: a = 0.12, t = ½, c = –0.65 with R2 = 0.95 
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XIV. LCTEM Post-mortem Analysis of Cu-MONT Bundles, Reaction 2 

 

 

Figure 5. 20. Post-mortem analysis of Cu-MONT growth, Reaction 2. HAADF-

STEM image, EDS spectrum and corresponding elemental mapping 

illustrates the formation of micron sized MONTs within the liquid-cell. 
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XV. Cu-MONT Bundles Growth Measurement from LCTEM Data 

 

 

 

Figure 5. 21. Cu-MONT bundles growth measurements from LCTEM data. (A) 

Increase in area fraction of MONT growth plotted as a function of time; (B) 

Increase in average size of MONT particles plotted as a function of time; (C) 

Normalized size of MONT growth and their corresponding power fit plotted 

as a function of time. 

 

XVI. Room Temperature Analysis 

In situ LCTEM experiments were also performed at room temperature. 

Reactants were flowed into the liquid-cell holder and allowed to mix, nucleate, 

within the liquid cell, without initially imaging. After mixing of reactants, the liquid-

cell holder was transferred to the column of the microscope and several time lapse 

images were acquired at various times. Using this method, the formation and 

existence of initial metastable phases could not be imaged. This was mainly limited 

by the time interval between static images (Figure 5.22). Nevertheless, MONT 

growth could be observed, and the morphologies found were similar to those 

observed during elevated temperature experiments, with the exception of their 

formation at a reduced growth rate (Figure 5.22). The MONT bundles were also 

larger in size than those formed at elevated temperature. This suggests a decrease 
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in nucleation rate and a preference for larger particle growth by monomer 

attachment rather than non-classical pathways. 

 

 

Figure 5. 22. Time lapse TEM images of room temperature growth 

experiments of Ag-MONT and Cu-MONT crystals at various reaction 

conditions. (A) 3:1 AgNO3:ligand ratio; (B) 6:1 AgNO3:ligand ratio; (C) 4:1 

CuBr2:ligand ratio. 
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 CHAPTER 6 

ASSEMBLY OF METAL-ORGANIC NANOSTRUCTURES FROM 

MIXED LIGANDS: A SMALL-ANGLE NEUTRON SCATTERING 

STUDY 
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A version of this chapter is in preparation by Umesh Shrestha, Kristina M. Vailonis, 

David M. Jenkins, and Mark Dadmun.  

 

The work presented in this chapter was part of a collaborative project with the 

Dadmun group. Ligand L1, and MONT [Cu(L1)(Br)2] were previously synthesized 

by Dr. Christopher Murdock.32 I designed and synthesized ligand L2, and 

coordination polymer [Cu(L2)(Br)2]. Dr. Umesh Shrestha conducted the SANS 

experiments and data analysis on the mixed ligand reactions.  

 

Abstract 

 
Metal-organic nanotubes (MONTs) are the one-dimensional analogue of 

metal-organic frameworks. When MONTs are aggregated together to form bulk 

solids (on the μm scale), their properties are hypothesized to be similar to bulk 3D 

MOFs. It is expected that once MONTs are dispersed, new and unique properties 

can be studied.  To achieve this, an understanding of MONTs on the nanoscale 

must be accomplished. This includes the initial colloidal phase reactions. Small 

angle neutron scattering can be used to study these nanoscale structures. 

Currently, only reactions with one type of MONT product have be analyzed. In this 

manuscript, we examine how small changes in ligand architecture can lead to 

dramatic differences in material and measure these changes with small angle 

neutron scattering (SANS). 

 
 

Introduction 

 

Metal-organic nanotubes (MONTs) are the one-dimensional versions of 

metal-organic frameworks (MOFs). The key to unlocking the unique applications 

and properties of MONTs is the ability to form discrete tubes or finite bundles of 
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them. To approach the small bundles, or even individual MONTs, it is necessary 

to understand their nucleation and growth since these materials are built one 

chemical bond at a time, analogously to polymers.  

Therefore, it is necessary to study MONTs on the nanometer regime as they 

are constructed and to develop tools that can determine the type of material being 

formed during the chemical reaction. In situ characterization techniques such as 

small-angle X-ray or neutron scattering (SAXS/SANS)47 and liquid-cell 

transmission electron microscopy (LCTEM)70 have been employed for these 

purposes. However, to date, all examples of these measurements have looked at 

reactions with one type of MONT product.168 Mixed ligand and metal MONT 

reactions have not been investigated. Nor have different structures been compared 

simultaneously. Through blending multiple ligands into a MONT reaction, multiple 

distinct structures may be formed which would be previously impossible. This 

process may also allow for built-in defect sites in a manner that is not possible with 

other 1D materials such as carbon nanotubes.    

Since the synthesis of an isoreticular series of metal-organic nanotubes 

previously conducted by our group,32 we have investigated preparing non-

aggregated MONTS.  Creating a method to isolate individual tubes or at the very 

least, small quantifiable bundles of them would allow for their unique anisotropic 

structure to be studied and ultimately utilization in nanomaterials.    

Previously, the Jenkins group has synthesized 1D MONTs from the reaction 

of 1,3-bis((4H-1,2,4-triazol-4-yl)methyl)benzene ligand (L1) with metal salts.32 

They have also shown that the addition of a small methyl group on the same ligand 

interferes with assembly of the MONTs and resulted in the formation of a 2D sheet 

MOF, rather than the 1D MONT. A methyl group incorporated in L1 gives 4,4'-((5-

methyl-1,3-phenylene)bis(methylene))bis(4H-1,2,4-triazole), (L2) ligand, which 

reacts with the metal salt to form a zig-zag 2D sheet. It somewhat surprising and 

that the addition of the small methyl group to the ligand drives the assembly 

process to a 2D structure, but this result provides a conduit for a critical study that 

examines the competition of the 1D and 2D assembly processes. By examining 
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the assembly of metal organic assemblies that are formed from a mixture of L1 

and L2 ligands, the relative influence of each on the assembly growth can be 

elucidated. L1 is designated as the meta ligand, while L2 is termed the methyl 

meta ligand. 

Therefore, in this study, small angle neutron scattering is used to monitor 

the formation of metal organic assemblies that consist of mixtures of the L2 and 

L1 ligand to elucidate the impact of each ligand on the formation of ultimate 1D or 

2D structure.  The result from SANS study showed that formation of a metal 

organic assembly occurs immediately as the metal salt and ligand are mixed, with 

similar initial structures for all L1 and L2 concentrations.  Increased reaction time 

showed a variation in structure formation that was dependent on L2 loading, with 

a larger deviation in structure from the MONT only exhibited at larger L2 loadings.  

The formation of the pure 2D sheet (L2) was much faster compared to that of the 

pure MONT (L1), yet for most L1/L2 ratios, the formation of the 1D MONT 

appeared to dominate the assembly process.  

 

Materials and Sample Preparation 

 

Samples for the small angle neutron scattering study were prepared by 

mixing solutions of the metal salt and ligand dissolved in deuterated solvents. 

Deuterium oxide (D2O) and deuterated dimethyl formamide (d7-DMF) were 

purchased from Cambridge Isotope Laboratories, Inc. and used as received. The 

metal salt was dissolved in 1 mL D2O and L1 and L2 ligands were dissolved in 

2mL of d7-DMF. (See Experimental section for detailed information regarding 

amount of ligand and metal salt used for the study) The ligands were dissolved 

using a vortex spinner and heating the solution to 85 °C. After completely 

dissolving both ligand and metal salt, both solutions were heated at 85 °C for a few 

minutes. The metal solution was then mixed with the ligand solution and shaken 

carefully. The mixture solutions were immediately syringed into banjo cells to 
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complete the scattering experiments. Formation of the metal organic assemblies 

for mixtures of L1 and L2 of 0, 10, 40, 60, and 100% L2 were monitored for reaction 

times that ranged from 2 to 15 hours.  Preliminary small angle X-ray scattering 

studies showed that the reaction of the 100% L2 sample was completed in about 

8 hours, so this sample was examined for a maximum of 8.5 hours of reaction time. 

The SANS experiments were performed at two neutron facilities, on the 

general-purpose SANS (CG GP-SANS) at HFIR, Oak Ridge National Laboratory 

(ORNL) and on the NG-7 SANS at NCNR, National Institute of Standards and 

Technology (NIST). Sample to detector distances were varied to cover q ranges 

from ~ 0.0039Å-1 to 0.57Å-1. q is momentum transfer vector and characterized by 

q = 4π Sinθ/λ, where θ is the scattering angle of the neutron beam and λ is the 

neutron wavelength. The raw data from HFIR is reduced using the SPICE SANS 

data reduction package whereas the NCNR SANS reduction package was used to 

reduce the data from the NG-7 SANS. Scattering from background, empty cell and 

mixed solvents with the same composition as the sample were accounted for in 

the data reduction.  

Experimental data from the SANS experiments are fitted using the SasView 

program. The structure of the MONT formed from the meta L1 ligand as 

determined from previous studies.32 The neutron scattering length density of the 

meta MONT and the mixed solvent (calculated according to the ratio of two 

solvents) were calculated and used as starting parameters to fit the scattering data. 

From each scattering curve, the slope of the log I vs log q plot was measured in 

the low q region to provide insight into the dimensionality of the formed 

nanostructure and guide in the choice of the model to fit the data.  From these 

results, it is clear that the structure of the assemblies on the length scale of 10-100 

nm is two dimensional throughout the formation process, and thus the data were 

fit to three two-dimensional models: lamellar, elliptical cylinder and parallelepiped.  

All the samples reasonably fit to the lamellae, elliptical cylinder and 

parallelepiped form factors, which is not surprising as they are all similar 

geometrically. In all cases, the background was allowed to fit according to the 
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scattering from the high q and the scale factor is fixed to the volume fraction of 

solutes in solution. All three models provided similar results for the thickness and 

change in length. However, close inspection of the various models showed subtle 

differences, and it was found that the elliptical cylinder model provided the most 

robust fits and consistent results, and thus was chosen to fit the scattering curves 

to provide quantitative information on the structural changes to the forming metal 

organic nanostructures with reaction time and ligand composition.  

 

Results and Discussion 

 

Previous studies have shown that the reaction of L1 in dimethylformamide 

and copper(II) bromide dihydrate in water under solvothermal conditions produced 

the MONT, [Cu2Br2(L1)]•DMF, as illustrated in Scheme 6.1A.32 The driving force 

of the MONT formation is the intertubular π- π stacking from the organic linkers 

within the MONT. To more fully understand the relationship between ligand 

structure and geometry of the formed metal organic assembly, an identical 

solvothermal synthesis was completed utilizing a ligand with a methyl group to the 

meta position on the 1,3-bis((4H-1,2,4-triazol-4-yl)methyl)benzene ligand (L1) to 

form ligand L2. Our hypothesis was to add additional steric bulk to the ligand in 

order to break up the π- π stacking and inhibit the aggregation of the MONTs.  

Adding larger R-groups to the meta position on the 1,3-bis((4H-1,2,4-triazol-4-

yl)methyl)benzene ligand (L1) that we previously synthesized achieves this goal.  

A methyl R-group was chosen as a moderately sized R-group. This methyl 

functionalized ligand, 4,4'-((5-methyl-1,3-phenylene)bis(methylene))bis(4H-1,2,4-

triazole), (L2) can be prepared in three steps (See Experimental Section, Scheme 

6.2).  The key step is refluxing 1,3-bis(bromomethyl)-5-methylbenzene in 

acetonitrile with 3-(1H-1,2,4-triazol-1-yl)propanenitrile by the method of Horváth to 

yield a white powder, 4,4'-((5-methyl-1,3-phenylene)bis(methylene))bis(1-(2-

cyanoethyl)-4H-1,2,4-triazol-1-ium) dibromide, in 83.6 % yield.   
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Scheme 6. 1. Synthesis of (A) MONT, [Cu2Br2(L1)]•DMF (B) double-stranded 

coordination polymer [Cu2Br2(L2)]. 
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4,4'-((5-methyl-1,3-phenylene)bis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-

triazol-1-ium) dibromide was then deprotected with potassium hydroxide in 

refluxing ethanol to yield L2, 4,4'-((5-methyl-1,3-phenylene)bis(methylene))bis(4H-

1,2,4-triazole), in 63.1 % yield (See Experimental Section, Scheme 6.2).  

A previously reported MONT, [Cu2Br2(L1)]•DMF, was synthesized with L1 

and copper(II) dihydrate under solvothermal conditions in dimethylformamide and 

water as seen in Scheme 6.1A. To synthesize a MONT with L2, the ligand was 

subjected to analogous conditions as the previously reported MONT synthesis.32 

This reaction yielded a white crystalline solid.  However, single crystal X-ray 

diffraction (SCXRD) analysis of the solid revealed that instead of creating a new 

isostructural MONT, we had synthesized a double stranded coordination polymer 

with L2 (Scheme 6.1B).  

This double-stranded coordination polymer [Cu2Br2(L2)] exhibits two 

unique copper atoms, both in a 1+ oxidation state (Figure 6.1B).  Cu1 occupies a 

T-shaped geometry bound to one bromide and two nitrogens from two separate 

L2 ligands.  Cu2 occupies a tetrahedral geometry bound to two bromides and two 

nitrogens from two separate L2 ligands.  This polymer packs in a zig-zag fashion 

and creates void spaces similar to a 2D MOF (See Experimental Section for 

Figures 6.9-6.11).  

Given that the mere introduction of a methyl group to the L1 ligand shifts 

the geometry of the molecular organic assembly from a 1D MONT to a double 

stranded coordination polymer, we sought to understand the assembly of metal 

organic structures that form from a mixture of the two similar ligands, L1 and L2.  

To understand the formation process, we turned to small angle neutron scattering 

as a method to monitor the formation of the MONT and/or 2D sheets in situ during 

the reaction.  Small-angle neutron scattering (SANS) is effective for studying the 

nanostructure of materials in solution including polymers and MOFs.47 To study 

the blending systematically, we evaluated the time evolution of the formation of the 

MONT and the double-stranded coordination polymer with SANS from the reaction 

of pure L1 and L2, respectively.  After that, similar experiments to monitor the   
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Figure 6. 1. (A) 1D MONT, [Cu2Br2(L1)]•DMF (B) double-stranded coordination 

polymer, [Cu2Br2(L2)]. Black, light blue, dark blue, and brown ellipsoids (50% 

probability) represent carbon, nitrogen, copper, and bromine atoms 

respectively. 
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growth of metal organic structures formed from the reaction of copper(II) dihydrate 

and mixtures of L1 and L2 in water were completed.  The loading of L2 ligand in 

these reactions was 0, 10, 40, 60, or 100% L2. 

Figure 6.2 shows an example set of SANS scattering curves, in this case 

for the reaction of the pure L1 ligand and the copper(II) bromide dihydrate as a 

function of reaction time. This data provides structural information over a q range 

of ~ 0.004Å-1 to 0.35Å-1, which corresponds to monitoring the growth of the 

structures over length scales that range from ~20 to 1500 Å.  Qualitative analysis 

of the scattering curves shows that the slope of the scattering curves at the lowest 

q values does not change with time, indicating that the shape if the scattering 

object is fairly constant, though its size changes with reaction time.   

The slope at the low q region is approximately -2 for all reaction times 

indicating the formation of two-dimensional structures.  The increase in scattering 

at higher q indicates that the size of the metal organic structure grows with time on 

length scales that are ca. below 300 Å (i.e., q > .02 Å-1)  Moreover, fitting the data 

to a specific structural model provides a pathway to quantify the geometry and 

extent of this growth.  Careful analysis shows that the scattering data for all 

reaction times is well fitted using the elliptical cylinder model, a two-dimensional 

sheet like structure. Similar representations of the SANS data collected for all 

samples are provided in the Experimental  Section, where Figure 6.13 shows the 

data for the 90% L1 sample, Figure 6.15 documents the 60% L1 sample, Figure 

6.16 presents the scattering of the 40% L1 sample and Figure 6.17 shows the 

scattering of the pure L2 sample.  

  



 

183 
 

 

 

Figure 6. 2. SANS scattering curves for the pure L1 ligand and metal salt at 

indicated reaction time, where symbol is for experimental data and solid line 

is fit using elliptical cylinder model.   
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Quantitative analysis of the changes to the size and shape of the metal 

organic structures as a function of ligand composition and reaction time is possible 

from the fits of the scattering data to the elliptical cylinder model.  The elliptical 

cylinder can best be pictured as a thin rectangular solid with an elliptical cross 

section, as shown in Figure 6.3.  The parameters that emerge from the analysis 

include the lengths of the major (Rm) and minor (Rs) axes of the cross-section and 

the length (L) of the cylinder, as well as the volume fraction of the formed metal 

organic structure. For instance, Figure 6.4 shows the change in the thickness 

(minor axis, Rs) of the elliptical cylinder as a function of reaction time for all of the 

ligand mixtures, while Figure 6.5 shows the same information for time evolution 

during the reaction of the cross sectional width of the elliptical cylinder (major axis, 

Rm). Figure 6.6 shows the growth of the length of the metal organic structures as 

a function of reaction time for each ligand mixture.   

Inspection of these plots provides interesting insight into the growth of the 

two-dimensional metal organic nanostructure. The thickness of the structure 

formed at the beginning of the reaction of pure L1 is ~8 Å which is similar to the 

thickness of the meta MONT as determined from a previous study.32, 47 Similarly, 

the thickness of the structure formed by the reaction of pure L2 is about 10 Å. As 

the reaction proceeds, the thickness of the two-dimensional structure essentially 

doubles for the L1 sample, while the thickness increases by a factor of 3 for the 

L2 structure.  Examination of Figure 6.5 shows similar trends for the growth of the 

width of the elliptical cylinder with reaction time – the width of the nanostructure is 

about ~200 Å at the beginning of the reaction for both the pure L1 and pure L2 

reaction mixtures.  However, the width grows quickly to ~ 1400 Å (~7x original size) 

for the L2 methyl ligand sample, but only extends to approximately 400 Å (~ 2x 

original size) for the L1 meta ligand.  Thus, it appears that the reaction of the methyl 

ligand, L2, in the 2D MOF formation is faster than the inclusion of the meta ligand 

L1 in the MONT. 
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Figure 6. 3. Diagram of elliptical cylinder.  

 

 

 

 

Figure 6. 4. Change in thickness of the nanoscale metal organic structure as 

a function of reaction time for all ligand compositions. 
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Figure 6. 5. Change in width of the 2-dimensional nanoscale metal organic 

structure as a function of reaction time for all ligand compositions. 
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Figure 6. 6. Change in length of structure for all composition as a function of 

reaction time. 
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Moreover, in both Figures 6.4 and 6.5, the behavior of the mixed ligand 

samples mimics the growth behavior of the pure L1 ligand, more than it does the 

growth of the structure formed by the pure L2 ligand sample.  With the addition of 

10, 40 or 60% L2 ligand, the thickness only grows from 9-10 Å to 20-22 Å, 

approximately doubling, while the same ligand compositions results in the growth 

of the width of the 2-dimensional nanostructure from ca. 250-300 Å to 400-500 Å 

as the reaction proceeds.  Clearly, in the mixed ligand reaction, the presence of 

the L1 meta ligand inhibits the growth of the cross-section of the metal organic 

structure that appears to occur much more quickly in the pure L2 sample.  This is 

true even when the L1 ligand is the minor phase, i.e. for the 60% L2 sample.   

This relationship does not appear to hold true for the growth of the length of 

the two-dimensional metal organic structure.  Figure 6.6 shows that the reaction of 

pure meta ligand L1 causes the length to increase by about 20% (~900 Å to 1100 

Å), while the pure L2 methyl ligand reaction grows the length of the two-

dimensional MOF by 60% (from 1000Å to 1600 Å). It is interesting that the change 

in the growth of the metal organic nanostructure length appears to be much more 

dependent on the composition of the ligand mixture than the thickness or width 

(Figures 6.4 and 6.5).  Figure 6.6 clearly shows that the addition of the L2 ligand 

to the reaction mixture increases the growth along the length of the elliptical 

cylinder for all compositions, where the growth rate of the 60% L2 sample is nearly 

proportional to the L2 loading.  

Figures 6.4-6.6 clearly show that the growth of the metal organic 

nanostructure occurs primarily along the length and the width of the nanostructure, 

with very little change in the thickness.  Therefore, these growths in structure can 

also be followed by inspection of Figure 6.7, which plots the change in the width 

and length of the elliptical cylinder as a function of reaction time for each ligand 

composition on the same plot.  Inspection of this plot verifies that the pure L2 

sample grows along the width and length faces of the elliptical cylinder, but much 

more quickly along the width.  The growth along the width occurs so quickly that 

the final structure of the pure L2 methyl ligand nanostructure evolves to form a  
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Figure 6. 7. Change in the length (squares) and width (circles) as a function 

of reaction time for all ligand compositions.   
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square (length ~ width), while all other ligand compositions form rectangular 

cross-sections (length >> width). 

Finally, Figure 6.8 shows the overall growth in the volume of the metal 

organic nanostructure as a function of the ligand composition for all reaction times.  

Inspection of this figure shows that the volume of the metal organic nanostructure 

increases with % L2 methyl ligand for all reaction times, but combining this insight 

with the previous figures shows that most of the growth occurs on the faces of the 

two-dimensional nanostructure. 

The results presented above show that as soon as the ligands are mixed 

with the metal salt, a reaction occurs that form two-dimensional metal organic 

nanostructures.  These initially formed structures are of similar size regardless of 

the composition of the ligand composition, indicating that the mixture of the two 

different types of ligands form similar structure in the initial reaction.  As the 

reaction proceeds the metal organic nanostructure grows in all dimensions, but 

primarily along the width, which doubles.  The growth process for the metal organic 

nanostructures changes very little when 10%, 40% and 60% of the methyl ligand 

(L2) is added to the L1 meta ligand, even though the growth process of the pure 

L2 ligand sample is much faster.  We interpret this to indicate that the presence of 

the L1 ligand controls the growth of the metal organic nanostructure, slowing the 

growth process regardless of loading of L2.   

Recalling that the pure L2 methyl ligand forms a sheet like structure and 

that the pure L1 meta ligand forms a nanotube, it appears that the formation of the 

nanotube motif is dominant in the growth of the metal organic nanostructure from 

the mixed ligands.  The idea of a competition between the growth of the sheets 

and tubes also leads to the question of whether the formed nanostructures contain 

both methyl (L2) and meta (L1) ligands or if sheets and tubes are formed 

separately.  Unfortunately, the data do not unequivocally answer this question, but 

does provide some clues.  First, there is no indication of a mixture of structures, 

suggesting that the metal organic nanostructures that are formed for all ligand 

compositions have the same geometry. Second, the size of the initial structures  
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Figure 6. 8. Change in volume of structure formed with composition.  

 

  



 

192 
 

formed in the reaction is very similar for all ligand composition. Both of these 

observations are consistent with the metal organic structures formed containing 

both ligands. Third, the absolute scattering intensities of the structures formed from 

all ligand compositions are very similar, which indicates that the number of metal 

organic nanostructures that are formed do not change with ligand composition. 

This is also consistent with the inclusion of both ligands in the growing 2-

dimensional structures, as one would expect a decrease in the number of formed 

metal organic nanostructures with an increase in the loading of a ligand that is 

excluded from the formed structure.  

 

Conclusion 

 

The solvothermal reaction of the L1 meta ligand with copper(II) dihydrate 

forms a one-dimensional metal organic nanotube, while the same reaction of 

copper(II) dihydrate with the L2 methyl ligand forms a two-dimensional MOF.  This 

research program explores the formation process of copper(II) dihydrate with 

mixtures of the L1 and L2 ligands at a range of compositions from pure L1 to pure 

L2.  Small angle neutron scattering provides insight into the nanoscale structure 

that form during the reactions, and interpretation of the observed scattering curves 

elucidates the growth and geometry of the metal organic nanostructure that are 

formed in these reactions.  Regardless of ligand concentration, anisotropic two-

dimensional sheet like nanostructures are formed immediately after mixing the 

organic ligand mixture with the metal salt solution.  These two-dimensional 

structures grow with reaction time, primarily along the width, and to a lesser extent 

along the length with reaction time.  Interestingly the rate of growth is very similar 

for the pure L1 ligand sample and the three mixture of L1 and L2 ligands (10%, 

40% and 60% L2).  The growth of the metal organic sheets formed from the pure 

L2 methyl sample occurs much more quickly than samples that contain L1 meta 

ligand at any loading.  We interpret this to indicate that the presence of the L1 meta 
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ligands inhibits the growth of the L2 sheets, driving the reaction to include both L1 

and L2 ligands. Additionally, careful analysis of the absolute intensity scattering 

data as well as the similarity of the geometry of all ligand compositions suggests 

that the formed nanostructure incorporate both the L1 and L2 ligand, though more 

careful contrast variation neutron experiments are needed to verify this 

interpretation.   

 

Experimental 

 

I. General Considerations for Synthesis 

Compound 1, 1,3-bis(bromomethyl)-5-methylbenzene, was synthesized as 

previously reported by Lu(R) from 5-methylisophthalic acid, which was purchased 

from Fischer Scientific and used with no further purification.  Compound 2, 1,2,4-

triazole-1-propanenitrile, was synthesized as previously reported by Horváth. (R) 

Synthesis of L1 and [(L1)Cu2Br2]·DMF was previously reported by Jenkins. (R) All 

other reagents were purchased from commercial vendors and used with no 

additional purification. 

1H and 13C NMR spectra were collected at ambient temperature on either a 

Varian Mercury 300 MHz, a Varian VNMRS 500 MHz, or a Varian VNMRS 600 

MHz narrow-bore broadband system.  1H and 13C NMR chemical shifts were 

referenced to the residual solvent.  All mass spectrometry analyses were 

conducted at the Mass Spectrometry Center located in the Department of 

Chemistry at the University of Tennessee.  High resolution ESI-MS were analyzed 

using an electrospray ionization source in the positive mode of detection, with 

mass analysis performed by an Exactive Plus OrbitrapTM Mass Spectrometer 

(Thermo Scientific, San Jose, CA, USA).  Attenuated Total Reflectance (ATR) 

infrared spectroscopy data were collected on a Thermo Scientific Nicolet iS10 with 

a Smart iTR accessory.  Thermogravimetric analysis was collected on freshly 
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prepared samples on a TA Instruments TGA Q50, under N2.  Elemental analysis 

of carbon, hydrogen, nitrogen for [(L2)Cu2Br2] was obtained from Atlantic 

Microlab, Inc., Norcross, GA.  

 

 

 

Scheme 6. 2. Synthetic scheme for L2.  

 

Synthesis of 4,4'-((5-methyl-1,3-phenylene)bis(methylene))bis(1-(2-

cyanoethyl)-4H-1,2,4-triazol-1-ium) dibromide, 3: 

1,3-bis(bromomethyl)-5-methylbenzene (1) (0.2189 g, 

0.7874 mmol) was added to a round bottom flask with 1,2,4-triazole-1-

propanenitrile (2) (0.3063 g, 2.507 mmol) in 200 mL of acetonitrile.  The reaction 

was heated to reflux at 85 °C for 24 hours, after which a white solid precipitated.  

The reaction mixture was then cooled to room temperature.  Diethyl ether was 

added to the reaction flask to initiate additional precipitate formation.  The crude 
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solid was then filtered through a medium frit and washed with acetonitrile (3 x 30 

mL) and dried under reduced pressure to yield the pure product (0.239 g, 83.6% 

yield).  

 

1H NMR (DMSO-d6, 499.74 MHz): 10.30 (s, 2H), 9.38 (s, 2H), 7.41 (s, 1H), 7.34 

(s, 2H), 5.54 (s, 4H), 4.73 (t, 4H), 3.23 (t, 4H), 2.33 (s, 3H).  13C NMR (DMSO-d6, 

125.66 MHz): 144.93, 143.41, 139.39, 134.10, 130.05, 126.54, 117.70, 50.22, 

47.26, 20.80, 17.33.  IR: 3103, 3050, 3026, 2975, 2912, 2253, 1843, 1743, 1605, 

1577, 1522, 1469, 1436, 1414, 1383, 1366, 1341, 1314, 1280, 1256, 1225, 1205, 

1180, 1136, 1064, 1048, 1021, 980, 955, 931, 917, 895, 877, 828, 757, 665 cm-1.  

HR ESI-MS (m/z): [M-Br]+: 441.1144 (found); C19H22BrN8
+: 441.1145 (calculated). 

 

Synthesis of 4,4'-((5-methyl-1,3-phenylene)bis(methylene))bis(4H-1,2,4-

triazole), L2: 

In a 100 mL round bottom flask, potassium hydroxide (0.4982 

g, 8.881 mmol) and compound 3 (1.3391 g, 2.565 mmol) were suspended in 50 

mL of ethanol and refluxed at 78 °C for 48 hours.  Minimal amounts of water (20 

mL) was added to the reaction flask and the solution was extracted with a 1:1 

chloroform:ethanol solution (6 x 10 mL).  This was done to separate the ligand from 

the potassium bromide side product.  The organic layer was dried with magnesium 

sulfate, filtered, and subsequently evaporated under reduced pressure.  The 

resulting white solid was dried under reduced pressure to yield a crude product 

(0.593 g, 63.1%).  Further purification was achieved by Soxhlet extraction with 

methylene chloride to remove excess salt impurities. 
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1H NMR (DMSO-d6, 499.74 MHz): 8.57 (s, 4H), 7.06 (s, 1H) 7.05 (s, 2H), 5.22 (s, 

4H), 2.26 (s, 3H).  13C NMR (DMSO-d6, 125.66 MHz): 143.22, 138.85, 137.23, 

127.95, 124.16, 47.29, 20.82.  IR: 3102, 3023, 2949, 2918, 2870, 2851, 1672, 

1608, 1530, 1451, 1378, 1349, 1329, 1283, 1263, 1184, 1172, 1108, 1072, 1038, 

973, 951, 919, 867, 744, 668, 637 cm-1.  HR ESI-MS (m/z): [M+H]+: 255.1351 

(found); C13H15N6
+: 255.1353 (calculated). 

 

Synthesis of Coordination Polymer, [(L2)Cu2Br2]: 

Copper(II) bromide dihydrate (0.0382 g, 0.1710 mmol) was dissolved in 0.5 mL of 

deionized water and L2 (0.0191 g, 0.0751 mmol) was dissolved in 1 mL of 

dimethylformamide.  The two solutions were heated independently at 85 °C for 10 

minutes in an aluminum heating block.  The hot copper solution was added to the 

hot ligand solution, immediately forming a blue gel.  After heating for 5 days at 85 

°C, a white solid formed, which was isolated and washed with water and acetone 

to yield the pure product (3.8 mg, 9.35% yield).  

 

IR: 3409, 3070, 2931, 2865, 1650, 1542, 1496, 1439, 1413, 1389, 1255, 1228, 

1190, 1175, 1099, 1080, 1063, 1015, 845, 744, 661, 637 cm-1.  Anal. Calcd. For 

C13H14Br2Cu2N6: C, 28.85; H,2.61; N, 15.53. Found: C, 29.87; H, 2.97; N, 15.47. 

 

X-ray Structure Determination 

L2 crystals were grown in hot acetonitrile overnight and [(L2)Cu2Br2] 

crystals were grown directly from the reaction vial.  A clear colorless plate crystal 

of each compound was mounted in the 100 K cold stream provided by an Oxford 

Cryostream low-temperature apparatus on the head of a Bruker SMART APEXII 

diffractometer equipped with an ApexII CCD detector, employing the use of Mo Kα 

radiation (λ = 0.71073 Å). Data set was reduced with Bruker SAINT and was 
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corrected for absorption using SADABS.  Structures were solved and refined using 

SHELXT. 

 

Powder X-ray Experiments 

Powder X-ray diffraction data were collected on the sample using a 

Panalytical Empyrean θ-2θ diffractometer in reflectance Bragg-Brentano 

geometry. Cu-K radiation (= 1.5406 Å; 1,800 W, 45 kV, 40 mA) was focused 

using a planar Gobel Mirror riding the Κα line.  A 0.25 mm divergence slit was used 

for all measurements.  Diffracted radiation was detected using a PIXcel3d detector 

[(6° 2θ sampling width) equipped with a Ni monochromator. [(L2)Cu2Br2] sample 

was mounted onto a zero-background quartz plate fixed on a sample holder.  The 

best counting statistics were achieved by using a 0.0394° 2θ step scan from 3 – 

50° with an exposure time of 118.30 s per step and a revolution spin rate of 4 s.  

 

II. Single Crystal X-ray Structures 

 

 

Figure 6. 9. Single Crystal X-ray structure of L2, Black and light blue 

ellipsoids (50% probability) represent carbon and nitrogen atoms 

respectively.  Hydrogen atoms have been omitted for clarity. 
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Figure 6. 10. Single Crystal X-ray structure of [(L2)Cu2Br2], (A) top view, and 

(B) side view. Black, light blue, dark blue, and brown ellipsoids (50% 

probability) represent carbon, nitrogen, copper, and bromine atoms 

respectively.  Hydrogen atoms have been omitted for clarity. 
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Figure 6. 11. Packing structure from single crystal X-ray structure of 

[(L2)Cu2Br2]. Black, light blue, dark blue, and brown ellipsoids (50% 

probability) represent carbon, nitrogen, copper, and bromine atoms 

respectively.  Hydrogen atoms have been omitted for clarity. 
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Figure 6. 12. Packing structure from single crystal X-ray structure of 

[(L2)Cu2Br2]. Black, light blue, dark blue, and brown ellipsoids (50% 

probability) represent carbon, nitrogen, copper, and bromine atoms 

respectively.  Hydrogen atoms have been omitted for clarity. 
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Figure 6. 13. Copper connectivity for [(L2)Cu2Br2]. 
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Table 6. 1. Corresponding bond distances and angles for [(L2)Cu2Br2]. 

 

 

Atoms Bond Angle (°) Atoms Bond Distance (Å) 

Br1-Cu1-N1 100.046(4) Cu1-Br1 2.5567(2) 

N1-Cu1-N3 160.449(6) Cu1-N1 1.9424(2) 

N3-Cu1-Br1 99.503(3) Cu1-N3 1.9237(2) 

Cu1-N1-N2 125.877(6) N1-N2 1.3649(1) 

Cu1-N3-N4 126.128(6) N3-N4 1.3712(1) 

N2-Cu2-Br2 106.081(4) Cu2-N2 2.0033(2) 

Br2-Cu2-Br3 108.179(5) Cu2-N5 2.0094(2) 

Br3-Cu2-N5 108.572(4) Cu2-Br3 2.4973(2) 

N5-Cu2-N2 117.433(4) Cu2-Br2 2.5092(2) 

Br2-Cu2-Br3 108.179(5) Cu3-N4 2.0094(2) 

Cu3-Br2-Cu2 71.821(4) Cu3-N6 2.0033(2) 

Cu3-Br3-Cu2 71.821(4) Cu3-Br2 2.5092(2) 

Br2-Cu3-Br3 108.179(5) Cu3-Br3 2.4973(2) 

Br3-Cu3-N6 106.081(4)   

N6-Cu3-N4 117.433(4)   

N4-Cu3-Br2 108.572(4)   



 

203 
 

III. Selected Spectra and Analytical Data for 1-5 and MONT 

 

 

Spectra 6. 1. 1H NMR of 3 in DMSO-d6. 
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Spectra 6. 2. 13C NMR of 3 in DMSO-d6. 
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Spectra 6. 3. ATR-IR of 3. 
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Spectra 6. 4 1H NMR of L2 in DMSO-d6. 

 



 

207 
 

 

 

Spectra 6. 5. 13C NMR of L2 in DMSO-d6. 
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Spectra 6. 6. ATR-IR of L2. 

 

 

 

Spectra 6. 7. ATR-IR of [(L2)Cu2Br2]. 
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Spectra 6. 8. Simulated (black) and experimental (red) PXRD of [(L2)Cu2Br2]. 

 

 

 

 

Spectra 6. 9. TGA of [(L2)Cu2Br2]. 
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IV. Small Angle Neutron Scattering Experiments 

 

A set of mixed ligand MOFs were synthesized by varying the amount of the 

methylated L2 ligand into the [(L1)Cu2Br2] · DMF framework. The L2 ligand was 

incorporated at 10%, 40%, and 60% by weight through identical synthesis.  

 

Synthesis of 10% L2 Mixed Ligand Materials for SAXS/SANS: 

Copper(II) bromide dihydrate (0.0164 g, 0.07343 mmol) dissolved in 1 mL of 

deionized water and placed into a 4 mL scintillation vial. L1 (0.0078 g, 0.0325 

mmol) and L2 (0.0013 g, 0.0051 mmol) were weighed out and placed in separate 

4 mL scintillation vials. Each set of ligands were dissolved in 1 mL DMF. The vials 

sonicated for several minutes, until the ligand dissolved in DMF. The ligand 

precursor solutions were mixed and then added to the metal precursor solution. 

The resulting reaction vial was heated at 85 °C. These conditions were used for 

both SAXS and SANS experiments.  

 

Synthesis of 40% L2 Mixed Ligand Materials for SAXS/SANS: 

Copper(II) bromide dihydrate (0.0166 g, 0.07432 mmol) dissolved in 1 mL of 

deionized water and placed into a 4 mL scintillation vial. L1 (0.0054 g, 0.0225 

mmol) and L2 (0.0038 g, 0.0149 mmol) were weighed out and placed in separate 

4 mL scintillation vials. Each set of ligands were dissolved in 1 mL DMF. The vials 

sonicated for several minutes, until the ligand dissolved in DMF. The ligand 

precursor solutions were mixed and then added to the metal precursor solution. 

The resulting reaction vial was heated at 85 °C. These conditions were used for 

both SAXS and SANS experiments.  
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Synthesis of 60% L2 Mixed Ligand Materials for SAXS/SANS: 

Copper(II) bromide dihydrate (0.0167 g, 0.07477 mmol) dissolved in 1 mL of 

deionized water and placed into a 4 mL scintillation vial. L1 (0.0036 g, 0.0150 

mmol) and L2 (0.0058 g, 0.0228 mmol) were weighed out and placed in separate 

4 mL scintillation vials. Each set of ligands were dissolved in 1 mL DMF. The vials 

sonicated for several minutes, until the ligand dissolved in DMF. The ligand 

precursor solutions were mixed and then added to the metal precursor solution. 

The resulting reaction vial was heated at 85 °C. These conditions were used for 

both SAXS and SANS experiments.  

 

Synthesis of Coordination Polymer, [(L2)Cu2Br2], for SAXS/SANS: 

The coordination polymer was synthesized by modifying the reported procedure 

(See Experimental). This was done by diluting each of the reported precursor 

solutions to half of their original concentration. Copper(II) bromide dihydrate 

(0.0382 g, 0.1710 mmol) was dissolved in 1 mL of deionized water and L2 (0.0191 

g, 0.0751 mmol) was dissolved in 2 mL of dimethylformamide.  

 

Synthesis of Metal-Organic Nanotube, [(L1)Cu2Br2] · DMF, for SAXS/SANS: 

The MONT was synthesized by modifying the previously reported procedure.32 

This was done by diluting each of the reported precursor solutions to half of their 

original concentration. Copper(II) bromide dihydrate (0.0185 g, 0.0828 mmol) was 

dissolved in 1 mL of deionized water and L1 (0.0097 g, 0.0381 mmol) was 

dissolved in 2 mL of dimethylformamide.  
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Figure 6. 14. SANS scattering curves for the composition with 10% L2 ligand 

and metal salt at indicated reaction time, where symbol is for experimental 

data and solid line is fit using elliptical cylinder model.   
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Figure 6. 15. SANS scattering curves for the composition with 40% L2 ligand 

and metal salt at indicated reaction time, where symbol is for experimental 

data and solid line is fit using elliptical cylinder model. 
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Figure 6. 16. SANS scattering curves for the composition with 60% L2 ligand 

and metal salt at indicated reaction time. Symbol is for experimental data 

and solid line is fit. 
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Figure 6. 17. SANS scattering curves for the composition with 100% L2 

ligand and metal salt at indicated reaction time. Symbol is for experimental 

data and solid line is fit. 
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CHAPTER 7 

CONCLUSION 

  



 

217 
 

 Metal-organic nanotubes are the one-dimensional variant of the 

class of materials known as metal-organic frameworks. The structure of MONTs 

are composed of organic ligands that bind with metal salts to form tubular 

frameworks with pores ranging from 3 Å to 33 Å. All literature examples of metal-

organic nanotubes are synthesized and characterized by bulk analyses such as 

PXRD, SCXRD, SSNMR and IR. This is problematic because as MONTs pack 

together, their structures resemble 3D MOFs. The packed nanotubes create an 

array of tubular pores similar to 3D MOFs, effectively making MONTs redundant. 

In order to study the unique properties of metal-organic nanotubes and highlight 

their potential as anisotropic materials, packing and aggregation of the tubes must 

be reduced. As a result, crystalline materials or microcrystalline materials on the 

micron or mm scale are not desired products.  

 For metal-organic nanotubes to truly become a new unique class of 

materials, it is essential to understand the fundamental chemistry of MONTs at the 

nanoscale. To do so, it is critical to study their growth and formation mechanisms 

since MONTs are formed one chemical bond at a time. This dissertation takes the 

first steps towards this goal through new synthesis of ligands designed to reduce 

aggregation and through collaborative work with experts on transmission electron 

microscopy and small-angle X-ray and neutron scattering.  

 First, di-1,2,4-triazole ligands were designed based off the overall goal to 

synthesize and then image discrete or colloidal MONTs. This goal was separated 

into four sub-categories including synthesizing (1) large pore MONTs, (2) 

fluorescent MONTs, (3) MONTs that do not aggregate together, and (4) an 

isostructural series of MONTs. A ligand from each of the design categories was 

incorporated in new MONT syntheses; however, only one new MONT was 

synthesized with the remaining reactions forming 2D or 3D frameworks. These 

results suggest two lessons. First, the dimensionality of the framework greatly 

relies on the structure of the organic ligand. Second, our predictive power for 

knowing when MONTs will be formed is in its infancy. 
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 A collaboration with Dr. Nathan Gianneschi’s group at Northwestern 

University was created to study the metal-organic nanotubes at the nanoscale by 

using liquid-cell transmission electron microscopy (LCTEM). The growth of a 

copper-based metal-organic nanotube ([(L1)Cu2Br2]) was tracked in real time by 

liquid-cell transmission electron microscopy. The formation of finite bundles of this 

MONT were observed and diffraction analyses from the LCTEM of this framework 

were found to match the distances between the heavy atoms within the single-

crystal X-ray structure from the bulk material. This study allowed for TEM to be 

highlighted as a tool for monitoring reactions and a way to obtain mechanistic 

information. The growth mechanism of the formation of this MONT was determined 

to be a thermodynamically driven surface-specific monomer–monomer attachment 

process.  

 A follow-up study with the Gianneschi group was able to analyze the growth 

mechanisms of two additional metal-organic nanotubes and compared multiple 

reaction conditions. In this case, the metal to ligand ratios for both MONT reactions 

were varied, and the resulting products were analyzed by LCTEM. The ratio of the 

reactant molecules changed the nucleation pathway of the precursor ions between 

monomer-based or particle-based pathways. Furthermore, increasing the silver(I) 

nitrate concentration favored the formation of metal-organic nanotubes with few 

other metastable products.  These insights are critical for developing MONTs in 

the nanoscale since we want to avoid the formation of byproducts on the 

nanometer regime. This study has shown that LCTEM has significant potential as 

a tool for reaction development of MONTs. 

 A collaboration with Dr. Mark Dadmun’s group at The University of 

Tennessee was created to study MONTs through small-angle neutron and X-ray 

scattering. A solvothermal reaction of the meta-xylyl ditriazole ligand with 

copper(II) bromide forms a 1D MONT. This ligand was modified with a methyl 

functional group in an effort to mitigate the aggregation of MONTs through steric 

blocking. This ligand does not form the expected metal-organic nanotube, but 

instead formed a double-stranded coordination polymer. Small-angle neutron and 
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X-ray scattering was used to study the formation of both structures as well as 

reactions with mixtures of both ligands. Small angle neutron scattering provided 

insight into the nanoscale structures that form during the reactions and determined 

that regardless of ligand concentration, anisotropic 2-dimensional sheet-like 

nanostructures are formed immediately after mixing the organic ligand mixture with 

the metal salt solution.  The presence of the meta ligands inhibits the growth of the 

2D coordination polymer sheets, driving the reaction to include both di-triazole 

ligands.   

The studies detailed in this dissertation are just the beginning for metal-

organic nanotubes.  There is still much more to be understood about this class of 

materials. The future of MONT chemistry relies on the ability to study these 

materials at the nanoscale and only once this fundamental chemistry is achieved 

can applications be found for these nanomaterials. By studying how MONTs form 

in solution prior to the bulk aggregation, new ligands and reaction conditions can 

be made to tailor the desired MONT product. New organic ligands should be 

synthesized so that they remain in the syn confirmation to prevent 2D or 3D 

framework formation. Ligands should also be sterically encumbered enough to 

force the counter anions into bridging the repeating units of the MONT for 1D 

framework formation. With these directions in mind, it appears that MONTs can be 

a tunable anisotropic material in a similar manner to MOFs. 
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