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ABSTRACT 

 Metal-Organic Nanotubes (MONTs) are a crystalline one-dimensional porous material that 

can be formed from the interaction between an organic ligand and a metal. The synthesis of this 

class of material is similar to its three-dimensional counterpart (MOFs) where in both cases 

precise choice of ligand and metal can result in the altering of material dimensions. When 

highlighting the differences between these two classes of coordination polymers, the exploration 

of MONTs has shown that they are formed anisotropically in which their one-dimensional 

growth causes them to be a functionally successful choice for the adjustment of organic linker 

synthesis and size. 

 Within our group, there have been many different avenues in which MONTs as a material 

have been investigated. MONTs have been prepared utilizing a 2, 3, and 4 column pillared 

approach where herein the Jenkins group the 2-column pillared approach is utilized. With the 

work done by the Jenkins group in the both the past and in the present, there have been a series 

of organic linkers specifically designed to investigate the relationship between a semi-ridgid di-

triazole organic linker and an associated metal of which has generally been copper or silver. 

Expanding on the research of previous group members and herein this thesis, a review of particle 

size, composition, and more importantly, pore size is discussed.  

 In the past, the goal of this research group has been to identify and rationalize the ideal 

way to synthesize these discrete nanotubes on the bulk scale. Although this goal is still present to 

this day, a goal that is more pressing is highlighted within this thesis. To highlight specifically, 

the goal of the research herein this thesis is to accomplish the synthesis of MONTs utilizing 

expanded organic linkers of which could form a novel crystalline material with an expanded 

pore.  Through the utilization of collaborations in the field, different techniques using 
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crystallography as the basis were employed in order to fully characterize the synthesized 

expanded MONTs as a material. 
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CHAPTER 1 

INTRODUCTION 

The properties and applications of any material are dictated by its dimensionality. One-

dimensional materials exploded onto the scene in 1991 when Sumio Iijima pioneered the 

synthesis of carbon nanotubes (CNs). 1 Carbon nanotubes can be broken into two primary 

classes, of which are single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs) (Figure 1).1  

  While each class behaves in many similar ways, the main point for discussion is how 

they are defined. These anisotropic materials are defined by their one dimensional growth along 

one axis and are most well known for having both high tensile strength and their applications in 

electronics. 2-4 Applying fundamental knowledge of dimensionality, structural modifications that 

directly reflect these concepts can be studied when looking at inorganic materials. Metal-

organic frameworks (MOFs) are within a class of materials which are commonly referred to as 

coordination polymers.8,10-11 MOFs pioneered by Omar Yaghi follow a pattern of growth where 

they can be found in one, two, or three-dimensions. 24,25 With large, interconnected pores, MOFs 

are best known for having successful developments in gas storage, heterogenous catalysis, and 

chemical separations (Figure 2).8 

  In 2008, Daofeng Sun prepared a new subtype of coordination polymer which was 

given the name Metal-Organic Nanotubes (MONTs).23 Metal-Organic Nanotubes are a type of 

MOF which encompasses not only the desirable qualities that are found in their multi-

dimensional counterparts but also includes desirable qualities found in CNs.5-7,13 When fusing 

the qualities of each of these materials together a material is born that has an adjustable pore 

size, increased flexibility, and potential for exterior functionalization post-synthesis.5 
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 Figure 1. Carbon nanotube formation is characterized based on a pair of integers which 

describe the orientation and diameter of the nanotube. These can be seen as either 

SWCNTs or MWCNTs where the appropriate nomenclature labels the x-axis as 

“armchair” and the y-axis is as “zigzag”.  
 

Figure 2. As more MOFs were synthesized, Dr. Ohmar Yaghi pioneered the first concepts of 

isoreticularity which demonstrated that with the altering of an organic ligand the chemical 

environment and size of the pore could be changed. 
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 Made typically under solvothermal conditions, MOFs and MONTs are made from 

carefully selecting an organic linker and pairing it with a metal salt.5 Through many different 

combinations, there are hundreds of thousands of avenues from which new metal organic 

materials can be synthesized. In 2003, Ohmar Yaghi pioneered the discovery of isoreticularity 

where two MOFs could differ in pore size, metal selection and function, but still maintain the 

same underlying pore topology. With this principle in mind, our research group was the first to 

develop isoreticular synthesis of MONTs.24-25 With this discovery, our research group began 

looking into the effects of how pore size may affect synthesis, how copolymerization may be 

possible, and how selection of ligand could influence pi-pi interactions (Figure 3).  

  Within the last decade MONTs have been synthesized in multiple different ways with 

the primary three being the two-column pillared approach, the three-column pillared approach 

and the four-column pillared approach.5 In 2011, Hiroshi Kitagawa was the first to synthesize a 

four-column pillared MONT. This was accomplished by reacting the square-shaped metal-

organic building block [Pt(en)(bpy)]4(NO3 )8·5H2O with iodine and undergoing an oxidative 

polymerization in order to form [Pt(en)(bpy)I]4(NO3)8 ·16H2O.6 With these specific MONT 

growth conditions, both the height and the width had a requirement of being adjusted at the 

same time in order to propagate formation (Figure 4).6 

  Many years later, Ben-Lai Wu synthesized the first three-column pillared MONT 

which boasted one of the most complex ways to form MONTs. This feat was accomplished by 

the reaction of two organic linkers and a metal salt. To specify, 1,1’-(5-methyl-1,3-

phenylene)bis(1H-imidazole), 5-bromonicotinate (Brna), and a nickel salt were carefully 

selected to orchestrate the formation of this MONT.5 (Figure 5)  
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 Figure 3.  MOFs and MONTs are both a class of coordination polymer with the primary 

difference being pattern of growth. MOFs can grow in 2, or 3 dimensions whereas MONTs 

are grown ideally in 1 direction. Within our research group, highlighting isoreticularity 

allowed for the development and growth of many different MONTs. 
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 Figure 4.  (a). Ethylenediamine and 4,4’-bipyridine coordinating to a platinum center. (b). 

Top and (c). side facing views for the four-column pillared MONT [Pt(en)(bpy)I]4(NO3)8 

·16H2O. MONTs synthesized in the Kitagawa group use an anionic iodine which act as a 

bridging within the four-column pillar. Similar to other MONTs a capping agent, in this 

case ethylenediamine is used to “close” the pore. 
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Figure 5. (a).1,1’-(5-methyl-1,3-phenylene)bis(1H-imidazole) and 5-bromonicotinate (Brna) 

coordinating to a nickel center. (b). Top and (c). side facing views for the three-column 

pillared MONT Ni(pbim)(Brna)Cl•H2O. MONTs synthesized by Wu and coworkers use a 

secondary organic linker (Brna) as both the bridging arm and “capping” agent to form the 

pore. 
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Applying principles learned from isoreticular syntheses in literature, our research group 

became the first to apply these fundamentals to the construction of isoreticular MONTs.7,13,21-22 

Pioneered in 2014 by Chris Murdock, our research group developed a new category of MONT 

which utilized semi-ridgid di-triazole organic linkers and a group 11 metal salt to create a 

porous material of which height and width could be independently altered.5,11 Highlighting this 

particular synthetic method, the MONTs made through this method take on a syn or a “c-

shaped” structure of which was later generalized to the two-column pillared approach.13 In this 

method of synthesis, the metal cation acts as an anchor which is half of the “building block” 

required for synthesis.7,13,21-22 Interacting with the metal cation, a di-triazole binding site 

provides overall pore structure where finally an anionic “cap” is used to close the pore.7,13,21-22 

In the synthesis of two-pillared MONTs in our research group it is critical to note the value of 

the bridging arms in the di-triazole organic linkers.7,13,21-22 These bridging arms directly 

influence the geometry of the formed pore and are an integral part of the two-column pillared 

approach (Figure 6).5  

In our research group, MONTs as a nanocrystalline material have been thoroughly 

analyzed with a goal of understanding and studying the anisotropic growth patterns of these 

one-dimensional materials (Figure 7). In 2019, Kristina Vailonis used a biphenyl organic linker 

and through multiple trials of synthesis a group of “zipper-like” MONTs with finite growth 

patterns were synthesized.7 The MONTs grown were observed in real time using liquid cell 

transmission electron microscopy (LCTEM) and following visualization these very same 

MONT materials grew for several days following analysis.7 Once reaching the optimal size, 

single crystal X-ray diffraction was used in order to visualize the individual MONT tubes.7 To  
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Figure 6 (a). The structure of a di-triazole ligand is generalized (left) which represents 

three critical parts which shape the pore; an organic linker core (in purple), a semi-flexible 

bridging arm (in green), and a binding site (in red). (b). A completed MONT structure 

using 1,3-bis((4H-1,2,4-triazol-4-yl)methyl)benzene and copper (II) bromide (right). To 

note, the “capping” agent (in red) represents a bromide anion and is used to “close” the 

nanotube. 

 

Figure 7.  Three approaches to MONT synthesis (a.) 4-column pillared, (b). three-column 

pillared, and (c). two-column pillared.  Advantages of using the two-column pillared 

approach are centered on having height and width independently adjustable whereas in the 

four and three-column pillared approaches this is not possible due to restricted structural 

components. 
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confirm that the nanomaterial was a match for the bulk MONT material, multiple types of 

instrumental analysis were implemented. Powder X-ray diffraction (PXRD), energy dispersive 

X-ray spectroscopy (EDS) and selected area electron diffraction (SAED) were used in order to 

characterize the bulk phase of the MONT which was then used to support the SCXRD data.7 

Using these different forms of instrumental analysis, it was possible to reveal elemental 

composition, bond-distance measuring and key diffraction patterns (Figure 8).   

 Through methods refined by Kristina Vailonis and Chris Murdock it has been possible 

to characterize the new generation of MONTs which have been synthesized in recent years 

within our group. Building upon the work set by my predecessors, this thesis highlights the 

efforts of creating a MONT with pore that is much larger than any MONT synthesized prior in 

our group. Using methods refined by Chris Murdock and Phattananawee Nalaoh, full 

characterization in the form of SCXRD, PXRD, TGA and Gas Adsorption will be used as proof 

of concept for direct reflection on the increase of pore size in MONTs as a new innovative 

material. Growing the pore size of MONTs opens the door for new applications in gas storage 

and separations which could later lead to an expansion of future uses as a porous material. 
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 Figure 8. Crystal growth broken into three distinct stages where in the first (left) sites of 

nucleation are formed, in the second (middle) nanoscale crystals begin to form, and in the 

third (right) microcrystals large enough for SCXRD are procured. 
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Abstract 

  Metal organic nanotubes (MONTs) have been synthesized under many differed 

approaches. With an overwhelming number of small pores synthesized, increasing the size of 

organic linkers used in MONT synthesis is critical to remove the size restrictions. The studies 

discussed in this chapter revolve around investigating how an increase in organic linker size can 

influence the size of a subsequent grown MONT. 

Introduction 

   Determined by its dimensionality, the properties and applications of a material can be 

altered. Intentionally adjusting the pore height or pore width using various synthetic methods is 

integral to the development of MONTs that can take on desirable attributes for gas storage and 

adsorption, catalysis, liquid phase extractions and post-synthetic external site modification. As 

pore size increases in any material, the size of guest molecules that can be introduced to the 

pore can also directly increase as well.  

   When thinking of a porous material with many applications, most will immediately 

think of the multidimensional counterpart to MONTs, which are MOFs. In reviewing Metal-

organic frameworks (MOFs), this material is well known for its uses in heterogenous catalysis, 

gas separations and storage.4,9,10 However, the properties of this class of material are dictated by 

two pieces, an organic and an inorganic component. In order to properly evaluate the 

applications of this class of material, a selection occurs where an ideal organic linker is selected 

which directly influences the size of the formed pore.1-8 Ohmar Yaghi and coworkers stressed 

the significance of MOFs as a material in the year 2013.4,9,10 In this published review, many 

different avenues of research were reviewed and discussed with the primary four being, pore 

size increase for the inclusion of non-gaseous molecules, acting as a supporting agent in 
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catalysis, applications using gas adsorption to develop a new way to carry fuel, and applications 

using separations in order for cleaner air.4,9,10 Currently, MONTs have size restrictions of which 

is a primary limiting agent for their applications as a material.18-21 However, as MONTs are 

effectively a form of 1-dimensional MOF, our research group aims to mitigate these limitations 

by synthesizing MONTs with an increased pore size.3,7 

   Pioneered by Chris Murdock, isoreticular MONTs were synthesized using silver(I) 

nitrate and a short selection of organic di-triazole linkers.7 Focusing primarily on the use of 

phenyl and napthl-based linkers, the synthesized MONT had shown that when increasing the 

size of the organic di-triazole linker a growth of pore could be visualized.7 (Figure 9) Placing 

an emphasis on one half of the synthetic puzzle, the synthesis of di-triazole organic linkers have 

generally followed a similar chemical process. Starting with a dibrominated precursor, this 

organic ligand undergoes an SN2 substitution reaction to form a protected di-triazole organic 

linker which then undergoes an E2 elimination forming the final desired di-triazole organic 

linker.7,22 (Figure 10) 

   Utilizing concepts and techniques outlined by previous group members, a series of 

organic linkers were designed with the purpose of testing the limits of pore expansion for 

MONT synthesis. Shown in Figure 13, this select series of organic linkers were hypothesized to 

generate a larger MONT pore when compared to that of previously published results. Herein 

this chapter, the investigation that took place focused on the synthesis of these expanded organic 

linkers, their characterization, and their differences. 



 17 

 

Figure 9. Two silver MONTs shown using Single Crystal X-Ray Diffraction (SCXRD) 

which show that as the size of the organic linker increases in width, the size of the MONT 

pore also reflects this change. 

 

 

Figure 10. Synthetic scheme followed for the synthesis of di-triazole type organic linkers 

which was refined by Dr. Chris Murdock and coworkers. 
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Results and Discussion 

  When conducting research on this relatively new class of material, the phrase 

“dimensionality dictates function” has stood strong as the primary building block towards the 

formed hypothesizes and discoveries herein this chapter. To highlight an important definition, 

isoreticularity can be defined as one material having a similar topology when compared to that 

of another material.4,9,10  Omar Yaghi pioneered the development of these isoreticular MOFs of 

which despite selecting a myriad of organic linkers for synthesis, the underlying topology 

remained the same.4,9,10 Keeping these principles in mind, a series of syn-conforming organic 

linkers were selected that would result in the same underlying topology as the previously 

synthesized MONTs while also increasing the overall pore size.3,7,22  

  Shown in Figure 10, Chris Murdock refined the original method of Horvá th and in 

doing so created a template which has been an integral part to the development of new organic 

linkers.7 Beginning with one of the pioneering isostructural MONT synthesis reactions, 1,3-

bis((4H-1,2,4-triazol-4-yl)methyl)benzene can be synthesized with a high purity when starting 

from pure 1,3-bis(bromomethyl)benzene.7 Using 1,3-bis(bromomethyl)benzene and reacting it 

with 3-(1H-1,2,4-triazol-1-yl)propanenitrile in a solution of acetonitrile at reflux results in the 

synthesis of the protected precursor ligand. This 4,4'-(1,3-phenylenebis(methylene))bis(1-(2-

cyanoethyl)-4H-1,2,4-triazol-1-ium) then undergoes an elimination reaction using either 

potassium hydroxide or ammonium hydroxide to form the final purified 1,3-bis((4H-1,2,4-

triazol-4-yl)methyl)benzene product.7 Under these particular reaction conditions, it has been 

possible to synthesize a series of organic linkers that accomplish the goal of developing ligands 

for future pore expansion.3,7,22 Highlighting key characteristics of the 2-column pillared 
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approach, using various different styles of organic linkers it can be hypothesized that the height 

and the width of a synthesized MONT can be altered.  

 Shown in Figure 11, one particular organic linker was synthesized which was 

predicted to adjust the height of MONTs developed. The starting material 4,4''-

bis(bromomethyl)-1,1':3',1''-terphenyl (1a) was refluxed in acetonitrile with 3-(1H-1,2,4-triazol-

1-yl)propanenitrile (1b) to form 4,4'-([1,1':3',1''-terphenyl]-4,4''-diylbis(methylene))bis(1-(2-

cyanoethyl)-4H-1,2,4-triazol-1-ium) (1c) This product then underwent an E2 elimination reaction 

using ammonium hydroxide in order to from the final product of 4,4''-bis((4H-1,2,4-triazol-4-

yl)methyl)-1,1':3',1''-terphenyl (1d). Once this reaction had reached completion (1d), two 

separations were required in order to extract the desired final product. Within this reaction 

mixture there was one main issues that had arisen, due to the bulky size of this organic linker 

finding a solvent where it was completely miscible had proven to be rather difficult. To combat 

this, two separations had taken place where the first separation occurred in dichloromethane. The 

desired product that was trapped within an undesired byproduct of acrylonitrile was slowly 

dissolved by stirring at 40°C. Once the dichloromethane had evaporated, more dichloromethane 

was added and then following this a second extraction in ethyl acetate took place. Completion of 

this second extraction yielded a off-white oil where diethyl ether was then added which caused a 

bright white precipitate to form. After drying the product on a Schlenk line, bright white needles 

could be visualized which were then used for both NMR and SCXRD analysis. Represented by 

the complete assignment in Figure 12, three different types of NMR were employed (1H, 13C and 

HSQC) in order to fully characterize this expanded organic linker. For further supporting 

evidence, a large white needle obtained from the pure product was ran using SCXRD showing a 

complete visual of the expanded organic linker.  
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Figure 11. Synthetic scheme adapted from the method of Horváth for the synthesis of 

4,4''bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl. 

  

 

 

Figure 12. NMR and SCXRD analysis of 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-

terphenyl where each unique signal is labelled with a different color. The aromatic region is 

enlarged for easier viewing and the hydrogens are omitted on the SCXRD for further 

clarity. To note, N is blue and C is grey on SCXRD.  
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 With a confirmed and completed organic linker (1d) that was engineered specifically 

to adjust height, looking at a series of organic linkers that would adjust width was deeply 

investigated. Represented in Figure 13 is a series of large organic linkers of which were 

predicted to have various widening effects on the structure of MONTs. Many of the following 

organic linkers (2a-4c) yielded various levels of either success or complications along the 

synthetic pathways. One such linker, which was selected for its freedom of rotation was bis(4-

((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane which was synthesized starting at a bis(4-

(bromomethyl)phenyl)methane (2a) precursor. This solid white powder is refluxed in acetonitrile 

with 3-(1H-1,2,4-triazol-1-yl)propanenitrile which yields the pure product 4,4'-

((methylenebis(4,1-phenylene))bis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-triazol-1-ium). 

Upon drying under vacuum this white powder was then added to a solution of potassium 

hydroxide where it was set to stir for 24 hours under reflux. A cloudy solution was observed after 

completion and a separation in ethyl acetate took place resulting in a clear organic phase and a 

white aqueous phase. The organic phase was then dried under vacuum resulting in an off white 

oil. This off white oil was then covered in a layer of 50/50 isopropyl alcohol and diethyl ether 

before being placed in a freezer which upon cooling overnight resulted in a bright white 

precipitate. The following pure bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane was then 

placed under vacuum to dry before characterization.  

Two more organic linkers were developed with pore width expansion in mind, these two being 

1,2-bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)ethyne (3c) and 2,7-bis((4H-1,2,4-triazol-4-

yl)methyl)phenanthrene (4c). The thought behind the development of organic linker 3c was the 

presence of the alkyne bridge which was predicted to cause the linker to be locked in a flat plane  
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Figure 13. Expanding on preliminary results for pore expansion (1d), many other organic 

linkers and their precursors (3a-4c) were synthesized in order to achieve an understanding 

of the broad-scale impacts an organic linker has on the potential of MONT formation. To 

further expand the number of organic linkers available in the MONT library, precursors 

and organic linkers (5a-6c) were planned for future reactions to determine success or 

failure. 

   

 

   

 

 

 

2

a 

2

b 

2

c 

3

a 

3

b 

3

c 

4

a 

4

b 

4

c 

5

a 5

b 

5

c 

N N

N
N N

N CNNC

(2 Br-)

KOH

H2O , Reflux, 18h

N N

N
N N

NBr Br
NC

N

N

N

CH3CN , Reflux, 18h

NN

N NN N

CNNC

NN

N NN N

BrBr

NC
N

N

N

CH3CN , Reflux, 18h

KOH

H2O , Reflux, 18h

(2 Br-)

N

N
N

N

N
N

N

N
N

N

N
N

NC CN

2 Br-

KOH

H2O , Reflux, 18h

NC
N

N

N

CH3CN , Reflux, 18hBr Br

N N

N
N N

NBr Br

NC
N

N

N

CH3CN , Reflux, 18h

KOH

H2O , Reflux, 18h

N N

N
N N

N
CNNC

2 Br-

Br

Br

N

NN
N

N N
NC

CN

N

NN
N

N N

NC
N

N

N

CH3CN , Reflux, 18h

KOH

H2O , Reflux, 18h

6

a 

6

b 

6

c 



 23 

 with minimal movement about the carbon-carbon triple bond. Following the same chemical 

workup as discussed for ligand 1d, the synthesis of 3c had the same temperament where it was 

incredibly hygroscopic in water and partially miscible in both dichloromethane and ethyl 

acetate. The final product was a small off-yellow crystalline material which when left at room 

temperature would transition from a solid to an oil. In order to maintain the integrity of the 1,2-

bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)ethyne organic linker, it was first flushed with 

nitrogen before being stored in a freezer. Figure 14 shows a stacked 1H-NMR of organic linker 

3c and two precursors 3a and 3b, this has significance as a peak shown at approximately 

3.3ppm is indicative of water. To clarify, as this ligand reaches   completion, the amount of 

water retained also dramatically increases. Figure 15 sparks an interesting conversation in 

which optimization is a key component. The following figure is a series of 1H-NMR depicting 

various different complications surrounding ligand synthesis for this 2,7-bis((4H-1,2,4-triazol-4-

yl)methyl)phenanthrene organic linker. 2,7-bis(bromomethyl)-9,10-dihydrophenanthrene was 

added to a solution of benzene and  2,3-Dichloro-5,6-dicyano-1,4-benzoquinone before 

refluxing for 24 hours. After workup, the resulting product was a very light, fluffy white powder 

which had a bulky appearance but a very low mass when weighed. The resulting 2,7-

bis(bromomethyl)phenanthrene was then dissolved in a solution of acetonitrile and 3-(1H-1,2,4-

triazol-1-yl)propanenitrile before bringing up to reflux temperature and reacting overnight. After 

completion of this reaction, the wet product was dried under vacuum and a porous off-white 

material was obtained. The resulting 4,4'-(phenanthrene-2,7-diylbis(methylene))bis(1-(2-

cyanoethyl)-4H-1,2,4-triazol-1-ium) was analyzed using NMR and a minor undesired byproduct 

was detected in the 9.5 to 10.5 ppm region.   
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Figure 14. 1H-NMR analysis of 1,2-bis(4-(bromomethyl)phenyl)ethyne (3a), 4,4'-((ethyne-

1,2-diylbis(4,1-phenylene))bis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-triazol-1-ium) (3b), 

and 1,2-bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)ethyne (3c). The above 1H-NMR 

spectrum show a clear trend in water-sensitivity which increased throughout each synthetic 

step.  
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 Figure 15. 1H-NMR analysis of 2,7-bis(bromomethyl)-9,10-dihydrophenanthrene, 2,7-

bis(bromomethyl)phenanthrene, 4,4'-(phenanthrene-2,7-diylbis(methylene))bis(1-(2-

cyanoethyl)-4H-1,2,4-triazol-1-ium), and 2,7-bis((4H-1,2,4-triazol-4 

yl)methyl)phenanthrene. The above 1H-NMR spectrum shows isomerization occurring 

where in the final step of synthesis there is the desired major di-substituted (labeled) and 

trace amounts of two predicted undesired mono-substituted products (unlabeled). This 

organic linker is extremely hygroscopic and retains water at each step of synthesis.    
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After careful review this predicted byproduct was determined to have been a result of minor 

impurities in the 3-(1H-1,2,4-triazol-1- yl) propanenitrile which can form two different isomers 

resulting in slightly different ppm values on NMR. Due to complexities surrounding salt 

purification, this impure organic precursor was used for the synthesis of the 2,7-bis((4H-1,2,4-

triazol-4-yl)methyl)phenanthrene ligand with hopes of purification occurring post-synthesis. 

Reacting the impure 4,4'-(phenanthrene-2,7-diylbis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-

triazol-1-ium) with potassium hydroxide under reflux for 24 hours resulted in a solution with 

two layers, one of which was cloudy and the other was viscous and brown. This solution 

underwent two different separations, the first taking place in dichloromethane where the 

solution was rinsed until the brown layer and cloudy layer became a miscible yellow solution 

with clear distinctions between the potassium hydroxide layer and the dichloromethane layer. 

This dichloromethane organic phase was dried under vacuum resulting in an oily yellow 

product. Dichloromethane was added back to this oil and ethyl acetate was also added to 

perform the second separation. After this second separation took place, the ethyl acetate layer 

was dried under vacuum resulting in a white sticky paste. Isopropyl alcohol, diethyl ether and 

ethanol was added to this paste, swirled and set in the freezer overnight. Upon removal the next 

day, a white precipitate had formed in solution and the solution was decanted off the solid 

precipitate. The precipitate was then dried under vacuum resulting in a dense, porous, white 

powder. Once NMR analysis was completed, it was determined that two undesired byproducts 

had remained, one of which the very first precursor 2,7-bis(bromomethyl)-9,10-

dihydrophenanthrene, and the other being an unknown product which was speculated to being a 

retained minor isomer. The organic linker 2,7-bis((4H-1,2,4-triazol-4-yl)methyl)phenanthrene 



 27 

was not easily purified due to issues with being extremely hygroscopic and having poor 

miscibility with many organic solvents.  

Conclusions 

  The synthesis of MONTs begins with the selection of an organic linker that will 

provide both repeatable and novel results. When reviewing literature there have been numerous 

MONTs synthesized with a restricted pore size which also restricts its use in the advancement of 

MONTs as a porous material. In order to accomplish the goal of pore expansion, many organic 

linkers need to be synthesized which are later used in the analysis of both confirmed and 

unknown MONT growth. In this chapter three organic ligands were completely purified and 

used for testing of MONTs (1a-3c), one organic linker was synthesized but not considered 

complete due to purification issues (4a-4c) and two other organic linkers (5a-6c) had schemes 

written and planned, but due to issues with solubility, purification, and cost did not leave the 

preliminary stages of development. Alternate routes for synthesis of precursors are currently 

being reviewed in order to overcome the issues listed prior, and upon the completion of these 

adjustments it could be possible to develop pure, simple, and effective chemical reactions based 

on literature classics.  Although the work in this chapter did not result in a completed expansion 

of the organic library for pore enlargement, it has proven to become the foundation and starting 

point for the development of future organic linkers.  

Experimental 

Synthesis of [1,1':3',1''-terphenyl]-4,4''-diyldimethanol: [1,1':3',1''-terphenyl]-4,4''-

diyldimethanol (precursor to 1a) was prepared in bulk according to previously reported 

procedures.11 30.00 g (127.2 mmol) of 1,3-dibromobenzene, 42.91 g (282.4 mmol) of 4-

(hydroxymethyl)benzylboronic acid, 7.411 g (6.414 mmol) 
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tetrakis(triphenylphosphine)palladium(0), 100 mL of 2 M sodium carbonate solution in water, 

and 300 mL of tetrahydrofuran were combined in a clean, dry 1000 mL round bottom flask and 

refluxed under N2 for 48 hours. The reaction was then cooled to room temperature before being 

rinsed with 100 mL of brine and extracted using 200 mL of dichloromethane. The organic layer 

was then dried using magnesium sulfate and filtered, concentrated under reduced pressure and 

150 mL of methanol was added in order to perform a recrystallization. The reaction flask was 

then placed in a -20 °C freezer overnight and upon removal the next morning, bright white 

crystals were visualized in solution. This solution was then poured over a frit, dried using 

vacuum filtration, and the bright white crystals were rinsed with ~30 mL of cold methanol 

before drying a second time under reduced pressure using a Schlenk line. (30.04g, 81.3% yield). 

1H-NMR (DMSO-d6, 499.74 MHz): σ 7.88 (t, J = 7.8 Hz, 1H), 7.72 (d, J = 7.7 Hz, 4H), 7.63 (d, 

J = 7.6 Hz , 2H), 7.54 (t, J = 7.5 Hz ,1H), 7.43 (d, J = 7.4 Hz, 4H), 5.22 (t, J = 5.2 Hz, 2H), 4.56 

(d, J = 4.6 Hz, 4H). 13C{1H} NMR (DMSO-d6, 125.67 MHz): σ 141.94, 140.78, 138.52, 129.49, 

127.00, 126.59, 125.52, 124.82, 62.61. IR: 3265, 2917, 2850, 1472, 1434, 1389, 1185, 1093, 

996, 855, 791, 771, 718, 691, 602, 560 cm-1. 

Synthesis of 4,4''-bis(bromomethyl)-1,1':3',1''-terphenyl (1a): (1a) was prepared in bulk 

according to previously reported procedures. 12 5.00 g (17.2 mmol) of [1,1':3',1''-terphenyl]-4,4''-

diyldimethanol, 10.00 mL (105.3 mmol) of phosphorus tribromide, and 100 mL of 

dichloromethane were combined in a clean, dry 250 mL round bottom flask, cooled in a 

methanol/ice bath, and stirred under N2 for 48 hours. Upon completion, this reaction was 

quenched with 200 mL of ice water and extracted with 200 mL of dichloromethane. The organic 

phase was dried with magnesium sulfate, concentrated, and the product was precipitated with 

150 mL of diethyl ether as thin white needles (4.67 g , 65.2% yield). 1H-NMR (DMSO-d6, 
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499.74 MHz): σ 7.84 (t, J = 7.8 Hz , 1H), 7.68 (d, J = 7.7 Hz ,4H), 7.59 (d, J = 7.6 Hz , 2H), 

7.47 (d, J= 7.5 Hz 4H), 4.70 (s, 4H). 13C{1H} NMR (DMSO-d6, 125.67 MHz): σ 140.25, 

139.97, 137.36, 129.87, 129.59, 127.20, 126.04, 125.14, 34.29.  IR: 3033, 2864, 1601, 1515, 

1476, 1436, 1390, 1226, 1205, 1104, 840, 788, 766, 734, 695, 602, 585 cm-1. 

Synthesis of 3-(1H-1,2,4-triazol-1-yl)propanenitrile (1b): The following compound was 

synthesized as previously reported.7 

Synthesis of 4,4'-([1,1':3',1''-terphenyl]-4,4''-diylbis(methylene))bis(1-(2-cyanoethyl)-4H-

1,2,4-triazol-1-ium)dibromide (1c): 3.00 g (7.21 mmol) of 4,4''-bis(bromomethyl)-1,1':3',1''-

terphenyl, 1.80 g (14.4 mmol ) of 3-(1H-1,2,4-triazol-1-yl)propanenitrile, and 100 mL of 

acetonitrile were combined in a clean, dry 250 mL round bottom flask and brought to reflux for 

18 hours. Upon completion, a white precipitate formed. The solids were removed via filtration, 

washed with 30 mL of acetonitrile 3 times, and dried under vacuum to yield a white fluffy 

powder. (4.623 g, 97.0% yield) 1H-NMR (DMSO-d6, 499.74 MHz): σ 10.41 (s, 2H), 9.52 (s, 

2H), 7.93 (t, J = 7.9 Hz , 1H), 7.87 (d, J = 7.8 Hz , 4H), 7.71 (d, J = 7.7 Hz , 2H), 7.65 (d, J = 

7.6 Hz,  4H), 7.61 (d, J = 7.6 Hz , 1H), 5.67 (s, 4H), 4.75 (t, J = 4.8 Hz , 4H), 3.35 (t, J = 3.3 Hz 

, 4H). 13C{1H} NMR (DMSO-d6, 125.67 MHz): σ 145.50, 143.89, 141.20, 140.60, 133.30, 

130.01, 128.06, 126.80, 125.70, 118.20, 50.78, 47.76, 17.81. IR: 3010, 2250, 2162, 1980, 1577, 

1344, 1206, 1064, 915, 829, 785, 756, 732, 716, 687, 675, 603, 562, 554 cm-1.  

Synthesis of 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl (1d): 6.00 g (9.08 

mmol) of 4,4'-([1,1':3',1''-terphenyl]-4,4''-diylbis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-

triazol-1-ium dibromide) was suspended in 150 mL of a 6M solution of potassium hydroxide in 

water at reflux in a clean, dry, 250 mL round bottom flask overnight. Once the reaction reached 

completion, two separate extractions took place. 200 mL of dichloromethane was added to the 
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150 mL potassium hydroxide solution and transferred to a separatory funnel for the first 

extraction. After three rinses with an additional 30 mL of dichloromethane, this organic layer 

was separated and concentrated under reduced pressure resulting in a crude oil. To the aqueous 

layer, 200 mL of ethyl acetate was added. The aqueous layer was then rinsed twice with an 

additional 2x25 mL of ethyl acetate. The organic ethyl acetate layer was then separated and 

dried under reduced pressure resulting in a crude oil. The two separate fractions of crude oil 

were then both redissolved in 150 mL of ethyl acetate, mixed, and dried over magnesium 

sulfate. This final organic layer was then concentrated, and a final purified product was 

precipitated out as a white powder using 50 mL of diethyl ether. (2.78 g , 78.0% yield) 1H-NMR 

(DMSO-d6, 499.74 MHz): σ 8.65 (s, 4H), 7.87 (t, J = 7.9 Hz ,1H), 7.76 (d, J = 7.7 Hz , 4H), 

7.64 (d, J = 7.6 Hz , 2H), 7.54 (t, J = 7.5 Hz, 1H), 7.41 (d, J = 7.4 Hz , 4H). 13C{1H} NMR 

(DMSO-d6, 125.67 MHz): σ 143.27, 140.29, 139.82, 136.04, 129.58, 128.29, 127.38, 126.00, 

125.17, 47.23. IR: 3108, 2938, 1668, 1530, 1445, 1376, 1175, 1073, 857, 798, 775, 752, 701, 

630, 540 cm-1.  

Synthesis of bis(4-(bromomethyl)phenyl)methane (2a): Bis(4-(bromomethyl)phenyl)methane 

(2a) was prepared in bulk according to previously reported procedures. 13 To a clean, dry, 500 

mL round bottom flask, 24.00 g (142.6 mmol) of diphenylmethane and 18.0 g (600 mmol) of 

paraformaldehyde were added to approximately 50 mL of 33% HBr in glacial acetic acid. This 

reaction was then brought to reflux at 100 °C where it was stirred for 13 hours. After completion 

the reaction was immersed in an ice bath, washed with cold DI water and recrystallized from 

approximately 30mL of diethyl ether. To note, small white crystals formed and could be seen 

under a microscope. (18.32g, 36.0% yield). 1H-NMR (CDCl3, 499.74 MHz): σ 7.32 (d, J = 7.3 

Hz , 4H), 7.16 (d, J =  7.2 Hz , 4H), 4.48 (s, 4H), 3.97 (s, 2H). 13C{1H} NMR (CDCl3, 125.67 
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MHz): σ 141.10, 135.78, 129.37, 129.29, 41.34, 33.48.  IR: 3046, 1512, 1432, 1416, 1225, 

1197, 1177, 1095, 1021, 863, 846, 823, 794, 764, 714, 627, 595, 583, 560 cm-1. 

Synthesis of 4,4'-((methylenebis(4,1-phenylene))bis(methylene))bis(1-(2-cyanoethyl)-4H-

1,2,4-triazol-1-ium) dibromide (2b): 15.00 g (42.36 mmol) of bis(4-

(bromomethyl)phenyl)methane, 11.38 g (93.19 mmol) of 3-(1H-1,2,4-triazol-1-

yl)propanenitrile, and 150 mL of acetonitrile were combined in a clean, dry, 500 mL round 

bottom flask and refluxed for 18 hours. Upon completion, a white precipitate formed. The solids 

were removed via filtration, washed with 30 mL of acetonitrile 3 times, and dried under vacuum 

to yield a white fluffy powder. (13.42 g, 53.0% yield) 1H-NMR (DMSO-d6, 499.74 MHz): σ 

10.34 (s, 2H), 9.43 (s, 2H), 7.43 (d, J = 7.4 Hz , 4H), 7.32 (d, J = 7.3 Hz , 4H), 5.54 (s, 4H), 4.71 

(t, J = 4.7 Hz ,  4H), 3.97 (s, 2H), 3.22 (t, J = 3.2 Hz , 4H). 13C{1H} NMR (DMSO-d6, 125.67 

MHz): σ 145.41, 143.77, 142.48, 131.78, 129.82, 129.51, 118.18, 50.77, 47.72, 17.78. IR: 3029, 

2254, 1583, 1511, 1440, 1143, 1069, 1023, 853, 827, 753, 641, 615, 597, 580, 559 cm-1. 

Synthesis of bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane (2c): To a clean, dry, 250 

mL round bottom flask, 2.00 g (3.34 mmol) of 4,4'-((methylenebis(4,1-

phenylene))bis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-triazol-1-ium) dibromide was 

suspended in 100 mL of a 6M solution of potassium hydroxide in water at reflux in a clean, dry, 

250 mL round bottom flask overnight. The resulting suspension was separated with 100 mL of 

ethyl acetate, resulting in a clear organic phase and a white aqueous phase. The organic phase 

was then dried under vacuum resulting in an off-white oil. This oil was then covered in a layer 

of 100 mL of 50/50 isopropyl alcohol and diethyl ether, placed in a freezer, and after cooling 

overnight yielded a bright white precipitate. (880 mg, 80.0% yield) 1H-NMR (DMSO-d6, 

499.74 MHz): σ 8.56 (s, 4H), 7.20 (s, 8H), 5.21 (s, 4H), 3.90 (s, 2H). 13C{1H} NMR (DMSO-d6, 
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125.67 MHz): σ 143.67, 141.50, 134.90, 129.57, 128.33, 47.74, 40.75. IR: Not collected as 

SCXRD provides clear visualization in a Chapter 3 crystal structure.  

Synthesis of (ethyne-1,2-diylbis(4,1-phenylene))dimethanol (precursor to 3a): (ethyne-1,2-

diylbis(4,1-phenylene))dimethanol (3a precursor) was prepared in bulk according to previously 

reported procedures.14 5.90 g (25.2 mmol) of (4-iodophenyl)methanol, 4.00 g (30.3 mmol) of 

(4-ethynylphenyl)methanol, 240 mg (1.26 mmol) of copper iodide, 884 mg (1.26 mmol) of 

bis(triphenylphosphine)palladium(II) chloride, 10.41 mL of triethylamine, and 150 mL of 

tetrahydrofuran were combined in a clean, dry 500 mL round bottom flask and stirred under 

nitrogen at room temperature for 48 hours. Upon completion as indicated via TLC, the resulting 

crude material was concentrated and dissolved in 300 mL of a 1:1 mixture of hexanes and ethyl 

acetate before running an 8 inch silica column in multiple 250 mL solutions of  20:1 

hexanes/ethyl acetate. Fractions were confirmed pure via TLC, combined and dried under 

vacuum resulting in an off-white powder (6.16g, 85.0 % yield) 1H-NMR (DMSO-d6, 499.74 

MHz): σ 7.50 (d, J = 7.5 Hz , 4H), 7.36 (d, J = 7.4 Hz , 4H), 4.53 (s, 4H). 13C{1H} NMR 

(DMSO-d6, 125.67 MHz): σ 143.82, 131.57, 127.08, 121.01, 89.50, 62.97. IR: 3317, 2885, 

1515, 1410, 1212, 1180, 1100, 1044, 1027, 997, 952, 858, 840, 815, 774, 722, 642, 628, 614, 

596, 579, 571, 560 cm-1. 

Synthesis of 1,2-bis(4-(bromomethyl)phenyl)ethyne (3a): 1,2-bis(4-

(bromomethyl)phenyl)ethyne (3a) was prepared in bulk according to previously reported 

procedures.15 6.16 g (25.9mmol) of (ethyne-1,2-diylbis(4,1-phenylene))dimethanol, 15.0 mL 

(158 mmol) of phosphorus tribromide, and 100 mL of dichloromethane were combined in a 

clean, dry 250 mL round bottom flask, cooled in a methanol/ice bath and stirred under N2 for 48 

hours. Afterwards, the reaction was quenched with 150mL of ice water,  separated with 200 mL 
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of dichloromethane, the organic phase was dried with magnesium sulfate, concentrated in 

vacuo, and the product was precipitated with 100 mL of  diethyl ether as a bulky white powder.  

(5.01 g, 53.0% yield) 1H-NMR (CDCl3, 499.74 MHz): σ 7.43 (d, J = 7.4 Hz , 4H), 7.31 (d, J = 

7.3 Hz , 4H), 4.42 (s, 4H). 13C{1H} NMR (CDCl3, 125.67 MHz): σ 137.86, 131.90, 128.99, 

123.13, 89.64, 32.82. IR: 3052, 2968, 2052, 1902, 1580, 1479, 1437, 1396, 1221, 1201, 1087, 

1053, 1004, 956, 825, 796, 711, 665, 614, 588, 560 cm-1.  

Synthesis of 4,4'-((ethyne-1,2-diylbis(4,1-phenylene))bis(methylene))bis(1-(2-cyanoethyl)-

4H-1,2,4-triazol-1-ium dibromide (3b): 5.00g (13.73 mmol) of 1,2-bis(4-

(bromomethyl)phenyl)ethyne, 3.68g (30.21 mmol) of 3-(1H-1,2,4-triazol-1-yl)propanenitrile, 

and 150mL of acetonitrile were combined in a clean, dry 500 mL round bottom flask, and was 

refluxed for 18 hours. Upon completion, a white precipitate formed. The solids were removed 

via filtration, washed with 30 mL of acetonitrile 3 times, and dried under vacuum to yield a 

white fluffy powder. (1.98 g, 23% yield) 1H-NMR (DMSO-d6, 499.74 MHz): σ 10.24 (s, 2H), 

9.41 (s, 2H), 7.65 (d, J = 7.6 Hz , 4H), 7.55 (m, J = 7.5 Hz , 4H), 5.61 (s, 4H), 4.72 (t, J = 4.7 Hz 

,4H), 3.22 (t, J = 3.3 Hz , 4H). 13C{1H} NMR (DMSO-d6, 125.67 MHz): σ 145.06, 143.45, 

131.97, 131.70, 129.70, 129.14, 117.68, 47.23, 33.76, 17.30. IR: 3052, 2968, 2584, 1902, 1653, 

1580, 1480, 1433, 1397, 1275, 1221, 1201, 1175, 1087, 1053, 1004, 956, 943, 872, 825, 796, 

711, 668, 615, 588, 560 cm-1.  

Synthesis of 1,2-bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)ethyne (3c): To a clean, dry, 250 

mL round bottom flask, 1.50 g (2.46 mmol) of 4,4'-((ethyne-1,2-diylbis(4,1-

phenylene))bis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-triazol-1-ium dibromide was 

suspended in 50 mL of a 6M solution of potassium hydroxide in water at reflux in a clean, dry, 

250 mL round bottom flask overnight. Once the reaction reached completion, two separate 



 34 

extractions took place. 100 mL of dichloromethane was added to the 50 mL potassium 

hydroxide solution and transferred to a separatory funnel for the first extraction. After three 

rinses with an additional 15 mL of dichloromethane, this organic layer was separated and 

concentrated under reduced pressure resulting in a crude oil. To the aqueous layer, 100 mL of 

ethyl acetate was added. The aqueous layer was then rinsed twice with an additional 2x25 mL of 

ethyl acetate. The organic ethyl acetate layer was then separated and dried under reduced 

pressure resulting in a crude oil. The two separate fractions of crude oil were then both 

redissolved in 50 mL of ethyl acetate, mixed, and dried over magnesium sulfate. This final 

organic layer was then concentrated, and a final purified product was precipitated out as a white 

powder using 50 mL of diethyl ether. (1.04 g, 81.0% yield) 1H-NMR (DMSO-d6, 499.74 MHz): 

σ 8.62 (s, 4H), 7.55 (d, J = 7.6 Hz , 4H), 7.32 (d, J = 7.3 Hz , 4H), 5.32 (s, 4H). 13C{1H} NMR 

(DMSO-d6, 125.67 MHz): σ 143.36, 137.36, 131.85, 128.03, 121.82, 89.28, 47.23.  IR: 3103, 

1902, 1664, 1580, 1527, 1503, 1479, 1448, 1396, 1352, 1336, 1270, 1220, 1201, 1175, 1088, 

1053, 1015, 1004, 978, 956, 852, 842, 824, 785, 750, 640, 629, 615, 588, 560 cm-1.  

Synthesis of 2,7-bis(bromomethyl)-9,10-dihydrophenanthrene (precursor to 4a): 2,7-

bis(bromomethyl)-9,10-dihydrophenanthrene (precursor 4a) was prepared in bulk according to 

previously reported procedures.16  10.06 g (55.81 mmol) of 9,10-dihydrophenathrene, 7.36 g 

(245.4 mmol) of paraformaldehyde, 19.26 mL (354.6 mmol), 22.0 mL (386.2 mmol) of 33% 

HBr in glacial acetic acid and 11.0 mL (211.0 mmol) of 85% phosphoric acid were combined in 

a clean, dry, 500 mL round bottom flask and stirred under nitrogen at 80°C. After 21 hours, the 

reaction was brought to reflux for 5 hours, resulting in a grey solid. The supernatant liquid was 

decanted off and the grey solid was stirred in 150 mL of acetone at room temperature for 18 

hours. The flask was then cooled to 0 °C and the reaction mixture was rinsed with 50 mL of -20 
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°C acetone, dried, and recrystallized using a mixture of 100 mL of 50/50 diethyl ether and 

petroleum ether. (3.88 g, 20% yield) 1H-NMR (DMSO-d6, 499.74 MHz): σ 7.82 (d, J = 7.8 Hz , 

2H), 7.38 (m, J = 7.4 Hz , 2H), 7.36 (m, J = 7.3 Hz , 2H), 4.72 (s, 4H), 2.82 (s, 4H). 13C{1H} 

NMR (DMSO-d6, 125.67 MHz): σ 137.87, 137.83, 133.90, 129.57, 128.56, 124.62, 35.02, 

28.50.  IR: 3031, 2924, 2893, 2830, 1893, 1585, 1485, 1428, 1416, 1303, 1240, 1160, 1099, 

1031, 1006, 948, 913, 899, 871, 819, 744, 704, 661, 580, 555 cm-1.  

Synthesis of 2,7-bis(bromomethyl)phenanthrene (4a): 2,7-bis(bromomethyl)phenanthrene 

(4a) was prepared in bulk according to previously reported procedures.17 3.00g (8.24 mmol) of 

2,7-bis(bromomethyl)-9,10-dihydrophenanthrene and 1.68g (7.41 mmol) of 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone were combined in a clean, dry, 500mL round bottom flask containing 

100mL of dry benzene and brought to reflux for 18 hours. The crude mixture was filtered at 65 

°C through a 2.5 inch column of neutral alumina with a vivid color change along the height of 

the column. The alumina was rinsed three times with 15 mL of 65°C hot benzene, the solvent 

was evaporated under reduced pressure, and the residue was recrystallized with 50 mL of 

petroleum ether to yield the product as white, airy crystals (1.66 g, 55.0% yield) To note, some 

peaks from (precursor 4a) starting material are still present (reference Figure 15). 1H-NMR 

(DMSO-d6, 499.74 MHz): σ 8.82 (d, J = 8.9 Hz 2H), 8.07 (s, 2H), 7.87 (s, 2H), 7.75 (m,  J = 7.8 

Hz , 3H), 4.93 (s, 4H). 13C{1H} NMR (DMSO-d6, 125.67 MHz): σ 137.22, 132.19, 129.30, 

128.59, 127.66, 124.27, 38.88. IR: 3030, 2923, 2161, 1979, 1894, 1783, 1601, 1486, 1438, 

1407, 1356, 1304, 1256, 1205, 1171, 1111, 1101, 947, 894, 874, 832, 806, 793, 743, 715, 692, 

661, 617, 582, 553 cm-1. 
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Synthesis of 4,4'-(phenanthrene-2,7-diylbis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-

triazol-1-ium) dibromide (4b): 1.25 g (3.43 mmol) of 2,7-bis(bromomethyl)phenanthrene, 922 

mg (7.55 mmol) of 3-(1H-1,2,4-triazol-1-yl)propanenitrile, and 100 mL of acetonitrile were 

combined in a clean, dry 250 mL round bottom flask and refluxed for 18 hours. Upon 

completion, a white precipitate formed. The solids were removed via filtration, washed with 30 

mL of acetonitrile 3 times, and dried under vacuum to yield a white fluffy powder. (crude yield: 

1.63 g, 77.0%) There is some contamination from 4a as the starting material is still present 

(reference Figure 15) as well as undesired salt byproducts, all of which are extremely 

challenging to remove. 1H-NMR (DMSO-d6, 499.74 MHz): σ 10.36 (s, 2H), 9.50 (s, 2H), 8.97 

(d, 2H), 8.11 (s, 1H), 7.91 (m, J = 7.9 Hz , 4H), 5.81 (s, 4H), 4.74 (t,  J = 4.7 Hz , 4H), 3.24 (t, J 

= 3.2 Hz , 4H). 13C{1H} NMR (DMSO-d6, 125.67 MHz): σ 145.18, 143.53, 137.73, 133.85, 

132.94, 132.31, 131.81, 128.72, 127.19, 124.59, 124.31,117.70, 50.53, 47.26, 17.36.  IR: 3018, 

2974, 2256, 1568, 1520, 1487, 1438, 1407, 1366, 1340, 1308, 1229, 1175, 1145, 1066, 1011, 

981, 920, 904, 822, 806, 748, 712, 697, 673, 624, 565 cm-1.  

Synthesis of 2,7-bis((4H-1,2,4-triazol-4-yl)methyl)phenanthrene (4c): To a clean, dry, 

100mL round bottom flask, 1.00g (1.64 mmol) of 4,4'-(phenanthrene-2,7-

diylbis(methylene))bis(1-(2-cyanoethyl)-4H-1,2,4-triazol-1-ium) dibromide was suspended in 

50 mL of a 6M solution of potassium hydroxide in water at reflux in a clean, dry, 250 mL round 

bottom flask overnight. Once the reaction reached completion, two separate extractions took 

place. 50 mL of dichloromethane was added to the 50 mL potassium hydroxide solution and 

transferred to a separatory funnel for the first extraction. After three rinses with an additional 15 

mL of dichloromethane, this organic layer was separated and concentrated under reduced 

pressure resulting in a crude oil. To the aqueous layer, 50 mL of ethyl acetate was added. The 
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aqueous layer was then rinsed twice with an additional 2x15 mL of ethyl acetate. The organic 

ethyl acetate layer was then separated and dried under reduced pressure resulting in a crude oil. 

The two separate fractions of crude oil were then both redissolved in 50 mL of ethyl acetate, 

mixed, and dried over magnesium sulfate. The final organic layer was then dried over 

magnesium sulfate, concentrated and then precipitated out as a white powder using diethyl 

ether, ethanol, and isopropyl alcohol. (50 mg, <5% yield) To note, this organic linker is 

extremely hygroscopic and as such rinsing with various different “wet” solvents rinses away a 

bulk amount of product. This organic linker also has issues with solubility as it is miscible in 

many solvents which led to both extraction and purification issues. As a second note, some 

peaks from (precursor 4a) starting material are still present (reference Figure 15) in this 

product, however, many of the undesired salt byproducts have been removed. 1H-NMR 

(DMSO-d6, 499.74 MHz): σ 8.83 (d, J = 8.8 Hz , 2H), 8.7 (s, 4H), 7.80 (s, 4H), 7.62 (d, J = 7.6 

Hz , 2H), 7.22 (d, J = 7.2 Hz , 2H), 5.50 (s, 4H). 13C{1H} NMR (DMSO-d6, 125.67 MHz): σ 

143.87, 135.83, 133.63, 129.57, 127.74, 126.90, 124.37, 47.96.  IR: 3387, 3018, 2974, 2256, 

1622, 1568, 1526, 1486, 1438, 1407, 1366, 1339, 1308, 1252, 1229, 1177, 1145, 1074, 979, 

920, 903, 822, 806, 748, 696, 673, 624, 570, 564, 550 cm-1. 
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CHAPTER 3 

SYNTHESIS OF METAL-ORGANIC NANOTUBES WITH EXPANDED PORE 
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Abstract 

  Metal organic nanotubes (MONTs) are a 1-dimensional subcategory derived from 

metal organic frameworks. Despite being in a juvenile stage, MONTs have currently sparked an 

interest in the field of porous materials as a class of materials that encompasses characteristics 

of both MOFs and CNs. In order to further develop this class of materials, increasing the size of 

these materials is imperative as it will increase their overall uses and routes of adaptation. The 

studies discussed in this chapter are preliminary investigations towards MONTs as a large-pored 

material and the revelations that can be made from these discoveries.  

Introduction 

  Metal organic nanotubes (MONTs) consist of three segments, an organic segment 

which acts as the backbone of the pore (refer to Figure 6a), a metal center (refer to Figure 6b) 

which acts as an anchor further providing structure to the synthesized nanotube, and an anionic 

cap (refer to Figure 6b) which acts as a closing agent for the nanotube. The function of any 

material is based on its dimensionality and with this being said, work highlighted in chapter 2 is 

only one half of the necessary puzzle for synthesis of expanded pore MONTs.  When reflecting 

on previous work accomplished by Chris Murdock and Kristina Vailonis, pathways for MONT 

synthesis with multi-phenyl organic systems were investigated and optimized.1-4 When 

reflecting on MONTs as a subclass of metal organic frameworks (MOFs) important 

considerations were made. To highlight, when a pore size is deliberately tuned a direct effect on 

the properties of the synthesized material also occurs.  

  Chris Murdock’s MONTs were expandable porous material, primarily synthesized 

utilizing two different organic linkers, one of which was a mono-phenyl organic system, and the 

other was a naphthyl organic system.1,4 Utilizing key characteristics of the synthesized silver-
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based MONTs, Murdock was able to pave the way for how this subcategory of MOF could be 

classified. Using a combination of powder x-ray diffraction (PXRD), single crystal x-ray 

diffraction (SCXRD), thermogravimetric analysis (TGA) and gas adsorption complete 

characterization was obtained. Shown in Figure 16, as an organic linker increases in size, the 

amount of adsorbed gas a pore can withhold also reflects this increase.1,4  

 As a porous material increases in size, there are certain ideal applications that make the 

synthesis and discovery of these materials worth investigating. These applications may include 

but are not limited to, gas storage, gas separations, heterogeneous catalysis, homogeneous 

catalysis, and external site modification post-synthesis. Herein this chapter, a focus on the 

synthesis of expanded moiety MONTs is investigated and key conclusions drawn using PXRD, 

SXRD, TGA and gas adsorption are discussed. 

Results and Discussion 

 Metal organic nanotubes (MONTs) have been prepared and synthesized utilizing many 

different organic linkers, metal centers, and capping agents. It is, however, important to 

distinguish the different methods of synthesis and how each one leads to a different molecular 

structure. Multiple groups each spearheaded by their own respective principal investigator, 

observed three main ways in which MONTs can be classified. These specific classes of MONTs 

are broken into the two-column, three-column, and four-column pillared approaches. In the past, 

the utilization of di-triazole organic linkers aided in gave birth to the 2-column pillared approach 

which is known for its capabilities for height and width independent adjustment. Following in 

the footsteps of past group members semi-ridgid di-triazole organic linkers were utilized to 

develop MONTs with an expanded pore size. It is significant to note however, that the organic  

 



 44 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. CO2 (squares) and CH4 (triangles) adsorption isotherms for phenyl and 

naphthyl based-MONTs where phenyl (green) and naphthyl (purple) show as a pore 

increases the level of adsorbed gas also increases.  
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linkers selected would result in data that reflects one of the largest pores ever synthesized when 

looking at the two-column pillared approach.  Two-column pillared MONTs synthesized by 

group members of the past utilized a 1,3-bis((4H-1,2,4-triazol-4-yl)methyl)benzene organic 

linker, and a group 11 metal salt which formed one of the first MONTs of its kind.1-4 Two of the 

metal salts that had the greatest success were CuBr2 and AgNO3 which provided the skeletal 

structure for the future of MONTs synthesized within the Jenkins group.4 Referring back to these 

previously accomplished syntheses, it was important to generate results using a smaller organic 

linker before delving into the synthesis of a MONT with an expanded organic linker.  

 Shown in Figure 17, MONT Cu2(L0a)Cl2 was synthesized using organic linker 1,3-

bis((4H-1,2,4-triazol-4-yl)methyl)benzene and a CuCl2 metal salt. The resulting MONT was 

synthesized in a 1:1 volumetric ratio with concentrations ranging between that of a 10mM 

organic linker to 20-50mM of metal salt. With multiple duplicate results, a large, thin crystal was 

selected for SCXRD analysis which upon completion a pore width of 9.306Å and a pore height 

of 10.468Å was determined. When drawing comparisons between the 1,3-bis((4H-1,2,4-triazol-

4-yl)methyl)benzene MONT synthesized by Chris Murdock and the 1,3-bis((4H-1,2,4-triazol-4-

yl)methyl)benzene MONT I synthesized, an extremely minor 0.02Å width difference was 

visualized.4 Using the two-column pillared approached it was primarily thought that MONTs 

synthesized relied on the selection of organic linker and the metal center, but these preliminary 

results might suggest that the anionic cap also has some influence on how large or how small a 

pore might be.4-8 Moving forward, a repertoire was established that MONTs could be synthesized 

under a variety of different conditions that were not originally specified, however one key 

component remained which stated the metal salt would almost always need to be used in excess 

in order to develop a MONT structure.4-8 Prioritizing the lessons learned on small organic linker  
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Figure 17. Utilizing organic linker 1,3-bis((4H-1,2,4-triazol-4-yl)methyl)benzene which was 

first developed by Dr. Chris Murdock, a new two-column pillared MONT was synthesized 

using CuCl2 as the metal salt. Carbon (grey), Nitrogen (blue), Copper (Purple), Chloride 

(green), and Oxygen (red) are shown on SCXRD animations.  
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MONT synthesis, applying this knowledge to the synthesis of an expanded pore MONT was 

possible and from this knowledge a boon of many thousands of reactions occurred resulting in 

results that ranged from inconclusive to conclusive.   

  Shown in Figure 18, MONT Cu2(L1d)Cl2 was synthesized using organic linker 4,4''-

bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl and a CuCl2 metal salt. The resulting 

MONT was synthesized in a 1:1 volumetric ratio with concentrations ranging between that of 2-

10mM of organic linker to 20-50mM of metal salt. This particular MONT yielded crystals that 

were short, thin and had a gentle green hue. This particular crystal had extensive synthetic 

challenges to overcome with a time lapse of approximately one year. Using a small 4 mL dram, 

1mL of 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl dissolved in 

dimethylformamide and 3mL of CuCl2 dissolved in water were mixed and heated for one week 

at 85 °C.  Generated from reaction conditions that were thought to be invaluable, the first 

preliminary structure generated for this crystal occurred in October of 2023 which had an R1 

value of 12.27 with multiple A-level errors making it effectively unpublishable. From this point 

forward replication of this crystal was an absolute must, and as such utilizing the same reaction 

conditions as set prior had occurred. For this first preliminary structure, a volumetric ratio of 1:3 

with concentrations of 10 mM of organic linker to 90 mM of metal salt were employed and 

reran in multiple batches to form duplicate results. However, after hundreds of tests using the 

same conditions no repeatable results were accomplished. Thinking back to lessons learned on 

the MONT synthesized using a small organic linker, changing the reaction conditions was the 

only foreseeable way forward, and from this, exceptional results occurred. Shown in Table 1, a 

myriad of reaction conditions were testing resulting in hundreds of samples produced. Using the 

organic linker 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl in combination with  



 48 

 Table 1. Organic linker 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl used in 

conjunction with many group 11 metal salts. Results highlighted in red indicate conditions 

where crystals were grown and the numerical values indicated in this table are how many 

vials were set over the course of a year long period. Over 1000 vials were tested and of 

that, approximately 18% of vials used had grown a crystalline material that was 

reasonable for analysis. 

 

Concentrations of Ligand to 

Metal 

CuBr2 CuCl2 CuNO3 AgNO3 

2mM to 20mM 24 24 6 6 

2mM to 40mM 24 24 6 6 

2mM to 80mM 24 24 6 6 

5mM to 20mM 96 96 6 6 

5mM to 40mM 96 96 6 6 

5mM to 80mM 24 24 6 6 

10mM to 20mM 120 120 6 6 

10mM to 40mM 120 120 6 6 

10mM to 80mM 24 24 6 6 
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Figure 18. Utilizing organic linker 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-

terphenyl and CuCl2 as the metal salt, one of the largest two-column pillared MONTs was 

synthesized resulting in an approximate 50% size increase along its width. Carbon (grey), 

Nitrogen (blue), Copper (Purple), Chloride (green), and Oxygen (red) are shown on 

SCXRD animations.   
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 Reflected in Figure 18 and Table 1, replicating this MONT was exceptionally 

challenging but after many runs a crystal large enough for analysis was obtained approximately 

one year after the first preliminary Cu2(1d)Cl2 MONT structure. Using a 1:1 volumetric ratio with 

a 1:4 concentration (L:M), a duplicate crystal was grown and analyzed using SCXRD which 

resulted in calculated R1 value of 3.88 and no A-level errors. With publishable SCXRD data it 

was possible to move forward with other forms of characterization which included powder X-ray 

diffraction (PXRD), thermogravimetric analysis (TGA), infrared spectroscopy (IR), and gas 

adsorption. Represented in Figure 19, powder X-ray diffraction was used in order to confirm 

that the experimental bulk phase matched with the simulated bulk phase which was calculated 

from SCXRD data. Once the bulk phase was confirmed a match with the SCXRD data, the next 

segment of experimentation took place.  

 In order to accomplish solvent exchange, approximately 100 mg of bulk Cu2(1d)Cl2 

was placed in a 20mL vial which was then covered with a layer of methanol and a cap was gently 

placed over the top of the vial. The top of the vial was not screwed down as for the solvent 

exchange to occur methanol needed to evaporate at a slow rate over multiple 8 hour segments. 

Setting a heating mantle to approximately 50 °C under these conditions allowed for the slow 

evaporation of the methanol layer and this was repeated three times over the course of 48 hours. 

A replicate PXRD was taken in order to confirm that the structural integrity of the bulk phase 

was not compromised and from these results conclusions were drawn that upon solvent exchange 

a sharpening of powder peaks could be observed.  
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Figure 19. Stacked PXRD data for Cu2(1d)Cl2 MONT where simulated (blue), experimental 

(green), and solvent exchanged (orange) peaks are indicated. 
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 A key component of analysis for MONTs lies in determining at which temperature 

does the structural integrity of the MONT collapse. Utilizing thermogravimetric analysis, Figure 

20a and 20b show two different series in which the first post-solvent exchanged sample shows 

thermal stability upwards of 200 °C and the pre-solvent exchanged sample shows a thermal 

stability upwards of 150 °C. With these two conditions defined, it was possible to create a set of 

experimental conditions for running gas adsorption. With the bulk phase material, a ~120 mg 

sample was loaded into the gas adsorption where three different gases were utilized for testing 

each of which providing their own unique set of results. Shown in Figure 21, little to no porosity 

can be observed when looking at each gas tested. A PXRD was taken on the sample post-analysis 

which had shown peak broadening. This broadening suggests a diminishment in porosity of the 

MONT. Some conclusions can be made where although pore size can be visualized on SCXRD, 

applying pressure to these expanded pore MONTs utilizing gas adsorption can lead to structural 

failure of the MONT. 

 As synthesis towards the expanded pore goal continued, one other organic linker 

provided promising results. Shown in Table 2, organic linker bis(4-((4H-1,2,4-triazol-4-

yl)methyl)phenyl)methane was mixed in a 1:3 volumetric ratio with a concentration of 10 mM 

organic linker to 90 mM of CuCl2 metal salt. The following crystal that had grown in solution 

was clear, large and had a star-like appearance before fragmentation for SCXRD and PXRD 

analysis. With a pore width of 15.480 Å and a pore height of 7.250 Å this sheet-like (MOF) 

crystal structure (shown in Figure 22) represents quality preliminary data which aids in the 

supporting the claim that the use of expanded organic linkers leads to crystalline material with 

pore widths exceeding 15.00 Å. Synthesized in a series of 6, 4 mL vial equivalent portions, a 

bulk solution of Cu2(2c)Cl2 was prepared for PXRD analysis. 
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Figure 20 (a) and 20 (b). TGA data for MONT Cu2(L1d)Cl2 which shows thermal stability 

in both pre and post-solvent exchanged conditions.  
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Figure 21. Gas Adsorption data representing little to no porosity may suggest MONTs 

which when formed utilizing an expanded pore, have structural complications where when 

put under pressure may lead to collapse. 
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Table 2. Organic linker bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane used in 

conjunction with many group 11 metal salts. Results highlighted in red indicate conditions 

where crystals were grown and the numerical values indicated in this table are how many 

vials were set over the course of a year long period. Of the over 1200 vials that were tested, 

approximately 8% of vials used had grown a crystalline material that was reasonable for 

analysis. 

 

Concentrations of 

Ligand to Metal 

CuBr2 CuCl2 CuNO3 AgNO3 

5mM to 20mM 96 96 6 6 

5mM to 40mM 96 96 6 6 

5mM to 80mM 24 24 6 6 

10mM to 20mM 120 120 6 6 

10mM to 30mM 60 48 6 6 

10mM to 40mM 120 120 6 6 

10mM to 80mM 24 24 6 6 

10mM to 90mM 48 60 6 6 
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Figure 22. Utilizing organic linker bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane and 

CuCl2 as the metal salt, preliminary data reflecting a 2D interlocked MOF structure was 

obtained. Carbon (grey), Nitrogen (blue), Copper (Orange), Chloride (green), and Oxygen 

(red) are shown on SCXRD animations.  Pore width similar to that of MONT Cu2(1d)Cl2 is 

observed with a difference of ~2 Å, however, as this is a 2D structure it cannot be 

considered a true MONT.  
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To a clean, heated 20 mL vial, 33.4mg of bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane 

was dissolved in 10 mL of dimethylformamide at 85 °C. To a second clean, heated 20 mL vial, 

105 mg of CuCl2 was dissolved in 20 mL of water at 85 °C. Mixing the two solutions at 85 °C 

for three days in a heating block with a volumetric ratio of 1:3 yielded large, clear crystals which 

were then rinsed with hot dimethylformamide, hot water, and a small amount of acetone. This 

collection of bulk phase crystal was then ground into a fine powder before analysis using PXRD. 

Drawing comparisons between the simulated PXRD data and the experimental PXRD data 

(shown in Figure 23) closing remarks towards this MOF can be made. 

Although this crystal structure did not form a 1D MONT, it still provided important insights 

towards the use of bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane as an organic linker for 

crystal synthesis. With this particular organic linker, a connecting methylene bridge was 

hypothesized to have too many degrees of free rotation, which was later supported based on the 

results of SCXRD analysis. Although this organic linker may not have been a complete success, 

it aiding in building a pathway towards selecting organic linkers that have stronger rigidity about 

the central moiety.  

 Applying learned concepts from MONT 1d and MOF 2c, two other organic linkers 

were evaluated for crystal synthesis. Organic linkers 1,2-bis(4-((4H-1,2,4-triazol-4-

yl)methyl)phenyl)ethyne and 2,7-bis((4H-1,2,4-triazol-4-yl)methyl)phenanthrene were both used 

in conjunction with many different metal salts (shown in Table 3 and 4) resulting in inconclusive 

data. Following a series of synthetic methods as proposed with MONT 1d and MOF 2c, between 

the two organic linkers over 1000 vials were prepared, observed under a microscope, and 

charted.  Many different colors were observed ranging from white, to green, to blue, to dark 
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Figure 23. Stacked PXRD data for Cu2(2c)Cl2 MOF where simulated (orange) and  

experimental (blue) peaks are indicated. 
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Table 3. Organic linker 1,2-bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)ethyne used in 

conjunction with many group 11 metal salts. Results highlighted in red indicate conditions 

where crystals were grown and the numerical values indicated in this table are how many 

vials were set over the course of a year long period. Of the over 500 vials that were tested, 

there was no crystalline material that was synthesized on a large enough scale that could be 

used for SCXRD analysis.  

 

Concentrations of 

Ligand to Metal 

CuBr2 CuCl2 CuNO3 AgNO3 

5mM to 20mM 24 96 12 12 

5mM to 40mM 24 96 6 6 

5mM to 80mM 6 24 6 6 

10mM to 20mM 60 60 24 24 

10mM to 30mM 12 6 6 6 

10mM to 40mM 6 60 12 12 

10mM to 80mM 12 24 6 6 

10mM to 90mM 6 6 6 6 
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Table 4. Organic linker 2,7-bis((4H-1,2,4-triazol-4-yl)methyl)phenanthrene used in 

conjunction with many group 11 metal salts. Results highlighted in red indicate conditions 

where crystals were grown and the numerical values indicated in this table are how many 

vials were set over the course of a year long period. Of the over 500 vials that were tested, 

there was no crystalline material that was synthesized on a large enough scale that could be 

used for SCXRD analysis. 

 

Concentrations of 

Ligand to Metal 

CuBr2 CuCl2 CuNO3 AgNO3 

5mM to 20mM 24 96 12 12 

5mM to 40mM 24 96 6 6 

5mM to 80mM 6 24 6 6 

10mM to 20mM 60 60 24 24 

10mM to 30mM 12 6 6 6 

10mM to 40mM 6 60 12 12 

10mM to 80mM 12 24 6 6 

10mM to 90mM 6 6 6 6 
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purple all of which represented either the presence of an excess metal center, a reduced metal 

center, or a hypothesized desirable powder. In these many samples obtained, not one had given a 

large enough crystal sample for running on SCXRD. Small crystalline material was obtained, but 

with the material being either too short, too thin, or too brittle, no conclusive evidence could be 

obtained to date. Utilizing collaborative work with the Gianneschi group, it may be possible in 

the future to utilize the Rigaku Synergy-ED micro electron diffractor which could in theory 

visualize these extremely small crystals.6,7 

Conclusions 

 The synthesis of MONTs can be broken into two equally as important segments, the 

first being an organic segment and the second being an inorganic segment. With these 

considerations in mind, attempting to synthesize MONTs with many different organic linkers and 

group 11 metal salts was necessary. In this chapter, initial attempts to synthesize a MONT with 

an expanded pore resulted in a “mixed bag” of results which ranged from conclusive to 

inconclusive. Using organic linker 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl 

and CuCl2 a MONT was synthesized with a resulting pore width of 17.5Å which can be 

considered one of the largest pored MONTs ever made when using the two-column pillared 

approach. Multiple routes for synthesis based on alternating concentrations are being currently 

reviewed for the future of expanded pore MONT development. Although all work indicated in  

this chapter did not lead to a full portfolio of expanded MONTs, it did lead to the discovery of a 

novel MONT, a preliminary MOF, and a plan for the analysis of much smaller crystals.  With this 

provided information, the future of synthesizing two-column pillared MONTs with an expanded 

pore has been further paved and developed.  
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Experimental  

Synthesis of Cu2(4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl)Cl2 (MONT): 

To a clean, dry, 20 mL vial 39.9 mg of 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-

terphenyl was added to 10mL of dimethylformamide creating a stock solution with a 10 mM 

concentration. To a second clean, dry, 20 mL vial 138 mg of CuCl2 was dissolved in 10 mL of 

water creating an 80 mM stock solution. From this point, multiple different reaction ratios were 

made based on doing a series of sample dilutions (Table 1). From the bulk phase solution of 1d, 

simple dilutions were made to generate concentrations suitable for MONT reactions i.e. 0.25 mL 

of 1c stock solution was diluted with 0.75 mL of DMF in order to form a 2.5 mM solution. 

Similarly, CuCl2 concentrations suitable for MONT reactions were generated by simple dilutions, 

i.e. a 0.25 mL aliquot of stock CuCl2 solution was diluted with 0.75 mL of water to form a 20 

mM solution. Reaction conditions yielding the highest rate of success consisted of 10 mM 

solution of 1a to 40 mM CuCl2 solution with a volumetric ratio of 1:1 and a total volume of 2 

mL. Reaction mixtures were sealed, mixed, and heated to 85 °C undisturbed for 2 weeks, after 

which the resulting crystal grown was bulky, large, and had a green hue. The crystals were 

isolated via filtration, washed with 5x2 mL of 40 °C hot acetone and then washed with 5x2 mL 

of 80 °C water. Multiple samples were collected of visually similar crystals to be used for 

various bulk phase PXRD and IR analysis. IR: 3394, 3112, 1980, 1663, 1540, 1514, 1444, 1395 

,1340 ,1255 ,1213, 1185, 1080, 1010, 854, 788, 754, 700, 662, 611, 588, 556 cm-1.  

Synthesis of Cu2(bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane)Cl2 (MOF): To a 

clean, dry, 20mL vial 33.4 mg of bis(4-((4H-1,2,4-triazol-4-yl)methyl)phenyl)methane was 

added to 10mL of dimethylformamide creating a stock solution with a 10mM concentration. To a 

second clean, dry, 20mL vial 105 mg of CuCl2 is added to 20mL of water creating a stock 
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solution with an 30mM concentration. For the synthesis with the highest success, a 10mM to 

90mM solution with a volumetric ratio of 1:3 was mixed and ran in triplicate multiple times. 

Heated to 85°C and set aside for 2 days, the resulting crystal grown was bulky, star shaped, and 

clear. Multiple samples were collected of visually similar crystals to be used for bulk phase 

PXRD and IR analysis. Similar conditions discussed in the synthesis of Cu2(4,4''-bis((4H-1,2,4-

triazol-4-yl)methyl)-1,1':3',1''-terphenyl)Cl2 were  also tested, however the resulting crystals 

were too small for analysis on SCXRD (Table 2). IR: 3440, 3116, 2285, 2163, 1979, 1660, 1606, 

1539, 1508, 1476, 1445, 1420, 1392, 1353, 1333, 1210, 1177, 1117, 1075, 1024, 993, 886, 865, 

849, 744, 735, 700, 690, 645, 631, 573, 558 cm-1.  
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CHAPTER 4 

SYNTHESIS OF PYRAZOLES FOR EXPANSION OF ORGANIC LINKER LIBRARY 

FOR METAL-ORGANIC NANOTUBES 
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Abstract 

 MONTs have been synthesized under many different approaches with the most popular 

approaches being the two-column, three-column, or four-column pillar. As the routes for 

synthesis of this subgroup of MOF continues to develop, the expansion of organic linkers that 

can be used to synthesize MONTs also increases. The studies discussed in this chapter tend to 

lean heavily into the future direction of MONT synthesis.  For the future, many novel organic 

linkers are proposed, of which many have yet to be synthesized. These linkers proposed are di-

pyrazole based linkers which in theory should lead to stronger bonding between the nitrogen 

bound within the pyrazole and a metal center.  Considering new chemical conditions where an 

overall (-2) charge is highlighted, the use of group 9, 10, or 11 metal salts could be used to 

synthesize a new series of MONTs which would in turn expand the current portfolio of MONTs.  

Introduction 

 As a key component to any porous material synthesis, organic linkers are used to 

provide overall structure and function. Published in literature, many different organic linkers 

have been used for the synthesis of MONTs. Beginning with the Kitagawa group, organic 

segments ethylenediamine and 4,4’-bipyridine were coordinated to a platinum center which 

formed one of the first examples of a four-column pillared MONT.  Years later, the Jenkins group 

utilized di-triazoles which were coordinated to a group 11 metal center which formed the first 

examples of isoreticular 2-column pillared MONT. In 2016, the Wu group utilized organic linker 

1,1’-(5-methyl-1,3-phenylene)bis(1H-imidazole) and 5-bromonicotinate (Brna) which had 

coordinated to a nickel center and provided one of the first examples of a three-column pillared 

MONT. With a handful of different approaches to MONT synthesis a lingering question has yet 

to be answered; “Which organic linkers could alleviate the issues of each approach, and how 
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could the positives of each approach be strengthened?”. In this chapter, many organic linkers 

utilizing di-pyrazoles are discussed due to their stronger nature of bonding and their ability to 

have a more diverse portfolio of metals to bind to.  Shown in Figure 24, a series of organic 

linkers utilizing di-pyrazoles are proposed in which organic linkers (L7-14) could be theorized to 

produce MONTs within the three, four, or even two-column pillared category.1-8 This being said, 

interactions between one nitrogen within the pyrazole ring would provide a stronger bond 

between the organic linker to a metal center which in turn would strengthen the formed 

crystalline material. To draw connections between di-triazole organic linkers and di-pyrazole 

organic linkers, L15-19 (Figure 24) shows many linkers with a similar structure but with the 

addition of methyl groups which provide planar stability.9-11 Much of the work done in this 

chapter is based upon the adaption of many organic reactions which were modified to different 

synthetic schemes. To expand further, results provided are in the infantile stage, where very few 

reactions were successful. It is important to note, however, that the results that had failed also 

provided some important insights for the future of using di-pyrazoles as an organic linker for 

MONT synthesis.  

Results and Discussion 

 Traditionally MONTs have been synthesized utilizing organic linkers that follow 

various common organic workups, however, in the case of using di-pyrazoles as an organic 

linker, many modifications to these common organic workups are necessary in order to form the 

desired organic linker. Various issues, primarily solubility and structural stability have resulted in 

this organic linker having little to no progress in the last many years of research. Pioneered by 

both Dr. Long and coworkers and Dr. Day and coworkers L7 and L15 (shown in Figure 24) are 

two of the very few di-pyrazole organic linkers that have been synthesized at a large enough  
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Figure 24. A scheme of the proposed di-pyrazole ligands for MONT formation. L7-L10 will 

illustrate general pyrazole style MONT synthesis, L11-L14 will investigate pore size and 

geometric changes, and L15-L19 are most similar to Jenkins group style 1,2,4-ditriazole 

ligands for direct comparison.  
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scale for analysis.1-9 This chapter highlights the replicability of the work of these two pioneers 

while also diving into potential new ways for ligand design and future MONT synthesis. Shown 

in Figure 24, 1,3-bis((3,5-dimethyl-1H-pyrazol-4-yl)methyl)benzene (L15) was utilized by Dr. 

Li and coworkers in 2019 which led to one of the first formed di-pyrazole MONTs. This crystal 

had a Cu6(1,3-bis((3,5-dimethyl-1H-pyrazol-4-yl)methyl)benzene)3 formula and was the 

pioneering result of one of the first three-column pillared MONTs where the ligand acted as both 

the main structural component and as the capping agent for closing the nanotube. It was this 

work that prompted the interest of other groups across the globe to investigate di-pyrazoles as an 

organic linker for MONT synthesis.11 Prior to this, Dr. Long and coworkers in 2010 synthesized 

a di-pyrazole MOF utilizing organic linker 1,3-di(1H-pyrazol-4-yl)benzene (L7) and a Zn2+ 

metal center.8 With published data suggesting the potential for di-pyrazoles as an organic linker 

for crystalline material synthesis, novel organic linkers were designed with the purpose of 

expanding the library of organic linkers which would, in theory, cause the size of the MONT 

portfolio as a whole to undergo a dramatic increase.  

 As an example, organic linker 1,3-bis((1H-pyrazol-4-yl)ethynyl)benzene (shown in 

Figure 25) is used in conjunction with a M2+ metal center. This theoretically formed MONT 

could be predicted to follow a two-column pillared approach while also expanding the size of the 

developed MONTs pore when basing this solely on predicted bond angles. It is important to 

discern though that theory does not always follow experimental function. In order to tackle this 

hypothesis, a series of organic reactions were tested. Following the synthetic method of Dr. Long 

and coworkers, three separate attempts at the synthesis of 1,3-di(1H-pyrazol-4-yl)benzene as an 

organic linker were concluded.8 Under nitrogen, phosphorous oxychloride was added to 

anhydrous dimethylformamide where this mixture was chilled in an ice bath to 0°C before a  
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Figure 25. Utilization of 1,3-bis((1H-pyrazol-4-yl)ethynyl)benzene with an M2+ octahedral 

metal center can be predicted to form a MONT structure with the supporting angles 

highlighted in red.  

 

 

 

 

 

 

 

 

 



 71 

solution of 1,3-phenylenedicarboxylic acid in dimethylformamide was added. This reaction 

mixture was heated to 70°C for 18 hours before continuation. While the solution was still hot, it 

was poured into a solution of ice water and sodium perchlorate resulting in an off white product.  

 This crude 1,3-benzenebis(2’-(1’,3’-dimethylamino)-trimethinium diperchlorate was 

then rinsed with water, methanol, and diethyl ether resulting in a small amount of off white 

powder. During each rinse more and more crude was washed away resulting in ~5mg of crude 

product. This was not enough intermediate to continue the reaction, so this reaction was set twice 

more with similar outcomes resulting in ~10mg of product. With each reaction producing 

inconclusive results at a consistently abysmal yield, a different approach was taken which would 

utilize 1-trityl-1H-pyrazole as a protecting group, (similar to 3-(1H-1,2,4-triazol-1-

yl)propanenitrile in the di-triazole systems). 1,4-bis(bromomethyl)benzene was stirred in a 

solution of DMSO, potassium tert-butoxide and 1-trityl-1H-pyrazole at 85°C for 16 hours. 

Utilizing different solvent systems ranging from 1:1, 1:4, and 1:20 hexanes/ethyl acetate for 

TLC, this reaction was monitored closely every 3 hours and spotted in comparison to the two 

starting materials. For the final spotting on TLC, no reaction was observed to have taken place, 

however, a bright, yellow crystalline byproduct was obtained. Similarly, under the same reactions 

conditions 1,3-bis(bromomethyl)benzene was used in order to see if a slight steric change would 

influence the reaction. Once again, as similar TLC results proved inconclusive this led to 

changing the temperature of the reaction to 60°C to see if this would influence the formation of 

the desired product. Unfortunately, upon completion of a 24 hour time frame, there was no 

reaction observed for either combination of organic linker with 1-trityl-1H-pyrazole.  

Shown in Figure 26, there was one final reaction condition tested which led to interesting 

preliminary data. For the synthesis of 2,2'-(1,4-phenylenebis(methylene))dimalononitrile, N-  
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Figure 26. Multiple reaction conditions were tested to determine the synthesis of di-

pyrazole based organic linkers, but in each instance impurities, byproducts, or simply no 

reactions were observed.  
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Figure 27. 1H-NMR of crude  2,2'-(1,4-phenylenebis(methylene))dimalononitrile. Solvent 

and starting material residue to be purified via column, recrystallization, and drying. 
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ethyl-N-isopropylpropan-2-amine and 1,4-bis(bromomethyl)benzene was added dropwise to a 

solution of malononitrile in dry dichloromethane at 0°C. This reaction mixture which was placed 

under nitrogen was allowed to reach room temperature before stirring for 6 hours. Quenching the 

solution using ice water, two separate phases were obtained. The organic layer was separated 

from aqueous, and ethyl acetate was added to the aqueous phase before separation. To this new 

organic ethyl acetate layer, brine was used to rinse before sodium sulfate was added to remove 

any present water. The final organic layer was decanted off, concentrated and purified via 

recrystallization using a combination of hexanes and ethyl acetate. Shown in Figure 27, a 1H-

NMR shows the desired final product of 2,2'-(1,4-phenylenebis(methylene))dimalononitrile, but 

further attempts at purification are required before continuation to future synthetic steps. A 

couple of other organic reactions were attempted for the synthesis of di-pyrazole organic linkers, 

but these are not listed as they either had no reaction, an unknown byproduct, or were 

synthesized at a scale too small to produce viable results. 

Conclusions 

 MONTs can be synthesized utilizing a vast array of both ridgid and semi-ridgid 

organic linkers. Determining which organic linker to use in conjunction with a metal center is an 

important part of the development of these novel materials. As research progresses and the 

number of organic ligands that can be used for MONT synthesis grows, it in the future may be 

possible to use a more complex organic linker such as di-pyrazoles to alleviate restrictions of the 

three different approaches to MONT synthesis as discussed in this thesis. Within this chapter 

there were many complications which caused this project to be put on hold. The low reaction 

yields, low levels of purity, poor solubility and time constraints were all contributors to this 

project being moved to a future student. Di-pyrazoles are an interesting approach to alleviating 
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many restrictions of the various different pillared approaches.  Whether that be for pore size or 

the use of different metal centers, the future of this project is currently undetermined, but with 

the complications discovered in this chapter it can be speculated that a future student will have 

this knowledge to refine this project further and grow it into something incredible.  

Experimental 

Synthesis of 1-trityl-1H-pyrazole: In a clean, dry, 500mL round bottom flask, 1H-pyrazole 

(6.00 g 88.13 mmol) were dissolved in 150 mL of dichloromethane and 12.5 mL triethylamine, 

then the flask was cooled to 0°C for 15 minutes, A solution of 27.02 g (96.94 mmol) trityl 

chloride in 100mL dichloromethane was then slowly added to the reaction mixture. This solution 

was stirred for 15 minutes at 0°C, warmed to room temperature, and stirred for 16 hours at room 

temperature. This solution was then washed with 50 mL of water, the organic layer was dried 

using magnesium sulfate, concentrated under vacuum, and product was purified via 

recrystallization in methanol. (25.42g, 84.0% yield) 1H-NMR (CDCl3, 499.74 MHz): σ 7.67 (s, 

1H), 7.35 (m, J = 7.4 Hz , 10H), 7.16 (s, 6H), 6.25 (s, 1H). 13C{1H} NMR (CDCl3, 125.67 MHz): 

σ 143.21, 139.54, 132.18, 130.02, 127.80, 127.54, 104.19, 78.38.  

Synthesis of 2,2'-(1,4-phenylenebis(methylene))dimalononitrile: 780µL (4.50mmol) of N-

ethyl-N-isopropylpropan-2-amine and 1.187g (4.50mmol) of 1,4-bis(bromomethyl)benzene was 

added dropwise under nitrogen to a solution of 300mg (4.50mmol) of malononitrile in dry 

dichloromethane at 0°C in a clean, dry 100 mL round bottom flask. The reaction mixture was 

warmed to room temperature and stirred for 6 hours. The reaction was quenched with 100 mL of  

ice water, yielding two phases. The mixture was taken up with 100 mL of ethyl acetate, 

separated, washed with 50 mL of brine, dried with sodium sulfate, and the product was purified 

via recrystallization from 100 mL of a 50/50 mixture of hexanes and ethyl acetate. (crude yield: 
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0.2363g, 25% yield)1H-NMR (DMSO-d6, 499.74 MHz): σ 7.43 (s, 4H), 4.10 (q, J = 3.9 Hz , 2H), 

3.44 (d, J = 3.3 Hz , 4H). Other peaks present represent unreacted starting material and mono 

substituted product.  
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Thesis Summary 

 MONTs are a 1D porous material that are formed based on interactions between an 

organic linker, a metal center, and an anionic capping agent. The development of this 

subcategory of MOF can be accredited back to the early 2000s where many principal 

investigators created this novel class of material. MONTs as a whole have been developing at a 

rapid rate when compared to previous years, and with the collaborations of scientists worldwide, 

the future of this material has seemingly endless possibilities.  

 During my tenure at the University of Tennessee-Knoxville, creating a MONT with a 

pore larger than those formed during the time of my predecessors was a primary goal. Utilizing 

organic linkers 4,4''-bis((4H-1,2,4-triazol-4-yl)methyl)-1,1':3',1''-terphenyl and bis(4-((4H-1,2,4-

triazol-4-yl)methyl)phenyl)methane in conjunction with the group 11 metal salt CuCl2, both 

conclusive and preliminary data was acquired using analytical methods of SCXRD, PXRD, 

TGA, and Gas adsorption. The findings included within this thesis had successfully proven that 

when expanding the size of an organic di-triazole linker, it was possible to see an increase 

upwards of 50% in the overall width of the developed MONT. As a secondary minor goal, the 

organic linker library for MONT synthesis was targeted for expansion. With results discussed in 

Chapter 4, although there were many reactions that resulting in the realm of the unknown, the 

outcomes of said experimentation have provided to being a useful foundation for the potential 

continuation of using di-pyrazoles as an organic linker for the synthesis of MONTs.  

 As MONTs with various different functions and forms continue to be developed, the 

use of both ridgid and semi-ridged organic linkers becomes more attractive. The development of 

organic linkers that can from bonds with multiple different metal groups on the periodic table can 
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aid in the alleviation of certain synthetic restrictions and the continued growth for this class of 

material.  
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