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ABSTRACT 

 

Microporous two-dimensional (2D) polymers have great potential in many 

applications given their covalent bonding in two dimensions, extended conjugated 

structures, high surface areas and functional design. However, their widespread 

implementation in practical application spaces has so far been limited by the lack of facile 

and scalable processing methods from their generally insoluble forms. In this work, the 

inspiration for structural design is drawn from the molecular construct of high-strength, 

high-modulus 1D polymers that have produced some of the strongest materials to date, 

particularly poly(p-phenylene-2,6-benzobisoxazole) (PBO) or Zylon. Herein, a series of 

novel solvothermal bottom-up methods were developed to directly synthesize 2D 

covalently linked polymer films from starting material solutions. Benzoxazole-linked films 

were produced via a two-step process that allows the deposition of a uniform intermediate 

film network via reversible, non-covalent interactions, followed by a subsequent solid-state 

annealing step that facilitates the irreversible conversion to the desired polymer product. 

The versatility of this synthesis method is demonstrated by producing films with four 

different aromatic core units. Slight modification of the synthetic methods enables the 

direct synthesis of reversibly linked imine and hydrazone-based films using a metal triflate 

catalyst with a single processing step.  

The resulting 2D polymer films are amorphous yet demonstrate microporosity and 

an anisotropic layered morphology that can be exfoliated into few-layer nanosheets. The 

hydrazone-linked films exhibit more compact planar stacking and bright 

photoluminescence due to the constrained planar conformation induced by intramolecular 



   

hydrogen-bonding. These 2D polymer films are comprised of highly aromatic, conjugated 

building blocks providing an opportunity to translate the mechanical performance of classic 

rigid-rod 1D polymers across a plane by extending covalent bonding into two dimensions, 

while simultaneously reducing density. The demonstrated mechanical properties from 

tensile testing and nanoindentation show axial tensile and transverse compressive elastic 

moduli on the scale of several GPa, rivalling the performance of solution-cast films of 1D 

PBO, as well as several other 1D high-strength polymer films. The structural effect of 

linkage chemistry is compared via nanoindentation, showing that the benzoxazole-linked 

films exhibit higher modulus and hardness relative to the more compliant reversibly linked 

counterparts.  
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Chapter 1: Introduction 

 

1.1. 2D Porous Polymers and Covalent Organic Frameworks 

The synthesis of two-dimensional polymers incorporates tri- and tetra-

functionalized monomer building blocks to extend one-dimensional polymer chemistry 

into 2D networks linked entirely by covalent bonds. 2D polymers, especially covalent 

organic frameworks (COFs), have attracted much attention because of their favorable 

properties such as permanent nanoporosity, incorporation of functional groups, high 

surface area, low density and stability under harsh conditions.1-7  

 

Figure 1. 2D polymers offer an extensive range of tunable topologies and structures. 

 

A major appealing quality of these materials, as opposed to inorganic 2D materials, 

is their tailorable structure based on building block design. Monomers with tri- or tetra-

functional reactive sites enable polymerization in two dimensions. The typical structure 

design strategy involves selection of tertiary of quaternary nodes along with bi-functional 
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bridging units. A variety of linkage chemistries have been explored to enable different 

synthetic methods and functionalities. A large thrust in the field is dedicated to exploring 

novel linkage chemistries, which are responsible for the reaction conditions, morphology, 

chemical and thermal stability, and other resulting properties. The first linkages explored 

included boronate ester, boroxine, triazine and imine. Over time, many other novel linkage 

chemistries have been demonstrated that produce polymer structures with improved 

stability, synthetic control, and properties tailored to a variety of applications. A few 

examples of demonstrated linkage chemistry are provided in Figure 2 although this list is 

certainly not exhaustive. While imine and boronate ester linkages still comprise much of 

the overall 2D polymer literature, other linkages such as 𝛽-ketoenamine, hydrazone, imide 

and sp2 carbon have gained popularity. An important characteristic to note is that many of 

these linkages contain reversible bonds, which can break and reform. This ability enables 

the formation of crystalline structures through thermodynamic reorganization over 

extended reaction times, but in turn, can lead to issues with chemical and thermal stability.  

 

Figure 2. Examples of linkage chemistries demonstrated in 2D polymer systems. 
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One can dictate pore shape and size to be suited for specific applications, which has 

great significance in the use of these materials as membranes for nanofiltration 

applications. The choice of node, or core unit, allows this design flexibility. Tri-functional 

core units can be used to synthesize hexagonal pores, while tetra-functional cores result in 

tetragonal pores. The size of the core directly affects the pore size of the resulting polymer. 

Typically, the nodes are highly aromatic units that are constrained to a two-dimensional 

geometry. Many 2D polymer structures include triphenylbenzene, tetraphenylpyrene or 

porphyrin moieties (Figure 3).  

 

 

Figure 3. Commonly used aromatic core units in 2D polymers. 
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Functional groups can also be incorporated into the backbone of 2D polymers in 

order to integrate these materials into tailored applications. Electron donor and acceptor 

moieties such as thiophenes8-12, porphyrins13, and diketopyrrolopyrrole (DPP)14 have been 

demonstrate in 2D polymers as a method to enhance in-plane charge separation and 

transport. The resulting materials were implemented into electronic and optoelectronic 

devices, such as organic field-effect transistors (OFETs) and organic photovoltaics 

(OPVs).  Nitrogen-rich groups and quinone moieties can also be incorporated into the 

structures as redox active sites for sensing and energy storage applications, such as 

supercapacitors.15-19 Porphyrin building blocks provide a unique substrate for incorporation 

of various metal atoms to provide magnetic or catalytic centers.   

 

1.2. Synthesis Methods 

To date, the most common method for synthesizing COFs is a solvothermal reaction 

in a flame-sealed tube under vacuum or inert gas. The reactants are added at once then, 

after the tube is sealed, the reaction mixture is heated for typically 3-5 days. The reaction 

is followed by a Soxhlet extraction of the solid product for purification, tacking on another 

day or two to the synthetic process. This method results in a powder that is typically 

insoluble in common organic solvents and acids.  

Many improved methods have been reported for synthesizing COFs under milder 

conditions or with faster reaction times. Of the most significant, Matsumoto and coworkers 

demonstrated that crystalline imine-linked COFs could be synthesized within minutes at 

room temperature using metal triflates to catalyze the condensation reaction.3  
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While the synthesis of crystalline dynamic structures is fairly well explored, 

synthesis of irreversibly-linked 2D polymers presents a greater challenge. A notable 

strategy that has been proven successful is the post-synthetic modification of a reversibly 

linked structure to a desired irreversible linkage. Waller and coworkers demonstrated the 

dynamic nature of imine bonds by performing monomer exchanges on pre-formed imine-

linked COFs in order to synthesize amide-, thiazole- and oxazole-linked structures that 

typically could not be achieved from the single-step sealed tube method.20, 21 A similar 

approach was used by Qian and coworkers to convert imine to amide linkages, using the 

powder COF material for gold recovery.22 Wang and coworkers also exploited the 

reversibility of imine-linked structures to form two different thieno[3,2-c]pyridine-linked 

frameworks.23 Exposing imine-linked structures to S8 gas also allows for a multi-step 

conversion to an irreversible thiazole linkage.24  

 

1.3. Film Synthesis 

One of the major limitations remaining in the 2D polymer field is the processing of 

these structures. Typically, highly aromatic, planar building blocks are used in order to 

constrain polymerization into two dimensions. This approach, however, presents difficulty 

with solubility of starting materials and especially product, which leads to challenges in 

synthesis and processing of 2D polymer films. While much progress has been made 

regarding synthetic techniques3, 4, 6, 20, 21, 25, 26 and expanding into novel structures and 

linkages7, 14, 16, 18, 27-34, the study of intrinsic material properties and implementation into 

various applications remains limited by the challenge of producing high-quality, 

mechanically robust 2D polymer films.  
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Films of 2D polymers and COFs have been demonstrated using different methods, 

both bottom-up and top-down approaches.35 One of which is a simple modification to the 

sealed-tube solvothermal method where a substrate is submerged in the typical powder 

reaction mixture (Figure 4a).36 The COF powder product still forms as a precipitate at the 

bottom of the vial while a thin COF film is deposited on the substrate. This method has 

been shown to produce crystalline, oriented films of boronate ester-linked COFs, however, 

this process is limited by the size of the substrate, the cost of materials since these reactions 

typically use more complex substrates such as oriented gold or graphene, and the low yield 

of starting material converted to film rather than powder. Imine-, b-ketoenamine- and C-

C-linked COF films have been produced by liquid-liquid interfacial polymerization, where 

the process is able to take advantage of monomers with different solubilities37-39 (Figure 

4b). Two immiscible solvents, typically aqueous and organic, are used to dissolve one 

monomer in each phase. The monomers diffuse to the interface and react to form a thin 

film. These reactions typically take several days to weeks in order to form the COF product 

and the films are very thin and fragile. Additionally, imine COF films have been 

synthesized using solid-vapor interface in which one monomer is spin-coated and the other 

monomer is vaporized in order to react and form an ordered COF monolayer on the 

substrate (Figure 4c).40 This technique has not been demonstrated for any other linkages 

and is of course limited by the ability to vaporize one of the monomers. Another interesting 

technique demonstrated for b-ketoenamine-linked COF films involves the use of a 

precursor paste41, 42 (Figure 4d). The monomers are ground by mortar and pestle into a 

paste with water and a catalyst. The paste is then evenly coated onto a substrate and heated 
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to convert to COF film. These films are demonstrated on a fairly large scale and are 

completely free-standing.  

 

Figure 4. Examples of COF film synthesis methods including (a) solvothermal synthesis with 

submerged substrate36, (b) liquid-liquid interfacial polymerization37, (c) solid-vapor interface 

polymerization40, and (d) precursor paste deposition followed by heating41. 

 
1.4. Exfoliation 

A two-dimensional layered structure is advantageous because of the relatively weak 

interplanar interactions that allow for delamination of the stacking structure into 

nanosheets. The exfoliation of COF and 2D polymer powders has been demonstrated using 

various methods that mainly include sonication in a compatible solvent or solvent 

mixture,43-47 or mechanical delamination such as grinding or ball-milling (.19, 48, 49 The 

exfoliation of 2D layered materials greatly increases the exposed surface area of the 
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structures, providing opportunities for applications such as catalysis,47 chemical sensing50 

and energy storage, where redox-active sights become more accessible than in the bulk 

material.19 Exfoliation also allows for re-processing into films and membranes of desired 

dimensions for applications such as gas separation and nanofiltration.45, 46 

 
Figure 5. Examples of 2D polymer exfoliation methods include (a) acid-assisted chemical exfoliation46 

and (b) mechanical delamination by grinding.48 (c) Exfoliated nanosheets can then be processed into 

membranes.45 

 
1.5. Applications 

 Microporous polymers and covalent organic frameworks have the potential for 

implementation into many applications because of their covalent bonding in two or three 

dimensions, discrete porosity, chemical and thermal stability, and low-density. By far the 

most common applications demonstrated to date are with regards to the nanoporosity and 
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high surface area of well-ordered COFs. These applications include gas storage34, CO2 

capture51, molecular separation37, 52-54 and catalysis7, 28, 55. Additionally, many of these 

structures are conjugated and extending this conjugation into 2D presents an opportunity 

for enhanced charge transport in electronic and optoelectronic devices such as 

supercapacitors41, 56, organic field-effect transistors (OFETs)12, 57, 58 and photovoltaics9, 10, 

18.  

In this work, however, we choose to mainly focus on the under-explored category 

of mechanical properties for high-strength materials. 2D microporous polymers are 

typically rigid planar structures with many aromatic groups and they tend to stack in an 

ordered manner due to pi-pi interactions. Additionally, because of their porous structure 

they would theoretically be able to reduce density compared to traditional rigid 1D 

polymers. This addresses two key issues of materials for defense applications such as body 

armor, which are to create stronger materials but simultaneously reduce overall weight. 

Exploration of mechanical properties for these materials are rather limited because of the 

hurdle of producing uniform, well-ordered films. For tensile tests, the films also need to be 

free-standing rather than supported by a substrate. To date, there are only a few examples 

of mechanical testing on COFs or 2D polymers including tensile testing41, 42, 59, 

nanoindentation60 and, in one case, strain-induced elastic buckling instability 

measurements.57 
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Figure 6. Literature examples of COF films used for (a) membranes,37 (b) OFETs58 and (c) 

mechanical testing.61 

 
1.6. Mechanical Properties of 1D Rigid-Rod Polymers 

Some of the strongest materials to date are rigid-rod 1D polymers that are spun into 

highly-oriented fibers (Figure 7). Kevlar is likely the most well-known because of its wide-

spread use in many commercial products, including bulletproof vests. The Kevlar structure 

(polyaramid) contains aromatic phenyl groups that stack face to face and amide functional 

groups that allow hydrogen-bonding between neighboring chains. Zylon and M5 have been 

developed as commercial fibers that are able to achieve a higher strength and Young’s 

modulus than Kevlar. Their superior mechanical properties originate from aromatic, 

heterocyclic azole functional groups. Zylon contains oxazole functionalities whereas M5 

has imidazole functionalities. Additionally, M5 incorporates -OH groups in the backbone 

which also provide interchain hydrogen-bonding.  
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Figure 7. High-strength commercial 1D polymer fibers and their chemical structures.62 

 
Conceptually, translating the connectivity of one-dimensional (1D) polymers into 

2D to create graphene-like structures would provide enhanced mechanical strength in 

comparison to their 1D counterparts that are limited by non-covalent lateral interactions 

between polymer chains.63-65 Additionally, by incorporating microporosity into the 

structure, these 2D polymer networks are expected to be low-density materials compared 

to 1D polymeric structures. 
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Chapter 2. Synthesis of Benzoxazole-Linked 2D Polymer Films 

 

2.1. Synthetic Approach 

The heterocyclic benzobisoxazole linkage provides an opportunity for the synthesis of 

2D irreversibly-linked polymer films with high thermal and chemical stability. On the other 

hand, irreversible linkages prove particularly difficult for processing and reordering since 

the initial bond formation is locked into place. Processing of irreversibly-linked 2D 

polymer powders into films has not been demonstrated, to the best of our knowledge. 

Alternatively, direct synthesis of films from starting materials appears to be a more 

attainable approach.  

The formation of 2D polymers with layered stacking also requires highly aromatic 

building blocks to constrain the growth in two dimensions, which creates another challenge 

regarding monomer solubility in the reaction mixture. For powder synthesis, solubility is 

not critical, as the reaction mixture is heated in a solvent over several days, allowing full 

conversion of starting materials to product. Reaction mixture solubility plays a much more 

important role in directly synthesizing uniform and continuous films.  

For 1D PBO, the traditional synthesis method reacts 4,6-diaminoresorcinol 

dihydrochloride with terephthalic acid in polyphosphoric acid (PPA) with phosphorus 

pentoxide (P2O5) (Figure 1a). While the reaction mechanism has several steps, the 

synthesis procedure is direct and there is no isolation of intermediate components.1  

Alternatively, a multi-step procedure can be used to produce polybenzoxazoles through 

solid-state thermal rearrangement of ortho-hydroxy polyimide (Figure 1b) or orth-hydroxy 

polyamide (Figure 1c) precursor polymers.2, 3   
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Figure 1. Direct and multi-step synthetic routes toward the formation of 1D polybenzoxazoles.1-3 

 

 In two-dimensional structures, the reported synthetic strategies take a different 

approach by using condensation reactions between aldehyde-functionalized monomers 

rather than the carboxylic acid, acid chloride or anyhydride-based starting materials from 

1D polymerizations.  The oxazole formation mechanism is believed to occur in a series of 

reversible steps to form an imine-linked and benzoxazoline-linked intermediate, followed 

by irreversible conversion to benzoxazole-linked product (Figure 2).4  

 

 

Figure 2. Hypothesized reaction mechanism for the condensation of aldehyde with 2,5-

diaminohydroquinone to form a benzoxazole linkage.4 
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 This mechanism presents a unique opportunity to exploit the reversible 

intermediate steps to form a pre-polymer network that allows reorganization. While the 

same mechanism is described in several reports, these examples only present a synthetic 

route toward insoluble powder products. With the goal of synthesizing these structures in 

film form, we propose that we can control synthetic conditions in a multi-step process in 

order to allow for the initial deposition of a uniform intermediate film via reversible and 

non-covalent interactions. 

 

2.2. Film Synthesis Method 

In this work, we present a novel, two-step, solvothermal film synthesis method 

which we use to create four unique structures of benzoxazole-linked 2D polymers (BOPs) 

with varied aromatic core units, as shown in Scheme 1, including a single benzene ring (B-

BOP), tetraphenyl pyrene (TPPy-BOP), triphenyl benzene (TPB-BOP) and a fluorinated 

triphenyl benzene unit (TPB-F-BOP).  
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Scheme 1. Reaction schemes for four benzoxazole-linked 2D polymer structures. 

 

 

The overall reaction schemes and starting material amounts are provided in Figure 

3 to Figure 6. These polymer structures are directly synthesized in film form using a two-

step processing approach. For the synthesis of all four polymer structures, the same 

conditions are used for the deposition of the intermediate film and annealing to product 

film. First, a dilute reaction mixture is made by combining 2,5-diaminohydroquinone 
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dihydrochloride (DAHQ) with a tri- or tetra-functional aldehyde monomer, along with 

benzimidazole catalyst in a solvent mixture of 1:1 v/v N-methyl-2-pyrrolidone (NMP) and 

mesitylene. The solution is drop-cast onto a substrate in air at ambient pressure and the 

temperature is ramped from room temperature to 100°C (Figure 7) to slowly evaporate the 

solvent. As the temperature increases, there is a distinct color change from the initial 

monomer mixture to a transparent dark orange solution, indicating that the initial reaction 

occurs within minutes. For the B, TPB and TPB-F structures, the initial solid monomers 

are pale purple (DAHQ) and the aldehyde monomers are white or slightly gray in color. 

Upon addition of solvent and sonication, the solutions quickly turn or an orange/yellow 

color before adding the benzimidazole catalyst. The TFPPy monomer mixture remains 

yellow until heated on the substrate, which then becomes a transparent orange reaction 

solution. 

After the solvent has fully evaporated over the course of about 30 minutes, an 

opaque orange/brown film remains. In the second step, the films are annealed at 200°C 

under vacuum, where the intermediate film is irreversibly converted to the final 

benzoxazole-linked structure in the form of a dark brown film that can be easily removed 

from the glass substrate. Alternatively, if good adherence to the glass substrate is desired 

rather than free-standing form, this can be achieved by simply performing a UV-ozone 

treatment of the substrate beforehand. Due to poor monomer solubility, the TPPy-BOP 

films typically require a purification step to remove unreacted TFPPy monomer, which can 

be done by soaking the films in hot DMF overnight, followed by washing with DCM in 

order to remove the DMF solvent. 
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Figure 3. B-BOP reaction scheme and film synthesis procedure. 

 

 

Figure 4. TPPy-BOP reaction scheme and film synthesis procedure. 
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Figure 5. TPB-BOP reaction scheme and film synthesis procedure. 

 

 

Figure 6. TPB-F-BOP reaction scheme and film synthesis procedure. 
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Figure 7. Reaction mixture heating profile. 

 

Synthetic conditions were optimized to produce the best quality films based on 

monomer solubility and reaction rate. The ratio of the DAHQ and aldehyde-functionalized 

monomers were maintained at their stochiometric amounts, while overall concentration in 

solution was varied. The concentration should be sufficiently dilute that all starting material 

dissolves when heated on the substrate. In the case of the TPPy-BOP reaction, the 

monomers are not fully soluble until heat is applied. To achieve film uniformity and 

mechanical integrity, a balance is required between reaction rate and solvent evaporation 

rate. On one hand, if the reaction progresses too quickly, such as in the case of using a 

higher concentration (typically 1.5- 2.5x standard concentration based on polymer 

structure) or elevated temperature (above 120°C), the solution quickly forms visible 

aggregates that grow larger and, as the solvent is evaporated, a rough powder-like 

substance remains. Conversely, if the reaction mixture is too dilute (typically below 0.5x 

standard concentration), the reaction does not progress to completion. Rather than a 

continuous, smooth coating, this condition results in islands of material that contain a 

significant amount of unreacted monomer. On the other hand, lowering the temperature 
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below about 80°C slows the reaction but also extends the reaction time for too long by 

slowing the solvent evaporation significantly, which also results in non-uniform films with 

many aggregates. Additionally, our experiments found that the timing of the catalyst 

addition is a very important factor in the resulting film quality. The benzimidazole catalyst 

is added immediately prior to drop-casting to avoid pre-mature polymerization in solution 

during sonication of the monomers.  

 

2.3.  Chemical Structure Characterizations 

To understand the reaction mechanism of 2D polymer film formation, we 

investigated the chemical composition of both the intermediate films and the final annealed 

films. For characterization of the intermediate films, the films were first treated with N,N-

dimethylformamide (DMF) followed by methylene chloride (DCM) in order to remove the 

benzimidazole catalyst and remaining solvent to more clearly identify the intermediate 

compounds present. For the product films, no solvent treatment of the prior intermediate 

film is used. The as-deposited intermediate films are transferred directly to the annealing 

step. For the B-BOP, TPB-BOP and TPB-F-BOP structures, no further purification is 

needed as there is not any evidence of unreacted starting material or side products. Due to 

the poor solubility of the TFPPy monomer, the TPPy-BOP product films typically require 

a DMF treatment step to remove unreacted aldehyde monomer. The films can be soaked in 

DMF at 80°C overnight, followed by a solvent exchange with DCM, then drying under 

vacuum at 100°C overnight.  

We hypothesize that the film formation proceeds via a different reaction mechanism 

compared to previous reports of benzoxazole-linked structures,4, 5 particularly given that 
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the first step of our procedure is performed in air. Our proposed mechanism is illustrated 

in Figure 8a, where the DAHQ monomer is initially oxidized to the p-benzoquinone form 

(DABQ), which can then undergo a condensation reaction with the aldehyde monomers to 

form a reversible imine-linked intermediate. This is consistent with small molecule 

synthesis of benzobisoxazoles directly from the DABQ monomer.6 Finally, 

dehydrogenation results in irreversible ring-closure to form the benzobisoxazole. 

Generally, the DAHQ monomer presents a solubility issue in reaction mixtures, however, 

the DABQ form is readily soluble in the NMP/mesitylene co-solvent, which likely assists 

in obtaining a faster and more complete conversion to product.  

 

Figure 8. (a) Proposed mechanism for the formation of the benzoxazole linker. (b) Solid-state 13C 

NMR spectra show that the intermediate film contains a mixture of unreacted monomer (193 ppm), 

intermediate (179, 97 ppm) and product (162 ppm) and (c) after anneal 

13C solid-state nuclear magnetic resonance (ssNMR) spectroscopy experiments are 

used to analyze the composition of the films at the different synthetic steps. For the 

intermediate film of the B-BOP structure, the cross-polarization/magic angle spinning 
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(CP/MAS) 13C NMR spectrum (Figure 9) shows several signals from key functional 

groups involved in the reaction, including peaks at 193, 179, 162 and 97 ppm. In the non-

quaternary suppression (NQS) experiment, the peaks at 193 ppm and 97 ppm decay 

completely, indicating that these signals originate from non-quaternary carbons. The peak 

at 193 ppm is consistent with the chemical shift of the aldehyde carbon from unreacted 

BTA monomer. The peaks at 179 ppm and 97 ppm can be assigned to the DABQ 

intermediate (Figure 10).7 Lastly, the signature oxazole quaternary carbon peak at 162 ppm 

appears in the intermediate film, suggesting that there is already some final product formed. 

The 13C ssNMR results of the intermediate film show a mixture of unreacted aldehyde 

monomer, DABQ intermediate and benzoxazole final product. Since different carbons 

cross-polarize at different rates, confirmed by a series of experiments with different contact 

times, we are unable to quantitatively estimate a percent conversion of the intermediate 

film. Additionally, the intensity of the aldehyde signal is likely underrepresented due to the 

intermediate film washing steps to remove the catalyst. 
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Figure 9. Cross-Polarization (CP) and Non-Quaternary Suppression (NQS) solid-state 13C NMR 

spectra for the B-BOP intermediate films with contact time of 3 ms. 

 

The solution-state 13C NMR spectrum of DABQ in DMSO-d6 was acquired to 

confirm that the peaks observed in the intermediate films match the oxidized quinone 

intermediate compound. The chemical shift of signals in the acquired spectrum agree with 
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those previously reported for this compound in the same solvent.7 The assignments are also 

consistent with those for the corresponding compound with two N(CH3)2 groups.8 Since 

DABQ is not commercially available, the sample for analysis was synthesized by oxidizing 

DAHQ in DMSO-d6. The solution was heated slightly to 70ºC in air for several hours then 

left for one week at room temperature in a covered vial. The insoluble, pale purple 

compound turns to a deep purple solution. Some low-intensity signals near the 154 ppm 

and 178 ppm peaks are observed that do not correspond to unoxidized DAHQ, and could 

potentially originate from a partially oxidized semiquinone intermediate.9  

 

 

Figure 10. Solution-state 13C NMR spectrum of DABQ in DMSO-d6. 

 

In the solution NMR spectrum for DABQ in DMSO-d6, the third unique carbon, 

corresponding to the amine carbon, appears at 154 ppm. We do not observe a distinct peak 
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at this chemical shift in the intermediate film spectra. For an imine-linked intermediate 

polymer, the imine carbon signal is expected to occur at a similar chemical shift between 

about 150-160 ppm. Hydrogen-bonding in the structures of either the DABQ small 

molecule or imine-linked polymer could shift these signals to where they overlap with other 

broad aromatic signals in the spectra and cannot be identified with certainty.    

 

The CP/MAS NMR spectrum of the B-BOP final product film (Figure 11) 

confirms the structure of benzoxazole product.  The standard CP and CP with NQS spectra 

are clearly consistent with those previously reported for the powder form.7,10 The 

highlighted peak at a chemical shift of 163 ppm is attributed to the substituted C-2 carbon 

of a 1,3-oxazole ring and confirms the formation of the irreversibly-bonded network. 

Furthermore, the signal at 163 ppm in the NQS experiment, remains at full intensity, 

confirming a quaternary carbon.  As with the intermediate film, this signal cross polarizes 

relatively slowly in a series of experiments with different contact times.  Finally, the 13C 

ssNMR of the product films clearly show that the annealing step facilitates a solid-state 

conversion to oxazole-product.  
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Figure 11. Cross-Polarization (CP) and Non-Quaternary Suppression (NQS) solid-state 13C NMR 

spectra for the B-BOP product films with contact time of 4.5 ms. Corresponding peak assignments 

are provided. 
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The intense signal observed at 129 ppm decays partially but not entirely in the NQS 

experiment, indicating that multiple unique signals are contributing to the intensity, both 

quaternary and non-quaternary. This peak can therefore be assigned to the two unique 

carbons at the 1,3,5 and 2,4,6 positions in the tri-substituted benzene core unit, as in a 

previous report.4 An aliphatic peak at 26 ppm is observed in the product spectra. Its 

assignment is uncertain. A weak signal at 114 ppm is also observed in these spectra. This 

same signal was observed in a prior report of the B-BOP in powder form, and can be 

attributed to end groups on the 2D polymer sheets.4 The distinctive CH signal of DABQ at 

97 ppm present in the spectrum of the intermediate is absent in the spectrum of the product. 

From the 13C ssNMR experiments for the TPPy and TPB structures, we can make 

the same general conclusions about the composition of the intermediate and product films 

(Figure 12, Figure 15 to Figure 17). More detailed analysis of the S.S. NMR results of 

the individual structures are described subsequently, along with expanded plots. Similar to 

the observations for the B-BOP intermediate, we observe signals at 193, 178, 163 and 95 

ppm in the TPPy-BOP intermediate spectra (Figure 12), which can be assigned to 

unreacted aldehyde starting material, DABQ intermediate and benzoxazole product. The 

chemical shift of the TFPPy monomer aldehyde carbon was verified by solution-state NMR 

(Figure 14). 
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Figure 12. Cross-Polarization (CP) and Non-Quaternary Suppression (NQS) solid-state 13C NMR 

spectra for the TPPy-BOP intermediate films with contact time of 2 ms. 
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Figure 13. Solution-state 1H NMR spectra of TFPPy monomer in CDCl3 verifies the composition of 

the starting material. 
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Figure 14. 1H-13C HSQC NMR spectrum for TFPPy in CDCl3. The aldehyde carbon on TFPPy 

corresponds to a chemical shift of 192 ppm (δH10.165 / δC191.80).  Other assignments:  δH8.181 / 

δC125.64 for pyrene C-4, C-5, C-9, C-10; δH8.103 and δH8.086 / δC129.84 for one CH pair of p-

disubstituted phenyl; δH8.045 / δC129.11 for pyrene C-2,7; δH7.869 and δH7.853 / δC131.25 for other 

CH pair of p-disubstituted phenyl.  Low-resolution projections are displayed on the top and to the left 

of the HSQC spectra. 

 

As described in the preceding text, a DMF treatment is used to remove 

benzimidazole catalyst from the intermediate films. During this process, we can observe a 

slight yellow coloration in the DMF solvent, indicating dissolution of unreacted TFPPy. 

Because of this, the intensity of the aldehyde carbon peak at 194 ppm from TFPPy may 

underrepresent the amount actually present in the intermediate film during the typical 
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synthesis process. Weak aliphatic signals can be attributed to DMF and DCM from the 

washing steps, since the samples are only dried at a low temperature of 60°C under vacuum. 

Peak assignments for the TPPy-BOP product films (Figure 15) are consistent with 

those previously reported for the same structure.4 An intense quaternary signal at 164 ppm 

is observed, which can be attributed to the substituted C-2 carbon of a 1,3-oxazole ring in 

the benzoxazole-linked product.  

In the NQS experiment, the intense peak at 127 ppm significantly decreases in 

intensity although it does not completely disappear. This indicates that there are multiple 

unique carbons, both quaternary and non-quaternary, with similar chemical shifts 

contributing to this signal. This peak can be assigned to the various aromatic C-H’s on the 

pyrene and p-substituted phenyl groups, to the bridgehead and interior quaternary carbons 

on the pyrene units, and possibly also the phenyl quaternary bonded to the oxazole C-2.  

As the 127 ppm peak is suppressed, we are able to resolve neighboring peaks at 136, 143 

and 148 ppm.  
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Figure 15. Cross-Polarization (CP) and Non-Quaternary Suppression (NQS) solid-state 13C NMR 

spectra for the TPPy-BOP product films with contact time of 2.5 ms. Corresponding peak 

assignments are provided. 
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As discussed in the preceding text, a DMF solvent treatment is typically required 

to purify the TPPy-BOP product films. In the product spectra we observe aliphatic peaks 

at 30.0 ppm and 35.4 ppm, which might be attributed to residual DMF present in the films. 

The presence of DMF would also produce a peak around 163 ppm, which is in the same 

region that we observe the quaternary oxazole signal for the desired polymer product. We 

can see when comparing the CP and NQS spectra, however, that the main contribution to 

the signal at 164 ppm is from a quaternary carbon, indicating this signal is originating 

mainly from the oxazole product and not from DMF. In addition, the aliphatic signals at 

30 and 35 ppm decay much more than would be expected for methyl groups with only a 

50-µs dephasing period.  

We can also observe a weak signal at 194 ppm in the product CP spectrum. This 

signal decays entirely in the NQS spectrum, consistent with the aldehyde carbon of 

unreacted TFPPy starting material. The distinctive CH signal of DABQ at 95 ppm present 

in the spectrum of the intermediate is absent in the spectrum of the product. 

As with the B-BOP and TPPy-BOP intermediates, we observe signals at 193, 178, 

163 and 95 ppm in the TPB-BOP intermediate film spectra (Figure 16) that are assigned 

to unreacted aldehyde starting material, DABQ intermediate and benzoxazole product. In 

the NQS experiment, the peak at 127 ppm decays in intensity, although not entirely. This 

allows us to resolve a weak shoulder at 135 ppm, that appears to be originating from a 

quaternary carbon. This signal may originate from TFPB monomer, corresponding with 

the carbon in the C-4 position of the para-substituted phenyl ring. This signal is not 

observed in the corresponding product film spectra. 
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Figure 16. Cross-Polarization (CP) and Non-Quaternary Suppression (NQS) solid-state 13C NMR 

spectra for the TPB-BOP intermediate films with contact time of 2.5 ms. 

 

Once again, consistent with the B-BOP and TPPy-BOP product films, an intense 

quaternary signal at 164 ppm is observed in the TPB-BOP product spectra (Figure 17), 

which can be attributed to the substituted C-2 carbon of a 1,3-oxazole ring in the 

benzoxazole-linked product.  
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Figure 17. Cross-Polarization (CP) and Non-Quaternary Suppression (NQS) solid-state 13C NMR 

spectra for the TPB-BOP product films with contact time of 3.75 ms. Corresponding peak 

assignments are provided. 
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The assignments indicated for the quaternary carbon on the trisubstituted ring (142 

ppm) and the adjacent quaternary carbon on the p-disubstituted ring (147 ppm) are based 

on our assignments for the TFPB monomer.  These assignments in the 2D polymer clearly 

differ from those of Pyles et al.5  The bridgehead C-4 and C-5 carbons of the 1,3-oxazole 

ring are also contributing to the signal intensity in these regions. 

The intense signal observed at 128 ppm decays partially but not entirely in the NQS 

experiment, indicating that multiple unique carbon signals are contributing to the intensity, 

both quaternary and non-quaternary. We can assign the non-quaternary signals to the 

aromatic C-H’s on the tri-substituted benzene core and the p-substituted phenyl, while the 

quaternary signal can probably be assigned to the phenyl quaternary bonded to oxazole C-

2. As with the B-BOP product films, a weak signal at 113 ppm is observed, which can be 

attributed to end groups on the 2D polymer sheets.4 The distinctive CH signal of DABQ at 

96 ppm present in the spectrum of the intermediate is absent in the spectrum of the product. 

Fourier-transform infrared (FTIR) spectroscopy is also used to characterize the 

chemical composition of the intermediate and product films (Figure 18 to Figure 21). 

Comparison of the B-BOP intermediate film spectrum to the product film shows the 

emergence of a peak at 1614 cm-1 that can be attributed to the -N=C- stretching in the 

oxazole heterocycle. This peak can be clearly distinguished from the aromatic -C=C- 

bending at 1557 cm-1. The -C=N- peak can shift based on the different polymer structures, 

and it is therefore sometimes difficult to distinguish this signal from the neighboring -C=C- 

peak, as observed in the case of the TPB polymer spectrum (Figure 20). We also identify 

a peak at 1118 cm-1 that can be attributed to the -C-O- stretching within the oxazole ring.4, 

10, 11  
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B-BOP 

 

Figure 18. FTIR spectra of B-BOP starting materials, intermediate and product films. The observed 

signal at 1614 cm-1 in the product film is attributed to the -N=C- stretching, while the signal at 1118 

cm-1 is attributed to -C-O- stretching. 

 

TPPy-BOP 

 

Figure 19. FTIR spectra of TPPy-BOP starting materials, intermediate and product films. The 

observed signal at 1602 cm-1 in the product film is attributed to the -N=C- stretching, while the signal 

at 1118 cm-1 is attributed to -C-O- stretching. 
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TPB-BOP 

 

Figure 20. FTIR spectra of TPB-BOP starting materials, intermediate and product films. The 

observed signal at 1595 cm-1 in the product film is attributed to the -N=C- stretching, while the signal 

at 1122 cm-1 is attributed to -C-O- stretching. 

 

TPB-F-BOP 

 

Figure 21. FTIR spectra of TPB-F-BOP starting materials, intermediate and product films. The 

observed signal at 1615 cm-1 in the product film is attributed to the -N=C- stretching, while the signal 

at 1117 cm-1 is attributed to -C-O- stretching. 
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These FTIR results corroborate the findings of the ssNMR experiments and allow 

us to confirm the formation of oxazole product, devoid of any starting material or 

impurities. Our hypothesized reaction mechanism through the DABQ intermediate is 

consistent with small molecule synthesis of benzobisoxazoles starting from the DABQ 

monomer 6 as well as our ability to make B-BOP films directly from the p-benzoquinone 

form (Figure 22). DABQ was formed by heating a solution of DAHQ in 1:1 

NMP/mesitylene at 60°C in a closed vial in air for 2 days in order to oxidize the monomer 

to its quinone form.  

 

 

Figure 22. FTIR spectra of B-BOP synthesized from the DAHQ monomer compared to that 

synthesized from the quinone form (DABQ). 

 

Using FTIR we can also verify that during the annealing process, the benzimidazole 

is evaporated off and therefore this method does not require subsequent steps to remove 

the catalyst (Figure 23). Comparing the initial TFPPy monomer spectra to that of the 

control reaction with no DAHQ, we can see that there are no significant differences 
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between the two. This result indicates that the aldehyde monomer does not react with the 

benzimidazole catalyst and that there is no remaining benzimidazole after annealing.   

 

 

Figure 23. FTIR spectra overlay of the TFPPy monomer and a control reaction of TFPPy + 

benzimidazole (no DAHQ) reacted under the typical film synthesis conditions. 

 

Elemental composition was also analyzed by X-ray Photoelectron Spectroscopy 

(XPS). Survey scans have identifiable peaks at 283, 397 and 531 eV for C1s, N1s, O1s 

and, in the case of TPB-F-BOP, 685 eV for F1s (Figure 24). Additional peaks are resolved 

from Si2p and Na auger, which is likely present due to the initial synthesis on a glass 

substrate. High-resolution C1s elemental spectra consist of 3 peaks assigned to C=C, C-O 

and C=N, by increasing binding energy (Figure 25).  
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Figure 24. XPS survey scans for the four oxazole-linked 2D polymer films. 

 

 

Figure 25. XPS high-resolution C1s elemental scans. 
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2.4. General Properties 

The as-synthesized 2D polymer films show a uniform and continuous matrix with 

thicknesses of about 2-5 µm, as measured using cross-sectional SEM of free-standing film 

pieces (Figure 26).   

 

Figure 26. Cross-sectional SEM images of free-standing BOP films. 
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As expected from the 1D polymer counterpart, the benzoxazole-linked 2D structures 

show impressive chemical and thermal stability. These films prove to completely insoluble 

in common organic solvents such as acetone and DMF and even strong acids such as 

hydrochloric acid, trifluoroacetic acid and methanesulfonic acid after 24 hours (Figures 

27-30). For comparison, the intermediate films of the B-BOP and TPPy-BOP were also 

exposed to MSA for 24 hours (Figure 31). There is an obvious color change in the acid 

solutions and the B-BOP intermediate film dissolves entirely into the MSA, while TPPy-

BOP intermediate film shows partial dissolution. 

 The TPPy-BOP films undergo a color change from orange to red upon exposure to 

HCl and MSA (Figure 29), however, the same affect is not observed with the B-BOP films. 

This color change indicates protonation of the oxazole nitrogen. The TPPy unit is a stronger 

electron acceptor than the tri-functional benzene ring, drawing electron density away from 

the oxazole nitrogen, making it easier to protonate under acidic conditions. This color 

change is reversible when the acid is removed, and the films are exposed to water.  

 

Figure 27. Solvent and acid treatments of B-BOP films for 24 hours. 
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Figure 28. Optical microscope images of B-BOP films with no solvent treatment, then after DMF and 

concentrated HCl for 24 hours. Wrinkles in the HCl-treated are visible from swelling and 

subsequently drying. 

 

 

Figure 29. Solvent and acid treatments of TPPy-BOP films for 24 hours. 

 

Figure 30. Optical microscope images of TPPy-BOP films with no solvent treatment, then after DMF 

and concentrated HCl for 24 hours. Wrinkles in the DMF-treated films are visible from swelling and 

subsequently drying. 
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Figure 31. Comparison of B-BOP and TPPy-BOP intermediate and product films exposed to 

concentrated MSA for 24 hours. 

 

 Thermogravimetric analysis (TGA) in N2 atmosphere was used to assess the 

thermal stability of the four BOP films. Each sample was ramped to 100ºC then held for a 

15-minute isotherm to remove any water adsorbed to the sample surface. The films 

maintain 97% of their initial mass up to 340ºC, indicating good thermal robustness, as 

expected (Figure 32).  
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Figure 32. TGA profiles for BOP films under N2 atmosphere. 
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2.5. Experimental Methods 

Materials. All commercial chemicals were used as purchased without further purification. 

2,5-diaminohydroquinone dihydrochloride (DAHQ), 1,3,5-benzenetricarboxaldehyde 

(BTA), benzimidazole, N-methyl-2-pyrrolidone (NMP) and mesitylene were purchased 

from Sigma Aldrich. 1,3,6,8-Tetrakis-(4-formylphenyl)pyrene (TFPPy) was synthesized 

according to previously reported methods.12 1,3,5-tris(4-formylphenyl)benzene (TPB) and 

1,3,5-tris(3-fluoro-4-formylphenyl)benzene (TPB-F) starting materials were synthesized 

according to literature procedure.13 

Benzoxazole-Linked 2D Polymer Film Synthesis. 2,5-Diaminohydroquinone 

dihydrochloride and the respective aldehyde monomer were weighed into a vial with a 1:1 

co-solvent NMP and mesitylene (starting material amounts provided in film synthesis 

schemes in Figure 3 to Figure 6) then the mixture was sonicated for 10 minutes. Following 

sonication, benzimidazole was added to the vial and shaken to mix. The solution was 

immediately drop-casted (250 µL) onto 2x2 cm glass substrates or 1.8 mL onto 5x5 cm 

substrates at room temperature. The substrates were then heated to 100°C until the solvent 

was fully evaporated (about 30 minutes), leaving behind an opaque orange/brown film. 

The film was then annealed under vacuum at 200°C for 16 hours to yield the final product 

in the form a dark brown film. The film thickness can be controlled by varying the 

concentration of starting material in solution. Depending on the 2D polymer structure, 

concentration can be varied from about 0.5x to 2x the standard concentration. 

For analysis of intermediate film samples, following the drop-casting and solvent 

evaporation step, the films were treated with N,N-dimethylformamide (DMF) for one day 
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followed by dichloromethane (DCM) for one day in order to remove benzimidazole and 

remaining solvent. The films were then transferred out of the DCM and dried on a hot plate 

at 70°C in air then further dried at room temperature under vacuum. The films were dried 

at low temperature in order to preserve the intermediate film and avoid initiating the solid-

state conversion to product. 

 

Solid-State 13C Nuclear Magnetic Resonance (NMR). Experiments were performed 

using a 4.7 T (50.3 MHz 13C and 200.1 MHz 1H) Bruker spectrometer previously described 

in detail.14  1H-13C cross-polarization/magic angle spinning (CP/MAS) experiments were 

performed with 7.6 kHz MAS and a 5 second relaxation delay after the 32.8 ms FID. To 

obtain additional information, experiments were performed with contact times ranging 

from 0.1 to 4.5 ms (16,400 scans for each spectrum).  FIDs were processed with 50 Hz of 

line broadening.  Non-quaternary suppression experiments were performed with a 25 µs 

dephasing delay before and after the 180° 13C refocusing pulse. Chemical shifts are relative 

to glycine carbonyl at 176.46 ppm.15 In light of the limited amount of material available, 

the 2D polymer films were confined to the center of the rf coil region in the probe by using 

a 4mm-diameter rotor with a thick-bottom and a removable silicon nitride upper plug.  With 

a little more of the intermediate films available, a thick-bottom rotor was again used; there 

was not enough room to insert an upper plug. 

Solution-State 1H and 13C NMR experiments were performed using a 500 MHz Bruker 

spectrometer, also described previously.14  The HSQC experiment was optimized for 1JCH 

= 166.67 Hz. 
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Fourier Transform Infrared (FTIR) spectra were obtained using a Nicolet iS50 FTIR 

spectrometer using a KBr detector and Smart iTX diamond ATR accessory. Data was 

collected within the range of 525-4000 cm-1.  

X-Ray Photoelectron Spectroscopy (XPS) measurements were conducted using a PHI 

Quantera XPS, which uses a focused monochromatic Al K∝ X-ray (1486.7 eV) source for 

excitation. X-ray beam was operated at 50W and 15kV with a 200µm diameter. Survey 

scan spectra were acquired across the binding energy range of 1100-0 eV in steps of 0.5 

eV, with a pass energy of 140 eV. High-resolution elemental scans were recorded in 0.1 

eV steps with a pass energy of 26 eV. Low-energy electrons and Ar+ ions were used for 

specimen neutralization for each measurement.  

Thermogravimetric analysis (TGA) was conducted using a Mettler Toledo TGA/DSC 

3+ instrument under N2 atmospheres. Film samples were heated from 25°C to 800°C at a 

ramp rate of 10°C/min with a 15-minute isotherm at 100°C to remove any adsorbed water 

from the atmosphere. 
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Chapter 3: Synthesis of Imine-Linked and Hydrazone-Linked 2D Polymer Films 

 

3.1. Synthetic Approach 

As discussed previously, in 2D polymer literature, imine linkages are widely used 

because of their reversibility that allows for dynamic reorganization into highly-crystalline 

structures. Implementing reversible linkages, however, leads to issues with chemical 

stability of the resulting polymers. In the case of imine-based structures, the dynamic bonds 

are easily hydrolyzed in aqueous acidic conditions. Irreversible, post-synthetic 

modification has been demonstrated for imine-linked structures to alter the linkage 

chemistry into a more stable, irreversible form such as benzazole,1-3 amide,4, 5 amine6 and 

carbamate.7 An alternative approach, however, is to maintain the dynamic bond structure, 

while utilizing intermolecular interactions to improve ordering and stability.8 Hydrazone-

linked COFs were introduced as a novel linkage that has both imine and amide groups, and 

is formed through a condensation reaction between hydrazide- and aldehyde-

functionalized monomers. The hydrazone linkage contains amine (C-N-H) and carbonyl 

(C=O) groups that can participate in intermolecular hydrogen-bonding. In many of the 

reported hydrazone-linked structures, alkoxy side chains are incorporated onto the phenyl 

ring of the hydrazide starting material. These side chains improve monomer solubility and 

add sites for hydrogen-bonding with neighboring N-H groups.8 Hydrogen-bonding can 

then occur intra- and intermolecularly. This interaction helps protect the imine nitrogen 

from protonation, and therefore hydrolysis, and constrains the bond rotation of the 

hydrazone moiety to a planar geometry.8 
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The C=N bond formation chemistry is very similar to that of imine-linked 

structures. Generally, the same synthetic methods can apply, the most common of which 

is the sealed-tube reaction in a dioxane/mesitylene co-solvent with acetic acid as the 

catalyst (Figure 1).9  

 

Figure 1. Hydrazone-linked COF solvothermal synthesis method with acetic acid.9 

 

 Matsumoto and coworkers demonstrated a novel synthesis approach using metal 

triflates as Lewis acids to catalyze imine formation much faster and at milder conditions 

than the traditional acetic acid catalyzed system (Figure 2).10 They explained that while 

acetic acid is an effective catalyst for the initial bond formation, the exchange reactions are 

much slower. Using metal triflates, imine-linked COFs could be synthesized at room 

temperature in a matter of minutes, and with improved crystallinity and higher surface area 

compared to acetic acid. The most effective of the metal triflates was Sc(OTf)3. The same 

catalytic mechanism can apply to any of the Schiff base reactions, which also include 

hydrazones and oximes.   
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Figure 2. Imine condensation catalyzed by Sc(OTf)3.10, 11 

 
These prior mentioned synthesis conditions were developed for powder COF 

materials, however, the Sc(OTf)3-catalyzed  imine condensation reaction was also 

successfully demonstrated to produce COF films using a liquid-liquid interface method 

(Figure 2).11 The reaction consisted of an aqueous layer, containing the catalyst, and an 

organic layer, with the dissolved monomers. The reaction occurs at the interface of the two 

layers and produces a film of a few nanometers in thickness.  

 Hydrazone-linked 2D structures comprise a much smaller segment of literature than 

imine structures, especially when it comes to film synthesis. Many of the existing reports 

continue to use acetic acid to catalyze the formation of crystalline powders over multiple 

days.8, 12-14 The applications are therefore limited due to the infusible powder form. Here, 

we aim to produce hydrazone-linked 2D polymer films in order to explore a broader range 

of properties and applications, particularly mechanical properties and use as membranes 

for various separation processes.  
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Herein, we explore a solvothermal technique similar to the drop-casting method 

used for oxazole-linked film synthesis. In this case, we selected the Sc(OTf)3 catalyst to 

facilitate initial bond formation in solution in a matter of minutes as the reaction mixture 

is heated from room temperature and solvent is evaporated.  

 

3.2. Synthesis Procedure 

In the subsequent studies, we synthesize two hydrazone-linked polymers along with 

their imine-linked counterparts as reference materials for comparison. We chose to focus 

on the benzene and triphenylbenzene aromatic core units to incorporate significantly 

different pore sizes (Figure 3).  

 

Figure 3. Imine-linked (ILP) and hydrazone-linked (HLP) 2D polymer structures. 
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We employ a single-step solvothermal synthesis method to produce hydrazone-

linked and imine-linked 2D polymer structures directly into film form. In the case of the 

hydrazone linkage formation, a hydrazide monomer with allyloxy side chains, 2,5-

bis(allyloxy)terephthalohydrazide (BATH), undergoes a condensation reaction with the tri-

functional BTA or TFPB aldehyde monomer. For the imine reactions, the hydrazide 

monomer is simply substituted with p-phenylenediamine (PDA). The starting materials are 

combined in a solution of 1:1 NMP/mesitylene and sonicated for 5 minutes at room 

temperature. The Sc(OTf)3 catalyst is added to the reaction mixture, followed by a brief 

sonication for 10 seconds to break up and dissolve the catalyst. The solution is then 

immediately drop-casted onto glass substrates at room temperature and heated to 100°C. 

As the temperature increases, the initial reaction occurs in solution while the solvent is 

slowly evaporated. After full solvent evaporation, a uniform film is deposited on the 

substrate. The film temperature is then maintained at 100°C for 16 additional hours. 

The hydrazone reaction mixtures begin as colorless and remain so during solvent 

evaporation (Figure 4- Figure 5). Directly after solvent evaporation is complete, a slight 

yellow hue is observed, then, after prolonged heating, the yellow coloration becomes more 

apparent. In contrast, the imine reaction mixtures show very different coloration (Figure 

6- Figure 7). While the solid monomers are colorless, a yellow solution is formed 

immediately upon solvent addition. Following addition of the catalyst and heating, the 

yellow solution become orange/brown color. The B-ILP films remain this color after 

heating for 16 hours, while the TPB-ILP films change to a deep red.  
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Figure 4. B-HLP reaction scheme with starting materials and processing conditions. 

 

 

Figure 5. TPB-HLP reaction scheme with starting materials and processing conditions. 
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Figure 6. B-ILP reaction scheme with starting materials and processing conditions. 

 

Figure 7. TPB-ILP reaction scheme with starting materials and processing conditions. 
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For the hydrazone-linked films, it is important to UV-ozone the substrates for at 

least 15 minutes before casting. Otherwise, unfavorable substrate interactions produce 

many cracks in the films, resulting in microscopic flake-like morphology rather than a 

large-scale continuous film. Once the film synthesis is complete, the catalyst can be washed 

from the films by briefly submerging them in polar solvents such as ethanol, then the films 

are dried under vacuum at 80°C. For removal from the substrate, the films can be soaked 

in ethanol for longer periods of time, typically 24 hours or until swelling of the film and 

delamination is observed.  

 

3.3. Chemical Characterizations 

FTIR can be used to verify the formation of our desired product by identifying the 

key bonds of interest. For the ILP films, we identify peaks at 1621 cm-1 and 1617 cm-1 for 

B-ILP (Figure 8) and TPB-ILP (Figure 9), respectively, indicating the formation of the 

imine C=N bond.10 Comparing to the starting material spectra, we can see that the intense 

C=O aldehyde vibration near 1700 cm-1 for BTA and TPB is attenuated, indicating that 

there is not a significant amount of unreacted starting materials. For the hydrazone-linked 

films, we observe peaks at 1651 and 1645 cm-1 for B-HLP (Figure 10) and TPB-HLP 

(Figure 11), respectively. This vibration corresponds to the C=O bond in the hydrazone 

linkage. We can also identify peaks at 1222 cm-1 and 1224 cm-1 that emerge in the product 

that can be assigned to the C=N vibrations.9 Once again, we see the disappearance of the 

aldehyde C=O vibrations, indicating full conversion of starting material to product.  
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Figure 8. FTIR spectrum of B-ILP films overlaid with starting material spectra for comparison. 

 

Figure 9. FTIR spectrum of TPB-ILP films overlaid with starting material spectra for comparison. 
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Figure 10. FTIR spectrum of B-HLP films overlaid with starting material spectra for comparison. 

 

Figure 11. FTIR spectrum of TPB-HLP films overlaid with starting material spectra for comparison. 
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X-ray Photoelectron Spectroscopy (XPS) is also used to identify the composition 

of the ILP and HLP films. The survey scan spectra have identifiable peaks at 283, 397 and 

531 eV for C1s, N1s and O1s, respectively (Figure 12). Additional peaks are resolved 

below 200 eV from Si2p and Na auger, which is likely present as a result of the initial 

synthesis on a glass substrate. The B-ILP survey scan also shows a significant peak at 687 

eV corresponding to F1s, presumably from some amount of Sc(OTf)3 catalyst remaining 

in the films. High-resolution C1s elemental spectra for the ILP films consist of 3 peaks 

assigned to C=C, C-N and C=N, by increasing binding energy (Figure 13), while in the 

case of the HLP films there are 5 total peaks corresponding to C=C, C-O, C=N, O=C-N in 

order of increasing binding energy with a small shoulder at lower binding energy 

corresponding to sp3 C from the side chains.15 

 

 

Figure 12. XPS survey scans for ILP and HLP films. 
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Figure 13. XPS high-resolution C1s elemental scans. 
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3.4. General Properties 

 This synthesis method produces large-scale, uniform thin films with areas on the 

scale of several centimeters squared and thicknesses on the order of several microns, as 

shown by SEM (Figure 14 and Figure 15). The control of thickness depends on the 

specific starting materials of each reaction. The TPB-ILP and B-HLP reaction mixtures can 

use increased concentrations up to 3x the typical monomer amounts without any issues in 

reactivity and film uniformity. In the case of TPB-HLP, monomer concentrations up to 2x 

the standard can be used. The B-ILP reaction, however, proves much more sensitive to 

monomer concentration and cannot be increased beyond 1x, otherwise the reaction will 

produce a rough powder-like material. This results in much thinner films for B-ILP (2-3 

µm) compared to the other three reactions, resulting in films of 5-15 µm thickness.  

 

Figure 14. Cross-sectional SEM micrographs of ILP films. 
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Figure 15. Cross-sectional SEM micrographs of HLP films. 

 

 A direct comparison is done between the chemical and thermal stability of the 

imine-linked and hydrazone-linked films. First, the ILP and HLP films were soaked in 

organic solvents such as acetone and DMF for 24 hours (Figure 16 to Figure 19). All films 

appeared to remain intact in the solvents, however, a significant bleaching of the films is 

observed for the ILP films in DMF, which could indicate some dissolution. No change is 

observed in the hydrazone film or solvent coloration. The stability of the films was also 

assessed in aqueous acid solutions of 1M HCl, once again over the course of 24 hours. 

While the imine films show significant degradation and dissolution into the acid solution, 

the hydrazone films remain completely intact. The hydrazone films show swelling and 

eventually float off the substrate in a single piece. The hydrolytic stability of the hydrazone 

linkage compared to imine is understood to be a result of electron delocalization from the 

neighboring amide group.16 
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Figure 16. Solvent and acid treatments of B-ILP films for 24 hours. 

 

Figure 17. Solvent and acid treatments of TPB-ILP films for 24 hours. 

 

Figure 18. Solvent and acid treatments of B-HLP films for 24 hours. 
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Figure 19. Solvent and acid treatments of TPB-HLP films for 24 hours. 

 

 Thermal stability is observed using TGA under an N2 atmosphere. The ILP and 

HLP materials exhibit very good thermal stability, maintaining 95% of their mass up to 

330°C and 350°C for the hydrazone and imine films, respectively (Figure 20). Curiously, 

the imine films exhibit thermal stability to higher temperatures than the hydrazone films, 

which could possibly be due to the presence of the allyloxy side chains that contain 

aliphatic carbons. Both ILP films show an obvious two-step decomposition mechanism at 

the same onset temperatures for both B-ILP and TPB-ILP. Compared to the oxazole 

structures composed of the same aromatic core units, the onset of decomposition occurs at 

similar temperatures, however, a much greater degree of mass loss occurs at lower 

temperatures in the ILP and HLP films (Figure 21).  
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Figure 20. TGA analysis in N2 atmosphere for ILP and HLP films. 

 

 

Figure 21. TGA comparison of films with different linkages and the same aromatic core unit. 
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3.5. Experimental Methods 

Imine- and Hydrazone-Linked 2D Polymer Film Synthesis. According to the synthesis 

schemes in Figure 4 to Figure 7, the respective amine and aldehyde monomers were 

weighed into a vial with a 1:1 co-solvent NMP and mesitylene, then the mixture was 

sonicated for 5 minutes. Following sonication, Sc(OTf)3 was added to the vial and shaken 

to mix. The solution was immediately drop-casted (250 µL) onto 2x2 cm glass substrates 

or 1.8 mL onto 5x5 cm substrates at room temperature. The substrates were then heated to 

100°C until the solvent was fully evaporated over the course of about 30 minutes. These 

initially deposited films are mostly colorless with a slight yellow tint for hydrazone-linked 

structures, while opaque orange films are produced for the imine-linked structures. 

Continuous heating is then applied to the films at the same temperature for an additional 

16 hours. The final hydrazone-linked films exhibit a deeper yellow coloration than initially, 

while the imine-linked films turn to a deeper orange to red color. The film thickness can 

be controlled by varying the concentration of starting material in solution. Depending on 

the 2D polymer structure, concentration can be varied from about 0.5x to 3x the standard 

concentration. 

Fourier Transform Infrared (FTIR) spectra were obtained using a Nicolet iS50 FTIR 

spectrometer using a KBr detector and Smart iTX diamond ATR accessory. Data was 

collected within the range of 525-4000 cm-1.  

X-Ray Photoelectron Spectroscopy (XPS) measurements were conducted using a PHI 

Quantera XPS, which uses a focused monochromatic Al K∝ X-ray (1486.7 eV) source for 

excitation. X-ray beam was operated at 50W and 15kV with a 200µm diameter. Survey 
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scan spectra were acquired across the binding energy range of 1100-0 eV in steps of 0.5 

eV, with a pass energy of 140 eV. High-resolution elemental scans were recorded in 0.1 

eV steps with a pass energy of 26 eV. Low-energy electrons and Ar+ ions were used for 

specimen neutralization for each measurement.  

Thermogravimetric analysis (TGA) was conducted using a Mettler Toledo TGA/DSC 

3+ instrument under N2 atmospheres. Film samples were heated from 25°C to 800°C at a 

ramp rate of 10°C/min with a 15-minute isotherm at 100°C to remove any adsorbed water 

from the atmosphere.  
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Chapter 4. Properties of Benzoxazole-Linked 2D Polymer Films 

 

4.1. Anisotropic Bulk Morphology 

Microstructural features of these 2D polymer films can be measured and observed at 

different length scales using the bulk characterization methods of CO2 adsorption and X-

ray scattering, along with optical and electron microscopy techniques. Free-standing films 

were used to collect CO2 and N2 adsorption isotherms at 273K and 77K, respectively. 

Utilizing CO2 as the adsorbate proved more effective than N2 in terms of pore accessibility 

due to the size of the adsorbate molecules, increasing the measured surface areas by over 

an order of magnitude (Figure 1 to Figure 6).  We presume that the film form of the 

polymer product limits pore accessibility in comparison to powders. The CO2 adsorption 

and desorption isotherms for B-BOP, TPPy-BOP and TPB-BOP films that show adsorption 

in the low-pressure region, indicating a microporous structure. Due to a limited quantity of 

material for the TPB-F-BOP films, no CO2 isotherms could be acquired. Calculated 

Brunauer-Emmett-Teller (BET) surface areas of the three measured polymer structures 

ranged from 102 to 195 m2/g. Pore size distributions from the CO2 isotherms indicate pore 

diameters ranging from 1.8 nm for B-BOP to 2.5 nm for TPPy-BOP and TPB-BOP. 
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Figure 1. CO2 isotherm at 273K for B-BOP films along with calculated BET surface area and pore 

size distribution. 

 

Figure 2. N2 isotherm at 77K for B-BOP films along with calculated BET surface area and pore size 

distribution. 
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Figure 3. CO2 isotherm at 273K for TPPy-BOP films along with calculated BET surface area and 

pore size distribution. 

 

Figure 4. N2 isotherm at 77K for TPPy-BOP films along with calculated BET surface area and pore 

size distribution. 
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Figure 5. CO2 isotherm at 273K for TPB-BOP films along with calculated BET surface area and pore 

size distribution. 

 

Figure 6. N2 isotherm at 77K for TPB-BOP films along with calculated BET surface area and pore 

size distribution. 
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X-ray diffraction patterns of isotropic powders of film flakes show no major crystalline 

peaks, however, we can observe multiple broad peaks unique for each 2D polymer structure 

(Figure 7).  

 

Figure 7. Powder X-ray diffraction profiles for BOP films. 

 

The most intense peak resolved in each of the 4 structures occurs at 2θ values ranging 

from 21.1 to 24.3º. These values correspond to d-spacings of 4.2 to 3.7 Å, using the 

equation d = 𝜆/2*sin(θ), where for Cu K𝛼 𝜆 = 1.5406 Å. Less intense peaks at lower 2θ 

values can also be resolved, indicating periodicity corresponding to larger features in the 

polymer structure. In the benzene core unit structure (Figure 8), we can identify a low-

intensity peak at 15 Å, consistent with the pore size of the in-plane structure.1 The TPPy 

structure also has a larger d-spacing peak at 9.1 Å, but this feature is too small to correspond 

directly with pore size (Figure 9). Additionally, the TPB and TPB-F structures show very 

similar X-ray scattering characteristics (Figure 10 and Figure 11). The in-plane spacings 
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of these two structures would theoretically be very similar, the only difference being the 

addition of pendant fluorine atoms on the aromatic TPB core.  

 

Figure 8. XRD of isotropic B-BOP powder with peak fitting. 
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Figure 9. XRD of isotropic TPPy-BOP powder with peak fitting. 

 

 

Figure 10. XRD of isotropic TPB-BOP powder with peak fitting. 
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Figure 11. XRD of isotropic TPB-F-BOP powder with peak fitting. 

 

To better understand the structural relation to the observed peaks in the isotropic 

powder, wide-angle X-ray scattering (WAXS) experiments are performed on the intact film 

strips. An experimental geometry in which the X-ray beam is aligned perpendicular to the 

cross-section of the films allows us to determine whether there is anisotropy through the 

thickness of the film compared to within the plane of the film (Scheme 2). Indeed, in all 4 

films we observe broad arcs of increased intensity corresponding to the stacking direction 

through the thickness of the film (Figure 12 to Figure 15). These broad arcs match with 

the most intense peaks in the PXRD patterns, indicating that the d-spacings of 

approximately 4 Å, varying slightly between different structures, correspond to the 

stacking distance of the 2D polymer sheets.2 This interplanar spacing is on the larger end 

of pi-pi stacking interactions, which may be due to non-planarity and defects in the 

amorphous structure. The radial intensity average is calculated over a 2θ range of 10-35 
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degrees from 𝛽 = 0 to 360°. Once again comparing the TPB and TPB-F structures, the arc 

of intensity for the TPB-F structure is confined to a narrower range of 𝛽 values, which 

appears to indicate that the presence of fluorine atoms results in a film with improved 

stacking orientation. This phenomenon has been previously explored where improved 

ordering is demonstrated for COF structures with F’s added to the aromatic core or linker, 

compared to the structural counterpart with no F pendant atoms.3, 4  

Scheme 2. WAXS experiment geometry. 

 

 

Figure 12. WAXS pattern for B-BOP film cross-section with radial average intensity profile. 
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Figure 13. WAXS pattern for TPPy-BOP film cross-section with radial average intensity profile. 

 

 

Figure 14. WAXS pattern for TPB-BOP film cross-section with radial average intensity profile. 
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Figure 15. WAXS pattern for TPB-F-BOP film cross-section with radial average intensity profile. 

 

Optical and electron microscopy methods are employed to further verify the 

anisotropic order indicated by wide-angle X-ray scattering. Rather than only studying the 

intact macroscopic films, valuable insight into the microstructure and morphology of the 

films can also be revealed by breaking up the free-standing film pieces into small flakes 

using sonication in polar aprotic solvents, such as DMF. This method produces 

microscopic film flakes with many fracture surfaces revealed. Using polarized optical 

microscopy to view the polymer films adhered to a glass substrate, a uniform continuous 

film matrix with some small aggregates is observed. Under cross-polarization, the uniform 

matrix appears dark, while small aggregates appear brighter (Error! Reference source not f

ound. to Figure 19). When the edge of one of these films is peeled up from the substrate, 

however, the film matrix instead appears very bright under cross-polarized light (Figure 

20). 
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Figure 16. Optical microscopy of B-BOP film on glass substrate with polarized and cross-polarized 

light (scale bar is 200 μm). 

 

Figure 17. Optical microscopy of TPPy-BOP film on glass substrate with polarized and cross-

polarized light (scale bar is 200 μm). 

 

 

Figure 18. Optical microscopy of TPB-BOP film on glass substrate with polarized and cross-

polarized light (scale bar is 200 μm). 
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Figure 19. Optical microscopy of TPB-F-BOP film on glass substrate with polarized and cross-

polarized light (scale bar is 200 μm). 

 

Figure 20. Optical microscopy of TPB-F-BOP peeled up film edge on glass substrate with polarized 

and cross-polarized light (scale bar is 200 μm). 

 

We observe a similar phenomenon when the free-standing films are broken up into 

flakes through sonication and drop-cast onto a glass slide. Some flakes appear bright at the 

fractured edges while others have bright areas throughout the whole flake. While focusing 

on individual flakes, we can rotate the polarization by 45 degrees to confirm the 

birefringent behavior, where it can be clearly observed that the brighter areas become dark 

and vice versa (Figure 21 to Figure 24). Although these films appear to be mostly 

amorphous from X-ray diffraction, the birefringence we observe here supports the idea that 

there is anisotropy to the film structure. The lack of birefringence in the films adhered to a 
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substrate is likely due to the in-plane isotropy of the film when the optical axis is directly 

perpendicular to the flat film. Planar isotropy in the films is expected due to the nature of 

the synthesis method. In contrast, when the film is not perfectly flat on the glass, such as 

in the case of the peeled-up film and film flakes, birefringence is observed due to the 

anisotropy from 2D sheets stacking through the thickness of the films (Scheme 3). 

 
Scheme 3. Illustration of different film orientations with respect to the optical axis. 
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Figure 21. Optical microscopy of B-BOP film flakes drop-casted onto a glass slide with polarized and 

cross-polarized light with polarization oriented at 0 and 45 degrees (scale bars are 100 μm). 



   

 

93 

 

Figure 22. Optical microscopy of TPPy-BOP film flakes drop-casted onto a glass slide with polarized 

and cross-polarized light with polarization oriented at 0 and 45 degrees (scale bars are 100 μm). 

 

Figure 23. Optical microscopy of TPB-BOP film flakes drop-casted onto a glass slide with polarized 

and cross-polarized light with polarization oriented at 0 and 45 degrees (scale bars are 100 μm). 
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Figure 24. Optical microscopy of TPB-F-BOP film flakes drop-casted onto a glass slide with 

polarized and cross-polarized light with polarization oriented at 0 and 45 degrees (scale bars are 100 

μm). 
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Scanning electron microscopy (SEM) allows visualization of the film flake fracture 

surfaces. Breaking up the films using sonication reveals a distinct layered texture at the 

fracture surfaces of the flakes (Figure 25 to Figure 28).   

 

Figure 25. SEM images of B-BOP film flakes fractured by sonication. 

 

Figure 26. SEM images of TPPy-BOP film flakes fractured by sonication. 

 

Figure 27. SEM images of TPB-BOP film flakes fractured by sonication. 
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Figure 28. SEM images of TPB-F-BOP film flakes fractured by sonication. 

 

This anisotropic, 2D layered morphology can be reasonably expected when 

considering the building blocks and synthesis technique employed. These conjugated 

structures incorporate many aromatic, cyclic moieties that can direct ordering through pi-

pi stacking. In the initial monomer mixture, the building blocks can flow freely in three-

dimensions within the solution. As the temperature increases, initial bonds between 

building blocks are formed, and, as the solvent slowly evaporates, these growing 2D sheets 

become confined to a constantly shrinking depth of remaining solvent. At this point, pi-pi 

stacking further directs the ordering and constrains the aromatic units toward a more planar 

conformation. Once the intermediate film deposition is complete, the chemical conversion 

to product occurs in solid-state where the remaining unreacted building blocks form 

covalent linkages with neighboring molecules.  
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4.2. Surface and Optoelectronic Properties 

Atomic force microscopy (AFM) was used to conduct studies of the film roughness. 

For these experiments, thinner films were synthesized using 0.5x staring material 

concentrations to avoid large tip deflections. To compare the film roughness to the overall 

thickness, a scratch was made through each of the films on glass substrates. The Z height 

profile was mapped over the edge of the scratch to cover film as well as bare substrate 

(Figure 29 to Figure 32). A smaller 10 µm area on the film was selected to calculate the 

root mean square (RMS) roughness values for the four structures.  

 

Figure 29. AFM height mapping image of B-BOP on the edge of a scratch. 

 

 

Figure 30. AFM height mapping image of TPPy-BOP on the edge of a scratch. 



   

 

98 

 

 

Figure 31. AFM height mapping image of TPB-BOP on the edge of a scratch. 

 

 

Figure 32. AFM height mapping image of TPB-F-BOP on the edge of a scratch. 

Water contact angle experiments were conducted to study the surface 

characteristics of these 2D polymer films (Figure 33). The surfaces appear to be slightly 

hydrophobic, with average contact angles for B-BOP, TPPy-BOP and TPB-F-BOP ranging 

from 86.9 to 94.1°. Interestingly, the average contact angle for TPB-BOP films is much 

lower at 57.5°, which may be a result of greater surface roughness compared to the other 

polymer structures, as demonstrated by AFM.5 
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Figure 33. Water contact angle measurements for oxazole-linked 2D polymer films on glass. 

 

UV-vis absorption and photoluminescence (PL) spectra were acquired to 

understand how the different structures and anisotropic ordering affect the optoelectronic 

properties of the films (Figure 34). Absorption occurs in the UV range, with the spectra 

for all structures exhibiting a maximum at about 360 nm, while the TPPy core structure 

also exhibits a secondary absorption peaks at 420 nm. The absorption range is notably 

narrower than for the reported benzoxazole-linked COF powders, and is similar to that of 

the benzobisoxazole model compound and 1D PBO polymers.1, 6 Optical band gaps were 

calculated from the absorption edge using Kubelka-Munk plots (Figure 35) and were 

found to be 3.06, 2.47, 2.97 and 2.95 eV, for the B, TPPy, TPB and TPB-F structures, 

respectively.  
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Figure 34. UV-visible absorption spectra acquired from thin films of benzoxazole-linked 2D polymers 

with four different aromatic core units. 

 

Figure 35. Kubelka-Munk plots for determination of optical bandgap. 
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4.3. Exfoliation 

The observed 2D layered morphology indicates that the bulk polymer films may be 

able to exfoliate down to few-layer nanosheets. We have developed a simple exfoliation 

process using several freeze-thaw cycles in DMF as the solvent (Figure 36).  

 

Figure 36. Freeze-thaw exfoliation process for bulk thin films to nanosheets. 

 

Exfoliation is verified using atomic force microscopy, where the thickness of few-layer 

flakes is quantified. Individual nanosheets can be observed with thicknesses below 5 nm 

while the planar dimensions extend on the order of 100’s of nanometers to micron scale. 

The B-BOP flakes shown in the AFM height mapping in Figure 37 with corresponding 

height profiles indicate thicknesses of about 3 nm, corresponding to approximately 7 

interplanar spacings. To observe the effect of the F pendant atoms on the exfoliation 

process, TPB-F-BOP films were also exfoliated using the same freeze-thaw process and 

characterized with AFM. The height mapping and line profile in Figure 38 show an 

individual film flake with thickness of 1-2 nm, indicating exfoliation down to about 3-5 

layers. The AFM studies clearly reveal successful exfoliation using a freeze-thaw 

approach, which further corroborates the 2D layered ordering of the BOP thin films.  
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Figure 37. AFM height mapping and line profiles of exfoliated film flakes of B-BOP. 
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Figure 38. AFM height mapping and line profiles of exfoliated film flakes of TPB-F-BOP. 

 

Bright-field transmission electron microscopy (TEM) allows higher magnification 

imaging of the few-layer nanosheets that are apparent in all polymer structures (Figure 

39).  Notably, the fractured edges of the exfoliated layers are curved and do not show well-

defined facets, as expected for these amorphous materials.  

 

 

Figure 39. Low-magnification bright-field TEM micrographs of (a) B-BOP, (b) TPPy-BOP, (c) TPB-

BOP and (d) TPB-F-BOP film flakes showing a layered texture. 
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Exfoliation of these 2D polymer structures can allow us to observe unique properties 

of these materials at the nanoscale that differ from the bulk material. The interruption of 

pi-pi stacking interactions can alter the physical, optical and electronic properties of the 

material and can result in greatly increased exposed surface area, presenting wide-ranging 

potential applications in the fields of optoelectronics, photocatalysis and chemical sensing.  

 

4.4. Modeling of Mechanical Properties 

Computational studies were conducted for structures of ideal 2D layers of benzoxazole-

linked polymers. These simulations provide insight into the overall role of the benzoxazole 

linkage and how these 2D structures compensate for applied strain and to identify the main 

failure mechanisms.  We investigate the theoretical mechanical properties of one 

benzoxazole-linked structure, B-BOP, along with its imine-linked counterpart, B-ILP, as a 

reference material of the more commonly explored dynamic linkage.  

The modeled structures in Figure 40 show the deformation mechanism of these two 

structures under applied strain in both the x and y directions. Both materials are brittle, with 

considerable deformation before fracture, especially along the armchair direction, which 

allows for more bond rotation before any considerable bond stretching. B-BOP is slightly 

stiffer and stronger than B-ILP, possibly due to its more rigid linker group, while B-ILP 

endures higher strains. A visual analysis of Figure 40 shows that, when relaxed at 300K, 

B-ILP maintains a less rigid honeycomb structure than B-BOP, which further points out its 

higher flexibility. 
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Figure 40. Simulations performed by Dr. Pedro Demingos and Prof. Chandra Signh at the University 

of Toronto. Relaxed structures (center) and x- and y-strained structures directly prior to the onset of 

fracture. 

 

The stress-strain curves of both materials in both directions are shown in Figure 41, 

where the x direction is zigzag and the y direction is armchair. These curves have plateaus 

(or near plateaus) at certain points. Point i is when B-BOP has its linker groups nearly 

aligned to the straining direction. Point ii is when its oxazole groups start rotating to allow 

greater straining in the armchair direction. Point iii is a transition from one straining 

mechanism to another: this is when angle deformation gives place to a majority of bond 

stretching, which stiffens the material. Interestingly, point i is similar to iii, and yet it 
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softens the material instead of stiffening it. This indicates that steric repulsion between 

oxazole groups and the rest of the B-BOP structure (during angle deformation at low 

strains) is harder to overcome than N-C bond stretching (at high strains), pointing out that 

the choice of linker group is key to engineer the mechanical properties of organic 

frameworks. The relevant mechanical properties are summarized in Table 1. 

 

Figure 41. Stress-strain curves of the 2D polymers at 300K. 

 

Table 1. Mechanical properties of the 2D polymers at 300K. Y is the Young’s modulus, ν is Poisson’s 

ratio, σ is the ultimate strength, and ε is the fracture strain. Y and σ are reported both in units of 2D 

and 3D stress. 
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The two materials undergo different fracture mechanisms that can be observed in 

Figure 42. In all cases the stress is concentrated at points where the structure is one atom 

wide, and fracture starts in its vicinity, with the breaking of a C-N bond, which is generally 

weaker than a C-C bond. In B-ILP, the stress has a more regular distribution along the 

atoms (especially when strained in the zigzag direction), due to most of its structure being 

one atom wide. In B-BOP, fracture happens with the breaking of both a C-N and a C-O 

bond, instead of a single C-C bond, possibly due to the extreme deformation of its oxazole 

groups, especially the five-membered rings. When strained in the armchair direction, B-

BOP manages to endure high strains thanks to the rotation of its oxazole groups. The same 

doesn’t happen to B-ILP, due to the conjugated nature of its double bonds. In all cases, 

once fracture starts, it propagates to both sides by breaking equivalent bonds along the 

crystalline structure.  
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Figure 42. Fracture of (a) B-BOP and (b) B-ILP along both directions. (Left and middle) onset of 

fracture, and (right) immediately after fracture. The middle structure has its atoms colored by stress. 

 

4.5. Experimental Mechanical Properties 

Tensile testing and nanoindentation techniques demonstrate highly promising 

mechanical properties of the benzoxazole-linked 2D polymer films. For tensile testing 

experiments, small sample strips are cut out of the larger as-synthesized films using a razor. 

Fracture of the films typically results in a single macroscopic crack propagating across the 

width of the specimen and normal to the applied force (Figure 43 to Figure 46). Fracture 

occurs at low strains of about 1-2% and the stress-strain curves remain linear until the point 

of fracture, indicating entirely elastic deformation with no significant contribution of 
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plastic deformation. We can obtain consistent values of the tensile elastic modulus and 

compare between the four different structures. The modulus values ranged from 2.72 ± 

0.26 GPa for the TPB-BOP structure up to 4.40 ± 0.43 GPa for the TPB-F-BOP structure. 

From the measured applied force at the point of fracture, we can quantify an ultimate tensile 

strength (UTS), which varies from 25.6 ± 5.7 MPa for the TPPy-BOP structure up to 38.5 

± 16.5 MPa for the TPB-BOP structure. While the modulus values are relatively consistent 

from sample to sample of the same polymer structure, we observe a much larger degree of 

variation in the tensile strength and strain at fracture (Figure 43 to Figure 46). This is most 

likely due to flaws and defects that are unique to the individual film strips, such as pinholes, 

aggregates, or notches at the edge of the films that will produce stress concentrations when 

a force is applied. Therefore, sample failure appears to be dictated by imperfections in the 

bulk films rather than failure of the covalently bonded network itself.  

 

 

Figure 43. Tensile testing stress-strain curves for individual film strips of B-BOP. Right photographs 

show an example film before and after fracture. 
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Figure 44. Tensile testing stress-strain curves for individual film strips of TPPy-BOP. Right 

photographs show an example film before and after fracture. 

 

Figure 45. Tensile testing stress-strain curves for individual film strips of TPB-BOP. Right 

photographs show an example film before and after fracture. 
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Figure 46. Tensile testing stress-strain curves for individual film strips of TPB-BOP. Right 

photographs show an example film before and after fracture. 

 

Nanoindentation experiments were conducted on the 2D polymer films adhered to a 

glass substrate. Thinner films were used for these experiments since the ability to be free-

standing is not a concern in this case. Synthesizing thinner films from a 2x diluted reaction 

mixture tends to produce a smoother sample surface for indentation. Experiments of varied 

indentation depths were performed for the different films in order to identify a range where 

reliable reduced modulus and hardness values can be obtained (Figure 47 to Figure 50). 

Generally, a good rule of thumb for nanoindentation is to use an indentation depth of about 

10% of the film thickness.7 The displacement range we defined from these experiments is 

consistent with this standard. The single indent loading curves (Figure 4c) indicate a highly 

elastic material, as there is little hysteresis and minimal, if any, plastic deformation 

observed, even at large displacements of 20% of the film thickness. This interesting 

phenomenon can be explained by the rather strong and stable, highly aromatic polymer 

backbone incorporated into a low-density network. In this case, the nanoporous network 

can deform into free volume upon indentation without breaking the strong covalent 
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bonding of the chains, allowing the polymer to return to its initial state upon unloading. In 

order to quantify elastic modulus from nanoindentation, knowledge of the Poisson’s ratio 

of the material is required to convert from the reduced elastic modulus value. Another 

important factor is the anisotropic nature of the films such that the Poisson’s ratio would 

vary based on the direction in which the force is applied. Since the mechanical properties 

of this material are heretofore unexplored, there are as yet no reported values for an 

experimental or theoretical Poisson’s ratio. The average calculated reduced moduli varied 

from 6-8 GPa for the different structures. The average hardness values were rather 

consistent between the four structures ranging from 0.61 to 0.64 GPa, with the variation 

being within the range of error. We would not expect the tensile and compressive moduli 

to be consistent due to the orientation in the films, as well as the different scale of the 

experimental techniques. 
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Figure 47. Nanoindentation of B-BOP film on glass substrate. Top: Single-indent curves with 

specified displacements of 10% and 20% of the film thickness. Bottom: Variable displacement 

measurements of reduced elastic modulus and hardness. 
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Figure 48. Nanoindentation of TPPy-BOP film on glass substrate. Top: Single-indent curves with 

specified displacements of 10% and 20% of the film thickness. Bottom: Variable displacement 

measurements of reduced elastic modulus and hardness. 
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Figure 49. Nanoindentation of TPB-BOP film on glass substrate. Top: Single-indent curves with 

specified displacements of 10% and 20% of the film thickness. Bottom: Variable displacement 

measurements of reduced elastic modulus and hardness. 
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Figure 50. Nanoindentation of TPB-F-BOP film on glass substrate. Top: Single-indent curves with 

specified displacements of 10% and 20% of the film thickness. Bottom: Variable displacement 

measurements of reduced elastic modulus and hardness. 

 

While we are able to distinguish slight differences in the mechanical properties 

resulting for varying aromatic core units (Figure 51), we are unable to conclude that one 

structure offers a significant advantage over the others. Another key consideration is how 

density contributes to the variations in measured properties. The different monomer 

building blocks would produce different pore sizes and therefore varied volume of free 

space. For a perfect, periodic lattice, the density variation can be modeled and used to 

normalize the observed mechanical properties. In these amorphous structures, however, it 
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becomes very difficult to accurately model how the molecules arrange and therefore how 

density varies from structure to structure. 

 

Figure 51. Comparison of tensile and compressive mechanical properties for four benzoxazole-linked 

2D polymer structures. 

 
Table 2. Comparison of Mechanical Properties of BOP 2D Polymer Structures. 
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The strongest materials made from rigid-rod benzazole derivatives, such as the 

commercial Zylon, are spun from liquid crystalline solution  into highly oriented fibers in 

order to greatly enhance axial mechanical performance.8-10 The mechanical properties of 

our 2D benzoxazole-linked polymer thin films fall far short of such commercial 1D PBO 

fibers, however, our film properties already rival those of solution-cast planar isotropic 

PBO films, which have UTS values ranging between 40-135 MPa and tensile elastic 

moduli between 2-6 GPa.11-16 Nanoindentation studies for vapor-deposited-polymerized as 

well as solution-cast thin films of PBO reported a compressive elastic modulus of about 

11-12 GPa and a hardness of ~ 0.5-0.7 GPa.17 The mechanical properties from this work 

are compared side by side with common high-strength 1D polymers in Table 3. Since these 

2D polymer films are microporous, the density would theoretically be lower than that of 

PBO18, meaning that the 2D-linked benzoxazole polymers with comparable strength and 

modulus to PBO films offer an advantage when considering density-normalized specific 

properties. 
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Table 3. Comparison of Mechanical Properties of BOP 2D Polymers with Common High-Strength 

1D Polymers. 9, 11-17, 19-26 

 

 

 

4.6. Organic Solvent Nanofiltration 

The free-standing BOP films were successfully applied as membranes for organic 

solvent nanofiltration (OSN) due to their microporous nature. The films were tested in a 

cross-flow experimental setup (Figure 52) using acetone as the solvent with solute 

molecules of varied molecular weights. The material suitability for OSN is characterized 

by measuring the percent rejection of the different solute molecules, then the measured 

experimental data points are fit using models of the predicted crystal structures. We can 

see that for B-BOP, the membranes exhibit full retention of solute molecules above 800 

g/mol (Figure 53a). This represents the molecular weight cutoff (MWCO), where 100% 

rejection is obtained. Three different models of the flow behavior are compared based on 
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varied packing of the simulated crystal (tight, medium, and loose) for B-BOP, all three of 

which fall in range of the experimental points.  

All four BOP films of varied core units can be tested to understand their performance 

with respect to the different theoretical pore structures (Figure 53b). An important point 

to emphasize is that these films are poorly ordered materials and therefore the expected 

pore size of the ideal, crystalline structure does not necessarily represent our system. The 

experimental results, however, demonstrate behavior which is consistent with the expected 

variation in pore size. B-BOP shows the lowest MWCO, whereas TPPy-BOP is slightly 

higher. The TPB-BOP and TPB-F-BOP films, with significantly larger theoretical pore 

sizes, demonstrate a much higher cutoff that extends out of the range of measured solute 

sizes. Their performance relative to each other are similar, although the solvent flux of the 

fluorinated TPB-F-BOP film is slightly higher than its non-fluorinated counterpart (Figure 

53c). 

  

 

Figure 52. Organic solvent nanofiltration membrane testing.27 

 



   

 

121 

 

 

Figure 53. Experiments performed by Prof. Gyorgy Szekely at King Abdullah University of Science 

and Technology. (a) MWCO curve predictions for B-BOP using different pore size estimates, i.e., 

tight (te.), mid (me.), and loose (le.) estimate based on the crystalline model of the hypothesized 

network structure, and their comparison with experimental (Ex.) rejections. (b) Predicted (Pr.) and 

experimental (Ex.) MWCO curves for the four BOP membranes. (c) Effect of pore size on the 

membrane performance. The left vertical axis is Rose Bengal in acetone solution flux (L m−2 h−1), and 

the right axis is MWCO (g mol−1). The loose crystal model was used for pore size estimation (TMP = 

30 bar and T = 20 °C).  
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4.7. Methods 

CO2 and N2 adsorption and desorption isotherms were collected at 273K and 77K, 

respectively, using a Quantachrome Autosorb-iQ3-MP/Kr BET Surface Analyzer.  

Powder X-ray Diffraction (PXRD) data was collected using Cu Ka radiation. Parallel-

beam (PB/PSA) experiments were performed on a Rigaku SmartLab diffractometer from 

a two-theta value of 1 to 50 degrees with 2 degree/min. scan rates.  

Wide-angle X-ray Scattering (WAXS) patterns were collected on a Rigaku SmartLab XE 

diffractometer equipped with a sealed Cu K𝛼 X-ray tube operating at 40 kV and 44 mA 

and a HyPix-3000 2D detector. A pinhole collimator of 100 𝜇m diameter was used to 

condition the incident X-ray beam. Data was collected with 15-minute acquisition times. 

Film strips were positioned horizontally, perpendicular to the detector, with the X-ray beam 

aligned at the cross-section of the film. 

Polarizing Optical Microscopy images were acquired using a Zeiss Axioplan II 

microscope with an Axiocam 208 color camera. 

Scanning Electron Microscopy (SEM) images were acquired using a FEI Helios 

NanoLab 660 DualBeam system operating at 1 kV or 500V with a current of 13 pA. Film 

cross-sections were prepared using carbon tape to adhere the film to a cross-section stub 

and coated at the edges with silver paint in order to reduce charging. Film flakes were drop-

cast from acetone directly on a SEM stub and allowed to dry in air.  

Atomic force microscopy (AFM) height mapping was acquired using a Park NX20 AFM 

operating in non-contact mode with Bruker TESPA-V2 antimony-doped silicon AFM tips. 
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Water Contact Angle measurements were conducted using a Ramé-Hart Model 250 

Contact Angle Goniometer.  

UV-Visible Absorption spectra were acquired using a Cary 100 UV-vis 

spectrophotometer equipped with a solid-state sample holder. Absorption was measured 

from 250- 800nm. Thin films of 0.5x concentration were prepared on glass substrates and 

a baseline was acquired with an uncoated glass slide. 

Exfoliation of the 2D polymer films was conducted using several freeze-thaw cycles in 

DMF. Bulk film pieces were placed in a vial with DMF and sonicated at room temperature 

for about 30 minutes. The vial is then placed in a liquid nitrogen bath for about 1 minute 

until the solution is frozen solid. Then, the vial is removed from the liquid nitrogen and 

allowed to thaw at room temperature. Once the solution is entirely thawed, the sample is 

once again sonicated for 30 minutes. The freeze-thaw cycles are repeated at least 3 times. 

The resulting solution has some larger flakes that are visible by eye. These flakes settle out 

of the solution very quickly within minutes, while a cloudy brown supernatant of exfoliated 

sheets remains dispersed for at least an hour. 

Transmission Electron Microscopy (TEM) images were acquired using a JEOL 2100F 

with a field emission gun operating at 200 kV. For high-resolution images, a defocus value 

of -44 nm was used.  

Computational methods: Classical Molecular Dynamics (MD) simulations were 

performed within the LAMMPS package28 with ReaxFF to describe interatomic 

interactions.29, 30 A timestep of 0.1 fs was used and the temperature was kept at 300K with 

the Berendsen thermostat. Stress-strain curves were generated by applying a constant strain 
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rate of 2.5 x 10-3 ps-1, similarly to other MD studies on the mechanical properties of 

nanomaterials.31 The other direction of the 2D materials was kept at zero pressure with the 

Berendsen barostat. Extended systems were used to guarantee the statistical significance 

of the results, with six hexagons in each direction and at least 2000 atoms. Results are 

primarily reported as 2D stress (nN/Å), as in similar works,31, 32 which bypasses the 

requirement of defining the thickness of the system, which is an arbitrary choice for 

nanomaterials. Mechanical properties are also reported as 3D stress (GPa), which allows 

comparison with other materials. In this case, the thickness of the materials is approximated 

to that of graphene (0.345 nm) since all materials studied here have flat 2D structures with 

a majority of sp2 carbon.  

Tensile Testing was performed using an Ares G2 rheometer instrument with tensile 

geometry. The films were cut with a brand-new razor into rectangular strips approximately 

3mm wide and 5 mm long. Each end of the film strip was attached to a metal plate with 

epoxy, then the metal plate was clamped into the tensile fixtures.  

Nanoindentation was performed using a Hysitron TI 980 TriboIndenter equipped with a 

pyramidal diamond tip and calibrated using a polycarbonate standard sample. The 

experiments were conducted using a range of specified indentation depths in order to 

identify a range of reliable hardness and reduced elastic modulus measurements.   
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Chapter 5. Properties of Imine-Linked and Hydrazone-Linked 2D Polymer Films 

 

5.1. Microstructure 

Microstructural investigations were conducted on the synthesized hydrazone-linked 

and imine linked films to gain insight into the morphology and ordering within the 

materials. X-ray scattering techniques allow us to observe an amorphous nature for films 

of all structures. The diffraction patterns are overlaid for direct comparison of the ILP and 

HLP structures (Figure 1). Interestingly, between the two different core units (B and TPB) 

of the same linkage, we observe only minor differences in the patterns, however, there are 

significant differences when comparing between the two linkages. The fitted PXRD 

profiles are provided in Figure 2 to Figure 5. For the HLP films, we observe broad 

intensity at smaller angle, centered below 2θ = 10°. This becomes especially clear when 

overlaid with the ILP profiles. These 2θ values correspond to d-spacings of 9.9 and 10.7 

Å. Peak lists of the fitted data are included in Table 1 to Table 4. Additionally, the most 

intense peak observed between 2θ values of 20-30° is shifted toward larger 2θ and therefore 

smaller d-spacings for the HLP films compared to the ILP films. This peak represents the 

stacking distance, indicating tighter packing, with interplanar spacings shifted from 4.0 and 

4.2 Å for the ILP films to 3.6 and 3.9 Å for the HLP films.  
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Figure 1. Observed XRD profiles for ILP and HLP films broken down into isotropic powders.  

 

Figure 2. Observed PXRD profile for isotropic powder from B-ILP films with fitted background and 

peaks. 

Table 1. Peak list for fitted curve of observed B-ILP PXRD. 
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Figure 3. Observed PXRD profile for isotropic powder from B-HLP films with fitted background 

and peaks. 

Table 2. Peak list for fitted curve of observed B-HLP PXRD. 

 

 

 

 

Figure 4. Observed PXRD profile for isotropic powder from TPB-ILP films with fitted background 

and peaks. 



   

 

131 

Table 3. Peak list for fitted curve of observed TPB-ILP PXRD. 

 

 

 

Figure 5. Observed PXRD profile for isotropic powder from TPB-HLP films with fitted background 

and peaks. 

Table 4. Peak list for fitted curve of observed TPB-ILP PXRD. 
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WAXS experiments with the X-ray beam aligned at the cross-section of the films are 

once again used to determine whether there is bulk anisotropic ordering (Figure 6 to 

Figure 9). The resulting patterns for all four structures show orientation in the form of 

broad arcs that correspond to the stacking axis. The orientation is confirmed by plotting 

the radial averaged intensity, with the greatest intensity corresponding to 𝛽 = 0 and 180°. 

Our hypothesis regarding improved ordering within the hydrazone films from PXRD 

becomes more apparent in the WAXS results, where the HLP patterns exhibit much more 

defined arcs of intensity compared those of the ILP structures.   

Scheme 4. WAXS experiment geometry. 

 

 

Figure 6. WAXS pattern for B-ILP film cross-section with radial average intensity profile. 



   

 

133 

 

Figure 7. WAXS pattern for TPB-ILP film cross-section with radial average intensity profile. 

 

 

Figure 8. WAXS pattern for B-HLP film cross-section with radial average intensity profile. 
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Figure 9. WAXS pattern for TPB-HLP film cross-section with radial average intensity profile. 

 

The hydrazone-linked structures studied here incorporate intramolecular hydrogen-

bonding between the hydrazone N-H and oxygen on the allyloxy side chain (Figure 10). 

This hydrogen-bonding constrains the linkage to a more planar structure, preventing 

rotation between the amide groups and phenyl ring with side chains. This effect has been 

studied in prior reports of similar hydrazone-linked COF structures.1-3 The fixed planarity 

of the linkages may result in tighter stacking of 2D sheets compared to the imine linkages 

with additional rotatable bonds.   
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Figure 10. Schematic of intramolecular H-bonding in hydrazone linkage, restricting rotation relative 

to imine linkage. 

 Optical microscopy of the as-deposited ILP and HLP films on glass substrates 

shows highly uniform coatings, consistent across the entire sample, with small, embedded 

aggregates. Under cross-polarized light, the uniform film matrix appears dark with the 

aggregates are bright (Figure 11 to Figure 14). As with the oxazole-linked structures, we 

also studied fractured flakes of films removed from the substrate and sonicated in organic 

solvent. The same phenomenon is observed, where the delaminated flakes appear much 

brighter across the film matrix, in comparison the adhered films. In the flakes of all four 

ILP and HLP structures, we see a mixture of light and dark areas when illuminated with 

cross-polarized light, indicating birefringence (Figure 15 to Figure 18). The polarization 

can be rotated by 45° to confirm birefringent behavior, where bright sample areas become 

dark and vice vera. The observed birefringence indicates anisotropy within the films. The 

lack of birefringence in the adhered films is likely due to the planar isotropy within the 

films, while flakes that are delaminated can be tilted slightly off the normal plane to the 

optical axis and would then exhibit birefringence from anisotropy in the direction of the 

film thickness. This theory is supported also by examining a B-HLP film that was 

synthesized without UV-ozone treatment of the glass substrate. This results in a film with 
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many cracks where small areas of film are adhered to the glass while the areas neighboring 

the cracks are delaminated. Under cross-polarized light, the areas adhered to the glass 

remain dark while the delaminated edges are very bright. 

 

 

Figure 11. Optical micrograph of a B-ILP film coated on glass under polarized and cross-polarized 

light. 

 

Figure 12. Optical micrograph of a TPB-ILP film coated on glass under polarized and cross-

polarized light. 

 

Figure 13. Optical micrograph of a B-HLP film coated on glass under polarized and cross-polarized 

light. 
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Figure 14. Optical micrograph of a B-HLP film coated on glass under polarized and cross-polarized 

light. 

 

 

Figure 15. Optical micrograph of fractured B-ILP film flakes under polarized and cross-polarized 

light with 0° and 45° orientation. 

 

Figure 16. Optical micrograph of fractured TPB-ILP film flakes under polarized and cross-polarized 

light with 0° and 45° orientation. 
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Figure 17. Optical micrograph of fractured B-HLP film flakes under polarized and cross-polarized 

light with 0° and 45° orientation. 

 

Figure 18. Optical micrograph of fractured TPB-HLP film flakes under polarized and cross-

polarized light with 0° and 45° orientation. 

 

Figure 19. Optical micrographs of B-HLP films synthesized on substrates without UV-ozone 

treatment, resulting in many cracks and delaminated areas that exhibit strong birefringence.  
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Using bright-field TEM, we observe much smaller fractured film flakes, which 

show thin, few-layer structures with sheet-like morphology (Figure 20). Notably, the ILP 

and HLP structures with the benzene core unit (B) are easier to exfoliate into thinner sheets 

than the triphenyl benzene (TPB) structures. Some areas of isolated crystallinity are 

observed through Moiré fringes. 

 

 

Figure 20. Low-magnification bright-field TEM micrographs of ILP and HLP fractured film flakes. 
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5.2. Surface and Optoelectronic Properties 

Water contact angle measurements were conducted to understand the surface 

characteristics of the ILP and HLP films. The average contact angles varied from 

hydrophilic to slightly hydrophobic with angles ranging from 73.9° to 92.0°. We observe 

that the HLP films exhibit higher contact angles than the ILP films comprised of the same 

aromatic core unit.  

 

Figure 21. Water contact angle measurements for imine-linked and hydrazone-linked 2D polymer 

films on glass substrates. 

 

The optoelectronic properties of these films were studied in detail and the results 

are compared between structures of imine-linked, hydrazone-linked and oxazole-linked 

polymers. As with the BOP films, the ILP and HLP films exhibit narrow absorption peaks 

in the UV range with maxima occurring from wavelengths of 367 to 381 nm (Figure 22). 

The characteristic absorption peaks of our films are much narrower than the broad 
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absorption observed in COF powders of the same linkages.4-6 Optical band gaps were 

calculated from the absorption edge using Kubelka-Munk plots (Figure 23) and were 

found to be 2.84, 2.89, 3.14 and 3.05 eV, for the B-ILP, TPB-ILP, B-HLP and TPB-HLP 

structures, respectively. 

 

 

Figure 22. UV-vis absorption spectra for ILP and HLP films overlaid with the BOP film spectra. 
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Figure 23. Kubelka-Munk plots for determination of optical bandgap. 

 Interestingly, upon irradiation with a UV lamp, the hydrazone-linked films exhibit 

a bright yellow fluorescence (Figure 24). In contrast, no visible fluorescence is observed 

in the imine-linked and oxazole-linked structures comprised of the same core units. 

Fluorescence spectroscopy is used to quantify this effect. An excitation wavelength of 350 

nm is used, corresponding to UV light with higher energy than the absorption wavelength. 

The same light intensity was used along with films of similar thickness for a more direct 

comparison. The B-HLP film exhibits a single intense fluorescence with maximum 

occurring at 536 nm, corresponding to yellow light. The observed fluorescence for the 

TPB-HLP films is significantly less intense and the peak maximum is slightly red-shifted 

to a wavelength of 558 nm.  
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Figure 24. Digital photograph of BOP. ILP and HLP films illuminated by UV light along with the 

measured fluorescence spectra with excitation at 350 nm.  

 These results suggest that the linkage has a large effect on the optical properties, 

while the aromatic core units are not nearly as significant, at least for the structures 

encompassed in these studies. It has been acknowledged in the literature that the linkage 

plays a large role in the emission characteristics and can quench photoluminescence even 

if constructed by highly-emissive building blocks.1 All of the ILP, HLP and BOP structures 

are absorbing at similar wavelengths, however, the resulting fluorescence is a matter of the 

different relaxation pathways from the excited state. Structures with rotatable bonds tend 

toward non-radiative decay through energy dissipation by rotational relaxation. Tightly 

packed 2D polymer structures can be advantageous in terms of confining the structures to 

a planar orientation and preventing out-of-plane rotation. As mentioned in our previous 



   

 

144 

discussion of the hydrazone-linked film ordering, the HLP structures have intramolecular 

H-bonding, which restricts rotation of the amide groups. This effect on photoluminescent 

properties has been studied for crystalline COF powder materials.1-3 The allyloxy side 

chains can additionally provide some steric hindrance that constrains the linkage to a planar 

orientation. The lack of fluorescent nature in the ILP structures can be attributed to a much 

greater degree of rotational freedom around the imine linkage, leading to non-radiative 

decay when excited.  

 

5.3. Mechanical Properties 

Tensile testing and nanoindentation studies were performed on the bulk imine-linked 

and hydrazone-linked 2D polymer films. Tensile testing stress-strain curves allow us to 

observe linear elastic deformation in all four film structures and quantify elastic modulus, 

ultimate tensile strength, and strain at fracture (Figure 25). These materials show good 

mechanical properties, with UTS exceeding those of the benzoxazole-linked films in most 

cases. The average modulus and UTS values are plotted as a side-by-side comparison of 

structures with the same core unit but different linkages (Figure 26). Elastic moduli range 

from 1.66 to 3.31 GPa for the ILP and HLP films. Comparing to the oxazole film moduli, 

much of the variation is within error. There is a large degree of variation, however, in the 

UTS values and does not present any clear trend based on chemical structure. These major 

differences are likely a function of flaw sensitivity in the bulk materials. The TPB-ILP, B-

HLP and TPB-HLP films can be synthesized as thicker films with exceptional uniformity 

in comparison to the BOP films. As a result, these films out-perform the BOP films in 

terms of UTS and strain at fracture.  For these bulk tests, fracture is likely initiated at flaws 
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and defects in the film rather than failure of the covalently bonded backbone. The film 

fracture surfaces are viewed through cross-sectional SEM and indicate brittle fracture for 

all linkages, as expected from the stress-strain curves with deformations below 5% (Figure 

27).  

 

Figure 25. Tensile testing stress-strain curves for ILP and HLP films. 

 

 

Figure 26. Tensile testing property comparison between ILP, HLP and BOP films.  
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Figure 27. Cross-sectional SEM images of fracture surfaces from tensile testing.  

  

Nanoindentation experiments allow measurement of compressive mechanical 

properties with the applied force normal to that of axial tensile testing. Additionally, these 

tests are conducted on a much smaller scale than traditional tensile testing, making it easier 

to avoid bulk, micro-scale defects such as cracks or pinholes. The experiments are 

conducted on uniform films adhered to glass substrates. The results of these experiments 

give us better insight into the chemical structure influence on mechanical properties. As 

with the prior-motioned nanoindentation studies, experiments of varied indentation depths 

were performed in order to identify a range where reliable reduced modulus and hardness 

values can be obtained, centering around roughly 10% of the film thickness (Figure 28 to 

Figure 31).  
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Figure 28. Variable displacement measurements of reduced elastic modulus and hardness for B-ILP 

films. 

 

Figure 29. Variable displacement measurements of reduced elastic modulus and hardness for TPB-

ILP films. 
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Figure 30. Variable displacement measurements of reduced elastic modulus and hardness for B-HLP 

films. 

 

Figure 31. Variable displacement measurements of reduced elastic modulus and hardness for TPB-

HLP films. 

The results of these nanoindentation studies are summarized in Figure 32, 

displaying the calculated compressive reduced modulus and the nanoindentation hardness. 

For the benzene and triphenyl benzene cores, the oxazole films exhibit a significantly 

higher modulus and hardness than the corresponding imine and hydrazone counterparts. 

This would be expected due to the high-stiffness of the aromatic fused-ring oxazole linker. 

The ILP and HLP films do not show an obvious distinction in the performance of one over 

the other. To better understand these property differences, single-indent loading and 



   

 

149 

unloading curves are provided for the six structures of interest. Indentation at a constant 

displacement of 100 nm is performed on each of the different films of similar thickness. 

Figure 33 shows that for the same indentation depth, a greater amount of applied force is 

required for the BOP films relative to the ILP and HLP films, indicating higher modulus. 

Additionally, upon unloading, a larger hysteresis and higher degree of plastic deformation 

is observed from the ILP and HLP films, indicative of a softer material. 

 

 

Figure 32. Nanoindentation property comparison between ILP, HLP and BOP films. 

 

 

Figure 33. Single indent loading and unloading curve comparisons for constant displacements.  
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Table 5 summarizes the tensile and nanoindentation properties for the three 

different linkages (ILP, HLP and BOP) with the benzene (B) and triphenyl benzene (TPB) 

core units. To put these properties into perspective, we can also compare our film properties 

to those of other reported 2D polymer systems, 2D covalent organic frameworks and metal-

organic frameworks. Our 2D polymer films of the three different linkages demonstrate an 

improved mechanical performance over other 2D polymer structures with films on the 

same length scales (Table 6, Figure 34),7, 8 and even exhibit competitive performance to 

strengthened composites (Table 7).9, 10 The mechanical properties of our bulk films are 

more sensitive to flaws and are impacted by these imperfections to a greater degree than 

with few layer nanosheets, which can achieve properties much closer to the ideal 

theoretical properties (Table 7).11-13 MOFs are shown to be much softer materials with 

lower hardness values and a much greater degree of plastic deformation upon indentation 

(Table 8).14-17 MOFs generally present difficulty in obtaining large-scale free-standing 

films, therefore only compressive properties of the thin films are reported. To our 

knowledge, all of the reported methods for quantifying mechanical properties of various 

2D polymer systems are measuring the tensile properties of the material, therefore we are 

unable to provide a comparison of our compressive properties.  
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Table 5. Comparison of Mechanical Properties of ILP, HLP and BOP 2D Polymer Films. 

 

 

Table 6. Comparison of tensile properties to literature values for bulk 2D polymer films. 7-10, 18, 19 

 

 



   

 

152 

Table 7. Comparison of tensile properties to literature values for 2D polymer few-layer nanosheets 

and composites.9-13, 20 

 

 

 

Figure 34. Graphical comparison of tensile properties of the ILP, HLP and BOP films to other 

reported results of 2D polymer bulk systems. 
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Table 8. Comparison of compressive nanoindentation properties to literature values for MOFs.14-17 
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5.4. Experimental Methods 

Powder X-ray Diffraction (PXRD) data was collected using Cu Ka radiation. Parallel-

beam (PB/PSA) experiments were performed on a Rigaku SmartLab diffractometer from 

a two-theta value of 1 to 50 degrees with 2 degree/min. scan rates.  

Wide-angle X-ray Scattering (WAXS) patterns were collected on a Rigaku SmartLab XE 

diffractometer equipped with a sealed Cu K𝛼 X-ray tube operating at 40 kV and 44 mA 

and a HyPix-3000 2D detector. A pinhole collimator of 100 𝜇m diameter was used to 

condition the incident X-ray beam. Data was collected with 15-minute acquisition times. 

Film strips were positioned horizontally, perpendicular to the detector, with the X-ray beam 

aligned at the cross-section of the film. 

Polarizing Optical Microscopy images were acquired using a Zeiss Axioplan II 

microscope with an Axiocam 208 color camera. 

Transmission Electron Microscopy (TEM) images were acquired using a JEOL 2100F 

with a field emission gun operating at 200 kV. For high-resolution images, a defocus value 

of -44 nm was used.  

Water Contact Angle measurements were conducted using a Ramé-Hart Model 250 

Contact Angle Goniometer.  

UV-Visible Absorption spectra were acquired using a Cary 100 UV-vis 

spectrophotometer equipped with a solid-state sample holder. Absorption was measured 
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from 250- 800nm. Thin films were prepared on glass substrates and a baseline was acquired 

with an uncoated glass slide. 

Fluorescence spectra were obtained using a Cary Fluorescence Spectrometer with a solid-

state sample holder and 350 nm excitation. 

Tensile Testing was performed using an Ares G2 rheometer instrument with tensile 

geometry. The films were cut with a brand-new razor into rectangular strips approximately 

3mm wide and 5 mm long. Each end of the film strip was attached to a metal plate with 

epoxy, then the metal plate was clamped into the tensile fixtures.  

Scanning Electron Microscopy (SEM) images were acquired using a FEI Helios 

NanoLab 660 DualBeam system operating at 1 kV or 500V with a current of 13 pA. Film 

cross-sections were prepared using carbon tape to adhere the film to a cross-section stub 

and coated at the edges with silver paint in order to reduce charging. 

Nanoindentation was performed using a Hysitron TI 980 TriboIndenter equipped with a 

pyramidal diamond tip and calibrated using a polycarbonate standard sample. The 

experiments were conducted using a range of specified indentation depths in order to 

identify a range of reliable hardness and reduced elastic modulus measurements.  
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CONCLUSIONS AND FUTURE WORK 
 
 

A novel solvothermal method was developed for synthesizing centimeter-scale 

free-standing thin films of 2D porous organic polymers via facile one-step and two-step 

approaches for reversibly-linked and irreversibly-linked structures, respectively. The 

benzoxazole-linked bottom-up film processing takes advantage of a unique mechanism in 

which the reaction proceeds through a series of reversible intermediate steps followed by 

irreversible solid-state conversion to product. The versatility of this approach is 

demonstrated for three different linkages: imine, hydrazone, and oxazole; along with varied 

aromatic core units that dictate overall topology.  

Analysis of the microstructure of these amorphous films reveals their microporous 

structure with moderate surface area and an anisotropic, 2D layered texture, allowing for 

exfoliation into few atomic layer thick 2D nanosheets. Exfoliation of the 2D polymer sheets 

can be explored to increase exposed surface area and pore accessibility for various 

applications, with implications in the fields of chemical sensing, energy storage and 

membrane separations. Further exploration of the photoluminescent properties in the 

hydrazone-linked films could enable tunability of emission and response to different 

chemical environments.  

The ability to achieve high-quality, free-standing films opens the door to 

mechanical testing of these 2D `polymers for both in-plane tension and transverse 

compression. The films exhibit impressive ultimate tensile strength and elastic moduli 

comparable to established high-strength 1D polymer films of the same scale, warranting 

further synthetic optimizations to enhance the bulk mechanical properties beyond the 
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current performance level. This report makes significant progress in enabling the 

application of bulk 2D-covalently-bonded polymer networks for low-density, high-

strength, high-modulus materials. Further development of synthesis and film processing to 

improve order within the polymer structure and microscale uniformity will bring us closer 

to being able to study the intrinsic properties of these materials and improve their 

performance for targeted applications. Achieving ordered monolayer or few-layer 

structures can enable the exploration of the ideal mechanical properties achievable by these 

rigid and porous polymers. 


