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Abstract 

Membranes made from atomically thin materials promise hundreds of times higher 

production rates than conventional polymer membranes for separation applications. 

Graphene is impermeable to gases but becomes selectively permeable once pores are 

introduced into it but creating trillions of nanopores over large areas is difficult. By instead 

choosing an inherently porous two-dimensional material with naturally identical pores 

repeated at high density, we may circumvent this challenge. In this work, I explored the 

potential of two candidate materials, 2D polyphenylene and graphdiyne. I synthesized 

cyclohexane-m-phenylene, a monomer of 2D polyphenylene. I then develop an atomic 

force microscopy technique for measuring the permeance of nanoscopic areas of materials 

and perform the first gas permeance measurements of graphdiyne and demonstrate 

molecular sieving. Efforts to scale-up employ continuum transport equations for simple 

modeling so I developed analytical approximations for the rate of mass transfer rate by 

advection-diffusion in creeping flow through an orifice plate. 
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Summary for Lay Audience 

Gas separation membranes are widely used in industrial applications for hydrogen 

separation, helium separation/recovery, acid gas treatment, oxygen enrichment, and much 

more. Current commercially available membranes require high temperatures or pressures 

to operate at their optimal conditions, which increases the cost of production. These 

membranes also suffer from a tradeoff between permeance (easy flow of the desired species 

through the membrane) and selectivity (ability to reject undesired species), which means 

that when a membrane is highly selective, the flow through the membrane is slow, and vice 

versa. In this work, I explore atomically thin two-dimensional materials as gas separation 

membranes that can not only reduce energy consumption and cost but also provide 

maximum achievable permeance with high selectivity. This is possible as materials like 

graphene are a single atom thick, and their thinness imposes minimal resistance to fluid 

flow enabling high production rates and resolving the major performance limitation of 

conventional polymer membranes. As they can support holes the size of smaller molecules, 

they act as a molecular sieve which allows smaller molecules to pass through while 

completely blocking larger molecules. 

While there is a strong interest in graphene as a separation membrane material, the lattice 

structure is very densely packed and does not allow the passage of gases or liquids. 

Engineers need to use special methods to generate nanometer-scale pores in graphene 

sheets to make them selectively permeable. However, creating trillions of sub-nanometer 

holes for large-scale application has proven difficult. My project aims to develop 

atomically thin membranes that solve this problem by replacing the graphene layer with an 

intrinsically porous 2D polymer. Such materials naturally have a high density of sub-

nanometer pores repeated exactly over their entire surface area, circumventing the pore 

creation challenge in graphene. In this work, I successfully synthesized a building block 

for porous graphene. I also developed a measurement setup that allowed the first 

experimental measurements of fluid flow through sub-nanometer pores of Graphdiyne (2D 

polymer). Furthermore, I developed correlations for simple transport modeling that did not 

exist before. This project is a major step towards developing macroscopic, selectively 

permeable 2D polyphenylene membranes for industrial applications. 
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Chapter 1  

1 Introduction 

Separation converts a mixture into two or more product mixtures, where at least one of the 

resulting products is enriched or purified. The process utilizes differences in chemical or 

physical properties (such as size, mass, or chemical affinity) between the constituents of 

the mixture1. Some major separation techniques include chromatography, distillation, 

evaporation, and filtration2. Membranes then emerged as a means for separation – 

separating materials via pores or gaps in a molecular structure where the pore size 

determines the degree of selectivity3. Depending on the pore size, the membranes may be 

classified as Ultrafiltration (UF), Microfiltration (MF)4, Ion-exchange (IE), or Reverse 

Osmosis (RO)5 as shown in Fig 1.1. Separation in membranes is driven by gradients in 

pressure, concentration, temperature, or electric potential. They are a great option for 

separation as they offer easy operation, low maintenance, scalability, high selectivity, and 

energy efficiency6,7. Therefore, they have applications in water, food, chemical processing, 

and the medical sector, with some major applications in water desalination and natural gas 

purification8. An ideal membrane allows easy flow of the desired species (high permeance) 

and rejects undesired species (high selectivity) while being easy to produce, exhibiting high 

thermal stability, having high chemical/mechanical strength, and being resistant to 

fouling6,7,9. 

Though membrane technology has seen remarkable progress, certain challenges remain – 

for example, the trade-off between selectivity and permeability; fouling control and 

mitigation; and operation under harsh conditions9. To overcome these challenges, scientists 

have explored a variety of membrane structures and materials such as polymers (e.g., 

polyethylene), inorganic (e.g., silica), nanomaterials (e.g., carbon nanotubes), and 

polymer-inorganic ‘mixed matrix membranes10. These materials can utilize favorable 

membrane structures, have anti-fouling properties, or intrinsic porosity that provide high 

permeability and selectivity that may pave the way for the future of separation 

technology9,11. 
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Figure 1.1: Classification of membranes based on their pore size, with the specified 

particles that are blocked by each membrane. Republished with permission of Royal 

Society of Chemistry, from Ref. [12]; permission conveyed through Copyright Clearance 

Center, Inc.  

 Commercially Available Gas-Separation Membranes 

Though over 40 years old, the membrane gas separation (GS) industry proceeds to grow at 

a significant rate, accelerating the development of highly selective and permeable 

membranes. Membrane GS is a pressure-driven process with major applications in 

hydrogen recovery, oxygen enrichment, and carbon-dioxide (CO2) removal11. The first-

ever industrial membrane GS system, known as Monsanto’s Prism gas separator, was built 

during the 1980s. The Prism unit was developed to extract hydrogen from waste gas 

streams from refineries and petroleum plants, saving hydrogen and allowing it to be 

recycled for other use13. Membrane-based separations are an attractive option in GS 

applications as the process does not require heat-saving 90% of the cost associated with 

heat generation in processes like distillation and absorption. Other advantages of 

membrane GS include a smaller environmental footprint, simplicity in having no moving 

parts, and continuous operation6,11. This section reviews the main membranes that have 

been used for years, as well as ongoing research involving new materials and membrane 

structures for enhanced performance. 
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1.1.1 Polymers 

Most of the membranes employed commercially are polymeric, where a solution permeates 

the membrane via the solution-diffusion transport mechanism11. In the solution-diffusion 

model, the permeant dissolves in the membrane material, diffuses across, and then desorbs 

from the membrane. This model is applied to transport in dense membranes with no natural 

pores. One of the important features of polymers is their “spinnability”, the ability to be 

made into hollow fiber membranes (Fig. 1.2) – where each hollow module consists of 

thousands of fibers14. This is important for scalability and cost-efficiency as the high 

membrane area to module volume ratio results in high productivity per unit volume. 

Unfortunately, polymer membranes cannot endure high temperatures (>250 oC) or 

aggressive chemical environments. Also, many of these polymers swell when exposed to 

even low amounts of hydrocarbons or carbon-dioxide with high partial pressure, resulting 

in membrane damage beyond repair. For these reasons, pre-treatment selection and 

condensate handling are important decision factors necessary for proper operation of 

membranes of this kind. When compared to other porous materials, polymeric membranes 

offer high selectivity and low throughput due to their low free volume while still 

experiencing the same trade-off limit between permeance and selectivity15.  

 

Figure 1.2: A typical hollow fiber membrane. Obtained from Ref. [16]. 
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For GS membranes, the main polymers used are classified as either rubbery or glassy. 

Rubbery polymers are amorphous polymers kept above their glass transition temperature 

(Tg), whereas glassy polymers form when the temperature is below Tg. There is a relatively 

large free-volume above Tg caused by voids between highly mobile polymer chains, while 

below Tg, the free-volume decreases resulting in inadequate space for large-scale 

movement of the polymer backbone11.  

Rubbery polymers have high permeability, and their selectivity depends on the difference 

in the condensability of gas species. For example, polydimethylsiloxane (PDMS) has high 

permeability and high selectivity for condensable gases making it an attractive option for 

vapor separation17. Glassy polymers offer high gas selectivity and good mechanical 

properties where permeance depends on molecular diameter – lower diameter is more 

permeable. However, glassy polymers normally have a lower fraction of free volume than 

rubbery polymers. To function as membranes, medium to high free volume polymers (e.g., 

polyimides) must be used because the voids are needed to transport gas or liquid18. Both 

polymer categories have their advantages and thus have been in the industry for decades, 

yet the search for an ideal membrane goes on. 

Recently, synthesized polymers with intrinsic microporosity (PIMs) have been developed 

by making a backbone with no conformational freedom while preventing effective 

packing19. PIMs represent a new class of microporous material (pore sizes smaller than 

2nm) generated by polymer chemistry to offer good solubility, easy processability, and 

control over surface functionalities and properties. PIMs have pores large enough for gas 

molecules to pass through by Knudsen or surface diffusion (discussed in depth in section 

1.4) rather than solution-diffusion, providing high permeability. They are reported to have 

competitive permeance and selectivity to commercial CO2/CH4 separation membranes11,19. 

1.1.2  Inorganic Membranes 

Inorganic membranes (e.g., zeolites, silica, carbon) can endure high temperatures, 

withstand aggressive chemicals, and have outstanding mechanical robustness over their 

polymeric counterparts11. However, they are not as readily used in the industry because of 

their downsides, which include brittleness, low membrane area to module volume ratio, 
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high manufacturing cost (about 100-1000 times greater than polymeric membranes), low 

permeability for highly selective dense membranes (e.g., metal oxides), and difficulty 

sealing at temperatures above 600oC. Inorganic membranes can be categorized into porous 

and non-porous – otherwise known as dense – inorganic membranes, where dense 

membranes are primarily applied for selective separation of hydrogen and oxygen20. At 

present, interest and exploration in inorganic membranes continue to grow since they offer 

not only better selectivity but also thermal and chemical stability. The focus is on silica, 

zeolites, and carbon materials as they display molecular sieving properties, which is 

desirable for gas separation applications11,20. Challenges faced by polymeric and inorganic 

membranes can be addressed successfully to some degree via mixed-matrix membranes 

that incorporate inorganic materials into a polymeric matrix.  

 

Figure 1.3: Graphical representation of selectivity and permeability for polymeric and 

inorganic membranes, and when combined to form a mixed-matrix membrane, 

complement one another to form a better membrane. Reproduced from Ref. [21]. 

1.1.3 Mixed-Matrix Membranes 

Mixed-matrix membranes (MMMs) are a recognized route to enhance individual material 

properties of inorganic and polymeric membranes22. In their design, inorganic materials 

are incorporated into a polymer matrix in the form of microparticles or nanoparticles (Fig. 

1.4). As fabrication methods for large-surface area polymeric membranes already exist, 
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adding an inorganic component is an easy modification. In principle, MMMs offer an 

economic advantage over inorganic membranes while possessing improved thermal and 

mechanical properties – stabilizing the polymer under high-temperature conditions and in 

aggressive chemical environments11,22. To successfully fabricate MMMs, it is important to 

eliminate interfacial defects between the two phases and ensure compatibility between the 

nanoparticles and the polymer matrix. Other factors include filler concentration, shape, and 

dimensions. To this end, Koros et al.23 proposed a criterion for material selection and 

preparation to prepare high-performance MMMs. The two key requirements proposed in 

addition to matching sieve polymer transport properties include molecular adsorption of 

polymer onto the sieve surface and polymer flexibility during membrane formation.  

Since then, many MMMs have been designed and patented, showing that these membranes 

can enhance flux and selectivity. This improved efficacy is commonly used in CO2/CH4 

and propylene/propane gas separations. However, some challenges with using MMMs still 

exist and include control of dispersion of nanoparticles between the matrix (which causes 

the formation of non-selective voids) and the incompatibility between nanoparticles and 

the matrix. These issues have to be resolved to improve the long-term stability and 

selectivity of MMMs11,22.  

 

Figure 1.4: Illustration of gas separation via mixed-matrix membrane, where polymer 

(light yellow) makes up the matrix and inorganic nanofillers (e.g., zeolites) are 

incorporated into this matrix. Reproduced with permission from Ref. [24]. Copyright 

2019, American Chemical Society. 
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1.1.4 Carbon Nanotubes as Membranes 

In recent years, there has been an interest in the advancement of separation membranes 

made from 1D materials - inorganic nanotubes like boron nitride nanotubes, silicon carbide 

nanotubes, and carbon nanotubes (CNTs). These materials were initially integrated as 

additives that can improve selectivity, mechanical strength, and fouling resistance in 

polymeric membranes as they present a large surface area, tunable chemistry, and an 

interconnected open pore structure11. 

The possibility of using CNTs as membranes arose from molecular dynamics (MD) 

simulations that predicted that gas transport inside a single-walled carbon nanotube 

(SWNT), with a diameter of 1nm, was orders of magnitude faster than any other known 

materials with nanometer-scale pores25. Their uniqueness stems atomic-scale pores, the 

high rigidity of the graphene plane, and the non-polar sp2 carbon network. Multiwalled 

carbon nanotubes (MWNT) with diameters of 6-7nm have also been verified to transport 

liquids orders of magnitude faster than can be accounted for by no-slip hydrodynamics11,25. 

Despite their extremely fast transport of both gas and water, selectivity remains a challenge. 

Moreover, they are not suitably cost-effective for large-scale applications yet. More 

research is needed to improve the efficiency of CNT separation membranes25.  

 Two-Dimensional-Material Membranes 

The discovery of graphene in 2004 directed a great deal of attention towards two-

dimensional (2D) materials as a brand-new approach to controlling mass transport. They 

have been widely explored as separation technologies, owing to the atomic thickness that 

allows them to be the thinnest possible barrier26,27. In principle, the atomic thickness 

enables 2D material membranes to have minimal transport resistance and maximum 

permeation. They can also sustain nanoscale pores in their rigid lattice, allowing selectivity 

based on molecular size to transport both liquids and gases. Moreover, they display high 

mechanical strength and chemical robustness, making them ideal membranes tailored to 

many separation applications27,28. In recent years, various 2D materials have been explored, 

where the primary classes based on their composition are inorganics (e.g., MXenes, 

zeolites, layered double hydroxide, and transition metal dichalcogenides), organics (e.g., 
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covalent organic framework), carbon (e.g., graphene and graphene oxide), and hybrid (e.g., 

metal-organic framework)28. In general, fabricated nanosheet membranes used for 

selective permeation contain a monolayer or a few layers of 2D material that have 

intrinsically uniform pores (e.g., zeolites) or created pores (e.g., graphene). On the 

contrary, laminar membranes are formed by putting together 2D material nanosheets such 

as graphene oxide into laminates with nm/sub-nm interlayer galleries that are used to 

permit molecular passage28. In this section, each of the different classes of 2D membrane 

materials and their properties will be discussed in-depth, including the challenges of 

impeding commercialization.  

 

Figure 1.5: Examples of the various 2D nanosheet materials used for preparing gas 

separation membranes. Republished with permission of Royal Society of Chemistry from 

Ref. [28]; permission conveyed through Copyright Clearance Center, Inc.  
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1.2.1 Inorganic 

Inorganic materials are the most ideal candidates for gas separation under harsh conditions 

as they have high thermal and chemical stabilities. Zeolites are one of the most studied 

inorganic materials, and the newly emerging nanosheets like MXene also make promising 

candidates for membranes in gas separation27,28. 

Zeolites 

Zeolites are microporous aluminosilicate minerals that have been widely used in catalysis, 

commercial adsorption, and separation industries due to their molecular selectivity and 

high hydrothermal stability29, 30. However, the only zeolites that have been commercialized 

are LTA (Linde Type A), and these hardly display high selectivity due to their inter-crystal 

pores that form intrinsically in zeolite membranes. With this in mind, fabricating 2D zeolite 

nanosheets (pore size of 0.25 to 1 nm) can minimize these inter-crystal pores while 

maintaining their high selectivity and permeation flux via stacking nanosheets to make an 

ultra-thin molecular sieve membrane. Fabrication of 2D zeolite membranes depends on the 

availability of a stable suspension of zeolite nanosheets with a uniform thickness free of 

any unstructured and non-exfoliated contaminants27,29. In addition, further development of 

deposition techniques is required for the quantitative transfer of suspended zeolite 

nanosheets onto porous substrates. In recent years, high-purity 2D MFI nanosheets were 

fabricated and contain 10-member ring pores inside as well as through the layers to provide 

shape-selective diffusion30. However, these nanosheets have non-selective gaps, which can 

be reduced by mild secondary solvothermal growth. It is important to note that current 2D 

zeolite membranes are ~100 nm thick, 10 times thinner than 3D zeolite membranes, but 

thicker than the emerging graphene-based membranes. However, these membranes are not 

used in commercial gas separation applications due to their cost of synthesis and low yields 

of high-quality nanosheets31. Nevertheless, zeolites can be readily incorporated into a 

polymer matrix to form mixed matrix membranes28,30,31. 
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Transition metal dichalcogenides (TMDs) 

Two-dimensional TMDs, also known as 2D MX2 – where M is a transition metal from 

group IV, V, or VI (e.g., Titanium) and X is a chalcogen (e.g., Sulfur) – have been widely 

used in catalysis and energy storage; however, reports on gas separation are rare27,32. They 

are nonporous materials as the bulk TMD structure consists of X-M-X, where the 

chalcogens in the hexagonal planes are separated by a plane formed by metal atoms (Fig. 

1.5). Therefore, separation can only occur in the channels of adjacent layers and because 

these layers are weakly held, obtaining atomic thickness becomes easier33. Despite progress 

in TMD synthesis of fewer layers, they are not used in gas separation due to greater 

advancements in graphene and graphene oxide, which is easier to prepare and offers better 

performance. 

MXene and layered double hydroxides (LDHs) 

First discovered in 2011, MXenes are ceramics (one of the largest family of 2D materials), 

and they include transition metals (e.g., Ti3), nitride (e.g., Ti4N3), and carbonitrides (e.g., 

Ti3CN). They have already presented their applications in energy storage, medicine, and 

optoelectronics28,34. Unlike zeolites and TMDs, Mxenes can only be obtained by 

exfoliating their bulk phase MAX, which can be expressed as Mn+1AXn – where M is a d-

block transition metal, A is a sp element mostly from group IIIA or IVA, and C is either 

carbon or nitrogen. One of the commonly used exfoliation methods includes hydrofluoric 

acid, which selectively etches the “A” layer of MAX, leaving loosely packed MXene 

layers. After which, the layers intercalate via hydrogen interaction or van der Waals, which 

can then be easily broken further via sonication. In comparison to the preparation of zeolite 

nanosheets, pure MXene nanosheets can be obtained easily. Current studies have shown 

considerable advantages in gas separation, though only a few have been reported35. Further 

investigation of MXene membranes at high pressure and controlling the distance between 

the adjacent layers is required for commercialization.  

Layered double hydroxides (LDH), also known as anionic clays, are composed of 

positively charged brucite-like (Mg (OH)2 structure) layers, compensating anions and 

solvent molecules (Fig. 1.6). The layers are made up of di- and tri-valent metal hydroxide 
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ions (e.g., Mg2+, Mn3+). Like MXenes and TMDs, LDH membranes also depend on 

nanochannels between the layers for separation36. Only a few groups have attempted to 

prepare LDH nanosheet membranes for gas separation and have found applications in 

hydrogen recovery, though its performance is not superior to free-standing MXene 

membranes28.  

 

Figure 1.6: Structure of layered double hydroxide crystals, where the brucite-like layers 

are made up of stacked metal hydroxides and the water molecules along with 

compensating anions located in the interlayer gallery. Republished with permission of 

Royal Society of Chemistry from Ref. [28]; permission conveyed through Copyright 

Clearance Center, Inc.  

1.2.2 Hybrid 

Like MMMs, hybrid membranes use inorganic-organic crystalline polymers with different 

transport properties for superior performance and easy processability in membranes. 

Metal-organic frameworks (MOFs), as well as zeolites imidazolate frameworks (ZIFs), are 

hybrid crystalline polymers, where the multitopic organic ligands connect the inorganic 

metallic nodes. MOFs can be varied in size, geometry, and functionality leading to a report 

of over 20,000 different MOFs in the past decade37. By selecting from the numerous 

available inorganic/organic building blocks, pores and cavities present in MOFs can be 

adjusted based on the guest molecular dimensions making MOFs an excellent choice for 

preparing new molecular sieving membranes. Furthermore, the surface area of these 

membranes (1000-10,000 m2/g) exceeds traditional porous materials such as carbons and 

zeolites, making them ideal candidates for applications in catalysis, energy storage, etc. 

They have been prepared using both top-down and bottom-up methods; these two methods 

are commonly used in nanofabrication, where the top-down methods refer to the synthesis 
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of nanostructures by etching/removal of crystal planes that are present on the substrate, and 

the bottom-up approach synthesizes nanostructures onto the substrate by stacking atoms 

on top of the other and eventually lead to crystal plane stacking. In general, 2D MOF 

nanosheet membranes have shown excellent performance in separations involving H2/CO2, 

CO2/N2, and CO2/CH2 because of their relatively smaller pore size. However, fabrication 

of defect-free membranes even at the lab scale remains a challenge, as such free-standing 

MOF membranes and MOF-supported MMMs are two good approaches for preparing gas 

membranes with high performance26,38.  

1.2.3 Organic 

Assembly of 2D organic nanosheets is an emerging field and offers the advantages of large 

surface area, defined pore sizes for molecular sieving, inherent flexibility, and ease of 

processing. Conventional chain polymers have already been heavily explored and 

employed, but the synthesis of 2D organic polymers is still largely unexplored. Intrinsic 

porous materials exhibit unique properties compared to non-porous materials and are being 

researched for applications in energy storage and catalysis28. In this context, atomically 

precise structures, like those present in a covalent organic framework (COF), have become 

the center of attention in the past decade.  

Covalent organic framework (COF) 

COFs are a class of crystalline porous organic polymers assembled by connecting organic 

linkers via strong covalent bonds and promising versatile applications in gas separation, 

drug delivery, proton conduction, and energy storage28. More than 100 COF structures and 

twice as many derivatives have been synthesized since the first report of COFs because of 

their inherent porosity and well-ordered pores that can be easily designed, tuned, and 

modified39. However, only a few synthesized COFs have been studied as membranes for 

gas separation applications, primarily mixed 2D COF-polymer membranes. This may be 

because the pores of most COFs are larger than 1 nm, which is much larger than the kinetic 

diameter (KD) of gases like hydrogen (2.9 Å), carbon dioxide (3.3 Å), and methane (3.8 

Å) – making molecular sieving separation unobtainable. Recently, various post-

modifications (such as the addition of ligands with functional groups -OH) have enabled 



13 

 

 

the formation of small, intercalated pores (0.3-0.5 nm) and free-standing COFs, which have 

aided high separation selectivity in gases through ultrathin 2D COF-based membranes28,39. 

More work needs to be done for making large area and defection-free COF membranes.   

1.2.4 Carbon 

Graphene and graphene oxide (GO) are organic materials but are placed in the carbon 

category to differentiate them from other standard polymers and COFs. Both graphene and 

GO have been widely investigated for applications in energy storage, water desalination, 

fuel-cell technology, and hydrogen extraction40. Graphene (monolayer of graphite) 

contains sp2 hybridized carbon atoms arranged in a two-dimensional honeycomb lattice 

and can be prepared using both bottom-up (e.g., chemical vapor deposition) and top-down 

exfoliation (e.g., plasma exfoliation). On the other hand, GO is prepared by chemical 

oxidation and exfoliation of graphite. Further chemical reduction forms reduced graphene 

oxide41 (rGO) – as shown in Figure 1.7.  

 

Figure 1.7: Schematic illustration of possible ways to prepare graphene, graphene oxide 

and reduced graphene oxide. Reprinted from Ref. [42], Copyright 2019, with permission 

from Elsevier.  

Graphene  

Graphene membranes have gained tremendous attention as they promise hundreds of times 

higher production rates than conventional polymer membranes while maintaining the low 
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operating costs9. Being a single atom thick, graphene can support holes the size of small 

molecules, creating a molecular sieve that allows smaller molecules to pass through while 

completely blocking larger molecules. Its thinness also imposes minimal resistance to fluid 

flow enabling high production rates, resolving the major performance limitation of 

conventional polymer membranes in industrial applications9,26,28. Unfortunately, the lattice 

structure of graphene is so densely packed that it is inherently impermeable to gases (even 

as small as hydrogen and helium) and liquids. Numerous methods like focused ion beam 

irradiation (FIB), microwave combustion, and chemical etching have been used to generate 

nanometer-scale pores in graphene sheets to make them selectively permeable – made 

possible by their high mechanical and chemical stabilities40. Porous membranes made up 

of bilayer graphene and hole sizes between 10 nm to 1 µm showed high gas permeance and 

low selectivity due to non-selective pores43. Although few-layered graphene materials have 

been prepared, intrinsic defects from chemical vapor deposition and extrinsic defects from 

graphene transfers to the support are challenges that remain. However, the procedures are 

still being continually challenged, and drilling techniques are not available in industries or 

for large-scale applications; thus, a new approach needs to be investigated and developed 

to maximize the potential of graphene in gas-separation applications. 

Graphene Oxide (GO) 

GO (oxidized form of graphene) has numerous oxygen-containing groups like hydroxyl, 

carboxyl, or epoxy. Compared to graphene, GO is easy to manipulate and synthesize as 

oxidation of graphite is a relatively inexpensive process41. As GO sheets are nonporous, 

GO-based membranes are made by stacking nanosheets to create interlayer nanochannels 

that can separate incoming molecules28. The oxygen-containing groups improve selectivity 

by interacting with the incoming molecules. Controlling the distance between the adjacent 

layers is key to producing high-performance GO membranes, which can be done using 

cations (such as K+, Li+, Mg2+, Fe2+). Though significant progress has been made and GO 

membranes display high permeance and selectivity, some challenges persist, such as 

defects produced from exfoliation, scale-up for industry, and pinholes produced during 

assembly into laminar membranes41.  
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 Intrinsically Porous Atomically Thin Membranes 

Membranes made from atomically thin materials promise hundreds of times higher 

production rates than conventional polymer membranes for gas separation applications 

such as natural gas purification and carbon dioxide sequestration44. These membranes use 

sub-nanometer pores to separate gas molecules based on size to achieve high purity. 

However, creating trillions of equally sized pores per square centimetre for large-scale, 

high performance atomically thin membranes from graphene has proven to be a major 

obstacle. By instead choosing an inherently porous two-dimensional material that naturally 

has identical pores repeated at high density over the entire material, it may be possible to 

circumvent this challenge. The most promising materials with this property are graphdiyne 

and 2D polyphenylene (also known as porous graphene)45. These materials have been 

synthesized and simulation studies show that their pore size is ideal for gas separation.   

In 2009, Bieri et al.46 successfully synthesized porous graphene (form of two-dimensional 

polyphenylene), which structurally resembles graphene but has periodically missing 

phenyl rings, leading to nearly circular pores (shown in Fig 1.8). In graphdiyne, triangular 

pores occur because the linkage between the adjacent benzene rings formed by carbon 

chains are made up of two conjugated C-C triple bonds47.  At present, theoretical studies 

by molecular dynamics or first-principle computations have been performed extensively 

on these porous graphene membranes rather than experimental work for gas separation 

applications48,49.    

1.3.1 Porous Graphene (2D Polyphenylene) 

Porous graphene is modified graphene with single-atom wide pores occurring with sub-

nanometer periodicity. Using the first-principle density functional theory calculations, 

Jiang et al.48 first simulated gas separation properties of porous graphene with nitrogen 

functionalized or hydrogen passivated sub-nm pores. The simulated porous graphene 

showed much higher selectivity and permeance for the separation of hydrogen gas (H2) 

from methane (CH4) than conventional membranes. Later, Li et al.49 theoretically evaluated 

porous graphene as a hydrogen purification membrane relative to CO2, carbon-monoxide 
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(CO), and CH4, using the more realistic porous graphene (2D polyphenylene) – synthesized 

by Bieri et al.46 using the self-assembly of a molecular building block – hexaiodo-

substituted cylohexa-m-phenylene (CHP). They determined that the pores in this material 

have a hexagonal shape, a width of approximately 2.48 Å, and an energy barrier of 0.61 eV 

for H2 to pass through. This energy barrier exists as the KD of H2 is 2.89 Å, bigger than 

the pore size in 2D polyphenylene, so the gas molecule cannot pass through the pore freely. 

The computed diffusion barriers were 2.21 eV, 2.35 eV, and 5.19 eV for CO2, CO, and 

CH4, respectively, based on their larger kinetic diameters. Molecules other than from H2 

have a difficult time passing through the membrane, and thus, the material exhibits 

remarkably high selectivity of 1026, 1029, and 1076 for H2/CO2, H2/CO, and H2/CH4, 

respectively44. Blackenburg et al.50 also determined the material’s hydrogen and helium 

separation ability in the range of 103 up to 1023 – at room temperature with permeance 

greater than 10-6 m-2s-1 Pa-1.  When calculating their energy barriers, dispersion interactions 

were included yielding 0.37 eV and 0.43 eV for H2 and He, respectively. These values are 

about 35% smaller than the values presented by Li et al.49. Compared to current silica and 

carbon membranes with a selectivity of 10 to 103 for H2/CH4 and H2/CO2, 2D 

polyphenylene is an ideal candidate to produce hydrogen and helium with lower operating 

costs and greenhouse gas emissions than methods currently in use50. Porous graphene 

membranes are a promising material for gas separation applications. Nevertheless, large-

scale synthesis is the next big challenge as the current synthesis of 2D polyphenylene is 

not only long and tedious, but the difficulty of transferring the material from one substrate 

to another without damaging the material is also a concern45. 
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Figure 1.8: Scanning tunneling microscopy (STM) image of the synthesized 2D 

polyphenylene polymer network on a silver substate, where the structure of the CHP 

backbone can be easily recognized. Republished with permission of Royal Society of 

Chemistry from Ref. [46]; permission conveyed through Copyright Clearance Center, 

Inc.  

1.3.2 Graphdiyne (Graphyne-2) 

Graphdiyne (also known as graphyne-2) is a member of the graphyne family and has 

uniformly distributed triangular pores that arise because of its structure and form 

nanoporous membranes. In 1987, Baughman et al.52 first proposed graphyne (an allotrope 

of carbon), an atom-thick planar sheet with a lattice of hexagonal benzene rings linked by 

acetylene bonds (H-C≡C-H) in a 2D plane. Here, the number of C-C triple bonds 

determines the different kinds of graphyne (graphyne-2, graphyne-3, and so on), and the 

more triple bonds mean a greater pore size, enabling the graphyne family to be used to 

separate particles of all kinds of sizes51. However, graphyne itself has not yet been 

synthesized, and the energy barrier for the permeance of hydrogen is 1.98 eV, making it 

unsuitable for gas separation applications under normal experimental conditions. 

Therefore, graphdiyne (graphyne-2) with a slightly bigger pore size of 3.8 Å, and a low 

energy barrier of 0.1 eV for the permeance of hydrogen (KD of 2.93 Å), is instead 

investigated as the gas-separation membrane. Under standard temperature and pressure 

(300K, 100 kPa), gases like CO (KD of 3.76 Å) and CH4 (KD of 3.83 Å) were computed 

to have energy barriers of 0.33 and 0.72 eV, respectively. The obtained selectivity was 103, 

103, and 109 for H2/CO, H2/N2, and H2/CH4 respectively53, where graphdiyne does not show 

significant advantages for small gas molecules (like CO and N2) but is still superior to 
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commercially available membranes54. Furthermore, the mass flux of H2 molecules was 

reported to be on the order of 7-10 g/cm2s. 

 

Figure 1.9: Illustration that highlights the difference between graphene, graphyne, and 

graphdiyne, which is simply the number of carbynes present between hexagonal benzene 

rings. Obtained from Ref. [55].   

Several attempts have been made to synthesize graphdiyne. In 2010, a graphdiyne film 

with a thickness of 1 µm was prepared on the surface of copper foil using a Glaser coupling 

reaction, resulting in further studies in order to make graphdiyne with a well-defined 

structure and thickness of <10 nm. In 2017, graphdiyne nanosheets were produced through 

carbon-carbon coupling amongst monomers (hexaethynylbenzene-HEB) at liquid/liquid 

and gas/liquid interface while in the presence of a copper catalyst. As a result, multilayer 

graphdiyne nanosheets of a thickness of 24 nm (liquid/liquid) and 3 nm (gas/liquid) were 

prepared. However, the synthesis involves using an unstable and explosive HEB monomer. 

Moreover, the procedure must be done in an argon atmosphere in the dark, which is 

difficult in industrial settings56. Another approach is exfoliating commercially available 

graphdiyne powder into a single or a few layers, as flake sizes of 3-5 nm have been reported 

using these methods. Liquid exfoliation using inorganic salts (i.e., Li2SiF6)
57 and 

ultrasonication treatment58 are two methods reported to disperse the nanosheets present in 

the dispersion liquid. Computational studies lay the groundwork for future experiments 

using graphdiyne, as it has good hydrogen separation abilities and can be used as a gas-

separation membrane, though experimental data is needed to confirm these findings. 
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Table 1.1: Synthesis methods, and characteristics of 2D graphdiyne and 2D 

polyphenylene nanosheets cited in literature. 

 

 Fundamentals of membrane-based gas separation  

1.4.1 Permeance and Permeability 

Gas permeance is the ability of a material or a membrane to permit the passage of liquids 

or gases and is a parameter quite often used to evaluate the performance of membranes. It 

can be defined as the throughput of a permeant through a membrane area in a given time 

for a particular pressure difference applied between the two sides of the membrane28,61. It 

can be expressed as: 

𝑄 =
𝑉

𝐴𝛥𝑃
     (1.1) 

where Q is expressed in gas permeation units (GPU = 10-6 cm3 (STP)/cm2sHg], V [cm3 

(STP)/s] is the gas flux through the membrane, 𝛥𝑃 is the pressure difference [cmHg] and 

A is the effective membrane area [cm2] 

Gas permeability (P) can be expressed as the product of the permeance (Q) and the 

thickness of the membrane. It is in units of Barrer [1 Barrer = 10-10cm3 (STP) cm/cm2s 

cmHg]. It reflects the intrinsic properties of the membrane material and is frequently used 
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for dense membranes. However, it is not often used for very thin membranes where 

permeability is not constant with material thickness61. Permeability for polymeric and 

porous materials can also be expressed by multiplying the diffusion coefficient (D) and the 

solubility coefficient/adsorption capacity (S).   

1.4.2 Selectivity  

Selectivity is the ability of a membrane to permit the passage of desirable species while 

blocking undesired ones. It is used to assess the separation ability of a membrane. It is 

defined as the ratio of permeation rates of a fast-moving and a slow-moving gas 9,61. 

Selectivity = 
𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝐴

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝐵
    (1.2) 

1.4.3 Transport Mechanisms  

The solution-diffusion model describes the transport mechanism in dense membranes with 

no natural pores and is commonly applied to polymeric gas separation membranes63. In 

this case, the permeating gas species absorbs into the membrane material and diffuses 

through the layer by means of a concentration gradient, then desorbs from the membrane. 

Separation is achieved because different gasses have different solubilities and diffusivities 

in the membrane material. In general, as gas molecule size increases, the diffusion 

coefficient decreases. The diffusion coefficient can be increased by improving the polymer 

chain flexibility and increasing the fractional free volume (space not occupied by polymer 

molecules)9,64. Changing the structure of the polymer material tends to change the 

diffusivity of all gas species in the membrane. Consequently, more permeable materials 

tend to offer lower selectivity, causing a trade-off between permeability and selectivity 

known as the Robeson limit15. To overcome this trade-off, alternative separation 

mechanisms such as chemical affinity and molecular sieving have been explored (e.g., high 

free-volume polymers). Molecular sieving is the ability of a crystalline material with pores 

to allow the passage of smaller molecules while sterically impeding larger ones9. 

Membrane gas transport with pore diameters just above the molecular size is primarily 

governed by Fickian diffusion, surface adsorption, and condensation of gas molecules in 

the pores of membranes. When considering pore diameters larger than molecular size but 



21 

 

 

smaller than gas mean free path, Knudsen diffusion governs instead. In Knudsen diffusion, 

collisions of molecules with the pore wall are more prominent than collisions between 

molecules. Thus, a molecule with lower molecular mass travels faster and has high 

permeance compared to a molecule with higher molecular mass28.  

 
Figure 1.10: Various membrane transport mechanisms as the pore size of a membrane 

increases, where dg is the gas molecular diameter, and  𝜆 is the gas mean free path. 

Relationships between Q (flux), D (diffusivity), S (sorption coefficient), m (molecular 

mass) and µ (viscosity) is provided as needed for the four transport mechanisms. 

Reprinted by permission from Springer Nature and Copyright Clearance Center: Springer 

Nature, Nature Nanotechnology, Ref. [9], Copyright 2017. 

1.4.4 Gas Transport through Nanoporous Atomically Thin 
Membranes    

Theoretical studies have been used to explore the potential of intrinsically porous 

atomically thin membranes in the transport of different gases. One approach is to utilize 

quantum mechanical methods like density functional theory (DFT) to calculate the energy 

barrier required for a gas molecule to cross a pore9. Given the gas molecule kinetic energy 

distribution, permeance can be estimated via a transition state approach, whereas the ratio 

of Arrhenius factors (Eq. 1.3) is used to estimate selectivity.  DFT can solve higher 

selectivity, but some present unreasonably low permeance9,50.  

𝑆𝐻2/𝐶𝑛
=

𝑟𝐻2

𝑟𝐶𝑛
=

𝐴𝐻2𝑒
−𝐸𝐻2

∕𝑅𝑇

𝐴𝐶𝑛𝑒−𝐸𝑐𝑛∕𝑅𝑇     (1.3) 
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where 𝑆𝐻2/𝐶𝑛
 is the selectivity of the membrane for the diffusion of H2 relative to CO2, r is 

the diffusion rate, A is the frequency factor, E (J/mol) is the activation energy, R (J/mol*K) 

is the gas constant and T (K) is temperature. 

Another approach is to utilize classical molecular dynamics (MD) simulations to calculate 

the rate at which a molecule crosses a pore, which is directly proportional to permeance9,60. 

These studies have permitted researchers to explore different conditions and have led to 

the realization of the dependence of permeance and selectivity on molecule size, mass, 

functional group interactions on the pore, tunneling rates, etc. MD can be used to calculate 

high permeance but not high selectivity (>103) since low flow rates will mean a small 

number of observable molecule crossings in the feasible simulation time of <100 ns. 

To understand the gas transport through these atomically thin pores, the diameters of the 

gas molecule (Dm) and pore (Dp) are compared. When the pore diameter is larger than the 

gas molecule, molecular flow occurs across a thin aperture that is smaller than the gas mean 

free path. In this case, steric considerations dominate, and the effective pore area (Aeff) is 

smaller than the pore area (Apore).  

𝐴𝑒𝑓𝑓 ≈
𝛱

4
(𝐷𝑃 − 𝐷𝑚)2            (1.4) 

𝐴𝑝𝑜𝑟𝑒 = (
𝜋

4
) 𝐷𝑝

2     (1.5) 

When the pore size is equal to or smaller than the gas molecule, an energetic barrier is 

present that needs to be overcome for the transport of gas molecules. This is denoted as the 

activated regime. As pore size decreases below the molecular pore size, the activated 

regime has a lower Aeff and permeation constant, whereas the steric regime has a higher 

Aeff and permeation constant. 

The Lennard-Jones potential is a simplified model that is used to describe the interactions 

between non-binding atoms/molecules and is dependent on the distance by which they are 

separated9. Assuming a rigid pore with fixed atoms, this model can be used to approximate 

the molecule-pore interaction (Eq. 1.6).   
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𝐸 ≈
𝜋𝐷𝑐

𝑎
4𝜀 [(

𝜎

𝐷𝑐∕2
)

12

− (
𝜎

𝐷𝑐∕2
)

6

] ≈
4𝜋𝜀𝐷𝑐

𝑎
(

𝜎

𝐷𝑐∕2
)

12

   (1.6) 

where E is the barrier height, a is the distance between adjacent atoms on the pore rim, ε is 

the depth of the potential well, σ is referred to as the size of the particle, Dc/2 is the distance 

from the center of the pore to the center of the atoms that make up the pore, and πDc/a 

provides the average number of atoms present on the pore rim (Fig. 1.11).  

𝐴𝑒𝑓𝑓

𝐴𝑝𝑜𝑟𝑒
≈

1

2
ⅇ𝑟𝑓𝑐 (√

𝐸

𝑘𝐵𝑇
)    (1.7) 

where kB is the Boltzmann constant. 

Eq. 1.7 is used to calculate the effective pore size, which can be obtained after assuming 

that all gas molecules with kinetic energies that can exceed the barrier height in Eq. 1.6, 

can cross the pore.  

 

Figure 1.11: Illustrates the steric and activated regime mechanisms for gas transport. 

Reprinted by permission from Springer Nature and Copyright Clearance Center: Springer 

Nature, Nature Nanotechnology, Ref. [9], Copyright 2017. 

Given two different gas molecules, three possible scenarios exist A) In the case of large 

pores, high selectivity cannot be achieved as transport of both gases is through the steric 

regime. B) When pore size is larger than one gas (activated regime) but smaller than the 

other (steric regime), high permeance and selectivity can be achieved via molecular 

sieving. C) For small pores, transport only occurs in the activated regime, providing very 

high selectivity but low permeance due to the dependence of energy barrier on pore size9.  



24 

 

 

In 2012, Koening et al.65 was the first to report experimental evidence of molecular sieving 

through porous graphene. For the experiment, a single pore was created in bilayer graphene 

(initially impermeable) using ultraviolet/ozone etching. The material was then charged 

with various gases creating a nanoballoon, after which the rate of deflection was monitored 

using atomic force microscopy (AFM). In agreement with theoretical studies, selectivity 

above 10,000, and permeance in the range of 10-23 to 10-21 mol/Pa*s was observed65. It is 

important to perform controlled experiments as it highlights unaccounted parameters or 

fluctuations that do not occur in simulations.  

 Industrial Applications of Gas Separation Membranes  

Major industrial applications for gas separation membranes include hydrogen separation, 

separation of carbon-dioxide and water from natural gas, nitrogen, and organic vapor from 

air28. Over the years, hydrogen gas has become widely used in chemical, metallurgy, and 

electronic sectors, so demand for efficient hydrogen gas production is at an all-time high. 

It has also been deemed the energy carrier of the future because it can be used as fuel for 

zero-emission vehicles, as when H2 combusts, it only produces water (clean energy)66. The 

primary method of hydrogen production is via steam-methane reforming, as other 

processes have a high cost of production (e.g., electrolysis) or are still at the laboratory 

scale (e.g., thermochemical water splitting). In steam-methane reforming, natural gas 

methane (CH4) reacts with high-temperature steam (over 700oC) under pressure (3-25 bar) 

in the presence of a catalyst to produce hydrogen, carbon dioxide, and carbon monoxide67. 

Separating hydrogen from these species is important for its usage and storage, but current 

membranes require high temperatures, increasing the cost of production while providing 

non-optimal permeance and selectivity68. However, membrane gas separation using 

graphene or intrinsically porous atomically thin membranes can significantly reduce 

energy consumption and cost while providing maximum achievable permeance and high 

selectivity69.  
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Figure 1.12: Pyramid illustration highlighting the expansion of applications in hydrogen 

energy. Obtained from Ref. [66]. 

 Thesis Goals and Objectives  

Interest in graphene as a separation membrane material is evident for a wide range of 

applications, such as desalination, carbon capture, and hydrogen production. Graphene 

membranes promise hundreds of times higher production rates than conventional polymer 

membranes while maintaining the low operating costs that make membrane-based 

separation processes attractive. Being a single atom thick, graphene can support holes the 

size of small molecules, creating a molecular sieve that allows smaller molecules to pass 

through while completely blocking larger molecules. Its thinness also imposes minimal 

resistance to fluid flow enabling high production rates, resolving the major performance 

limitation of conventional polymer membranes in industrial applications. 

Unfortunately, the lattice structure of graphene is so densely packed that it is inherently 

impermeable to gases and liquids. Methods like electron-beam irradiation and chemical 

etching must be used to generate nanometer-scale pores in graphene sheets to make them 

selectively permeable. However, creating trillions of sub-nanometer holes per square 

centimeter of the same size has proven difficult. My project aims to develop atomically 

thin membranes that solve this problem by replacing the graphene layer with an 

intrinsically porous 2D polymer. Such materials naturally have a high density of sub-

nanometer pores repeated exactly over their entire surface area, circumventing the pore 
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creation challenge in graphene. The synthesis and measurement tools I developed will 

provide a framework to explore the performance of other intrinsically porous graphene-

like materials, which will be selective to different molecules and extend the range of 

separation applications possible from atomically thin membrane technology.  

Chapter 2 will explain the experimental techniques and instruments used in this thesis (e.g., 

Atomic Force Microscopy, Schlenk line, etc.). Chapter 3 directs its focus on developing 

membranes made from 2D polyphenylene – also known as porous graphene. Unlike 

graphene, single layers of 2D polyphenylene are not commercially available. Thus, the first 

phase of my research project covers the synthesis of this material and the challenges faced 

to obtain the monomer, hexaiodo-substituted cyclohexa-m-phenylene (CHP). In chapter 4, 

the experimental design and development of graphdiyne (GDY) membranes are expanded 

on. Chapter 5 details theoretical and computation work exploring convection-diffusion 

through an infinitely thin orifice plate, a model for a graphene pore, using the 

computational fluid dynamics (CFD) software OpenFOAM (Open-source Field Operation 

and Manipulation)70 and ANSYS Fluent71. Finally, Chapter 6 will conclude and provide 

future directions for this work.  
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Chapter 2  

2 General Experimental Techniques and Equipment 

 Organic synthesis  

2.1.1 Glove Box and Schlenk Line 

Glove boxes are sealed compartments designed to permit manipulation (via attached 

gloves) of certain chemicals in an inert atmosphere. They are used to protect chemicals 

sensitive to air or water vapor, and people from being exposed to hazardous materials1. 

However, to maintain the inert atmosphere, not all reagents and solvents are permitted in 

the glove box, and certain experiments that require heating or cooling are also challenging 

to perform1. Under these circumstances, a Schlenk line is frequently used to synthesize 

air/water-sensitive materials. In a typical Schlenk line, a vacuum manifold is connected to 

a vacuum pump, and an inert gas manifold is connected to a source of inert gas (usually 

argon)2. To visually monitor the inert gas coming out of the manifold, a bubbler is used. A 

liquid nitrogen trap is used to protect the vacuum pump by condensing any solvent vapors. 

Finally, the double oblique stopcocks allow for an easy switch between vacuum or inert 

gas, and the tubing is connected to a Schlenk flask in which the reaction occurs2. 

 

Figure 2.1: A typical Schlenk line set-up. Image was obtained from Ref. [2]. 
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 Methods of Characterization 

2.2.1 Nuclear magnetic resonance (NMR) Spectroscopy and Mass 
Spectrometry (MS) 

NMR Spectroscopy and MS are both powerful techniques used to identify and analyze 

organic compounds3,4.  NMR spectroscopy is based on atomic nuclei that have a spin and 

are electronically charged. In the presence of a strong magnetic field, these nuclei will 

behave like magnets. At a broad spectrum of radio frequencies, nuclei resonate at their 

frequencies3. However, when a resonating frequency is applied, these nuclei absorb this 

energy and undergo a “spin-flip” to align themselves against the field and reach a higher 

energy state5. The signal from these frequencies is used to create an NMR spectrum, where 

the height of a peak (intensity of the signal) represents the number of resonating nuclei. In 

organic synthesis, 1H, 13C NMR are commonly obtained as they are present in all organic 

molecules; other nuclei with an odd number of protons/neutrons (31P) also display this 

property5. Chemical shifts in the spectrum are usually caused by the presence of 

electronegative atoms (such as fluorine) that remove the electron density from the nuclei 

of interest, causing it to be deshielded (moving downfield of the NMR spectrum)3. As 

nuclei are affected by the orientation of neighboring nuclei, their signal can split depending 

on the number of protons present on the adjacent carbon atom. For example, three 

neighboring hydrogen atoms can split the signal into four peaks (also known as a quartet)3.  

 

Figure 2.2: 1H NMR spectrum for chloroethane, showing chemical shifts that correspond 

to the two proton signals.  Note deshielding of protons near the electronegative chlorine 

atom. Reproduced from Ref. [6]. 
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In MS, molecular compounds in gaseous form are ionized and broken into fragments using 

a high-energy electron beam. The ion fragments are then sorted based on their mass-to-

charge (m/z) ratio4. An electric current signal, that is proportional to the intensity of 

charged ions, is detected and used to produce a MS spectrum (m/z vs. relative abundance)7. 

  

Figure 2.3: (left) A schematic illustration of mass spectrometry. Obtained from Ref. [8] 

(right) Results obtained from a MS spectrum. Reprinted from Ref. [9], Copyright 1999, 

with permission from Elsevier.  

2.2.2 Scanning electron microscopy (SEM) 

SEM is an electron microscopy technique that exposes the sample to a high-energy electron 

beam and provides information about the size, shape, texture, composition, and more. This 

is achieved by using a high-energy beam with the sample to produce secondary electrons, 

backscatter electrons, and characteristic X-rays10. Secondary electrons (low energy) 

originate from the sample's surface and are used to study the surface morphology, and result 

in the highest resolution. Backscatter electrons (high-energy) are reflected from the sample 

because of elastic scattering by atoms and reveal chemical compositional differences11. 

The collected signals by detectors form images that can be resolved to as low as 1-20nm. 

Unlike light microscopes, electron microscopes are not limited by the wavelength of the 

visible spectrum of light, and electrons can attain shorter wavelengths resulting in better 

resolution10. SEM combined with energy-dispersive x-ray spectroscopy (EDS or EDX), 

also known as SEM-EDX, uses emitted X-rays from the sample to show the material's 

elemental composition. In addition, SEM combined with a focused ion beam (FIB), also 
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called SEM-FIB, uses an ion beam instead of an electron beam. This ion beam is usually 

made up of gallium ions and can directly modify the sample’s surface (with nanometer 

precision) via sputtering12.  

a) b)  

Figure 2.4: a) Schematic illustration of SEM showing the origin of electron beam, 

backscatter, and secondary electron detector. Image was obtained from Ref [13]. b) 

Diagram of gallium ions milling the surface of a sample, and the production of secondary 

electrons which can be used for imaging. Reproduced from Ref. [13]. 

2.2.3  Atomic Force Microscopy (AFM) 

AFM is a powerful high-resolution scanning probe microscope that can image 3D 

topography to give height information at the nanoscale and provide various types of surface 

measurements with minimum sample preparation14. AFM uses a sharp tip attached to a 

cantilever to scan over the sample surface line by line, when the tip approaches the surface, 

attractive forces between the surface and the tip make the cantilever deflect towards the 

surface13. On the other hand, when the tip contacts the surface, reflective forces deflect the 

cantilever away from the surface. By reflecting an incident laser beam off the top of the 

cantilever, these deflections will change the direction of the reflected beam, which is then 

measured using a position-sensitive photodiode15. In comparison to SEM, AFM does not 

need a vacuum and can provide height data. However, some disadvantages include its 

longer scan time and limitation of scan size to be in the micrometer scale instead of SEM’s 

millimeter scale13,14.  
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Figure 2.5: AFM scanning setup showing the how the laser light travels from the light 

source, bounces off the AFM probe and then hits the photodiode. Reproduced from Ref. 

[15]. 

AFM has three modes of operation, namely contact mode, tapping mode, and non-contact 

mode16. In contact mode, the tip contacts the surface, and a feedback circuit is used to 

adjust the probe height to maintain a constant force. This mode is fast but can damage the 

sample17. In non-contact mode, the cantilever oscillates slightly above the resonant 

frequency and comes near the surface but does not make contact. This mode applies 

minimal force to the sample, so it is good to use for very soft samples, but this results in 

very low scan speeds16,17. 

On the other hand, in tapping mode, the cantilever oscillates at or below its resonant 

frequency. It maintains an oscillation amplitude in the range of 20 to 100nm16. Here 

frequency and amplitude of the driving signal are kept constant. Therefore, forces like van 

der walls change the amplitude when the tip comes close to the surface17. Consequently, a 

feedback circuit adjusts the probe height to maintain a constant amplitude of oscillation. 

Hence, tapping mode can be described as intermittent contact of the tip with the sample 

surface16,17,18. This method was used for all imaging done in Chapter 4 as the low forces 

cause less damage to samples and the scan rates are not as slow as non-contact mode18.   
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Chapter 3  

3 Developing 2D Polyphenylene Membranes 

 Introduction 

This project aimed to develop membranes made from 2D polyphenylene, also known as 

porous graphene, and perform the first experiments to measure fluid flow rates through 

sub-nanometer pores of known structures in an atomically thin material. Unlike graphene, 

single layers of 2D polyphenylene are not commercially available; therefore, the first phase 

of my research project involved the synthesis of this material. Covalent 2D polyphenylene 

networks form by crosslinking hexaiodo-substituted cyclohexa-m-phenylene (CHP), 

which happens by silver-promoted aryl-aryl coupling under ultrahigh vacuum 

conditions1,2. Moreover, synthesis of the CHP monomer is a multi-step process3, which is 

explained thoroughly in Section 3.2. As of 2020, this procedure was the only way to 

synthesize 2D polyphenylene, and there is a need to develop a more straightforward 

method to make bulk production possible3.         

Though the CHP monomer was successfully synthesized in the end; synthesis of the 

material was and continues to be suspended as a thermal evaporator4 with the required 

conditions was not available due to pandemic restrictions and new operating policies, 

further delaying the progress of this project. In the next section, I discuss the multi-step 

synthesis of the CHP monomer. I discuss the reaction mechanisms, challenges faced, and 

how they were overcome for each step – in detail. 

 Synthesis of Hexaiodo-substituted cyclohexa-m-
phenylene (CHP) 

A Schlenk line was used to perform each reaction under an air and moisture free 

environment, since the dual manifold of a Schlenk line allows connection to a purified inert 

gas (argon) and a vacuum pump5. After each reaction, the synthesized products were 

concentrated in vacuo using a rotary evaporator and allowed to crystallize overnight in the 

fridge. The products were dissolved in deuterated chloroform (CDCl3), dichloromethane 

(CD2Cl2), or acetone (CD3)2CO) and then submitted to NMR (Bruker Avance III HD 400) 
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spectrometer to obtain 1H and 13C NMR. The NMR spectra were then analyzed using a 

spectral data analysis software named Mestre Nova. 

 

Scheme 1: Synthesis of hexaiodo-substituted cyclohexa-m-phenylene (CHP). 

3.2.1 Synthesis of 1,3-dibromo-5-(trimethylsilyl)benzene 

In this step, commercially available 1,3,5-tribromobenzene (Millipore-Sigma, 98%, CAS 

626-39-1) is being converted into 1. To achieve this, one of the bromines on benzene 

undergoes a halogen-metal exchange, wherein n-butyllithium [n-BuLi] (Millipore-Sigma, 

CAS 109-72-8, 1.6 M in hexanes) performs a nucleophilic attack on bromine to make an 

organolithium6. This occurs because the resulting organolithium has a pKa of 43 [Ref 7], 

which is less basic and more stable than starting butyllithium with a pKa of 50 [Ref 8]. To 

ensure n-BuLi only attacks one of the bromines, and not all the bromines on the benzene, 

slow-addition and cold temperatures are used to slow down the reaction. Thus, the 

probability of the same molecule being attacked more than once decreases. Next, 

chlorotrimethylsilane (Millipore-Sigma, >99%, CAS 75-77-4) is slowly added to the 

mixture, where the double bond on the lithiated side of the benzene then promotes a 

nucleophilic substitution reaction by attacking the electrophilic chlorotrimethylsilane, 
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making chlorine leave and pair with lithium to form lithium chloride9. The general purpose 

of synthesis in this step was to protect one of the reactive sites of the benzene with a 

trimethylsilyl (TMS) protecting group so that the other sites can be manipulated while 

keeping this site unreacted10. This site can be easily deprotected when needed and will be 

seen in Section 3.2.6.   

The initial synthesis procedure was obtained from Gong et al., where 2.6 M n-BuLi 

dissolved in tetrahydrofuran (THF) was added to the commercially available 1,3,5-

tribromobenzene (1:1 molar ratio)11. It was expected that this would produce needle-like 

crystals, but it produced a viscous dark-brown liquid. The NMR Spectroscopy (Fig. 3.1 

top) also shows multiple peaks representing impurities and minimal signs of product. It 

appears that due to a high concentration of n-BuLi (2.6 M), multiple sites were lithiated, 

resulting in undesired product formation. Therefore, Ye et al.'s modified version of the 

procedure was tested12 – though instead of a 1:2 molar ratio between the starting material 

and the low concentration n-BuLi (1.6 M), a 1:1 molar ratio was maintained. This 

procedure was successful and produced the desired product but also other impurities. 

Surprisingly after 24 hours in the fridge, needle-like crystals formed, separating from the 

produced dark-yellow liquid mixture. NMR spectroscopy (Fig. 3.1 bottom) showed that 

the needle-like crystals were a pure form of the product, whereas the leftover liquid had 

impurities. To further clean these crystals, they were washed with cold methanol, yielding 

white needle-like crystals. In addition, it was found that the reaction reaches completion 

within 1 hour and does not have to be stirred overnight.  
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Figure 3.1: (top) 1H NMR spectra of 1 using procedure by Gong et al.11, showing 

multiple impurities and minimal product (bottom) 1H NMR spectra of purified 1 using a 

modified version of Ye et al.12, where • • are signals from aryl group, • TMS protecting 

group and ★ chloroform solvent peak. 

Experimental Procedure 

1,3,5-tribromobenzene (12.0 g, 38 mmol) was dissolved in 

anhydrous diethyl ether (250 mL) and cooled to -78oC in a 500 mL 

round-bottom flask. To this solution, n-BuLi (15 mL, 38 mmol, 

1.6 M in hexane) was added dropwise, and the solution was stirred 

for 30 min. Then, chlorotrimethylsilane (7 mL, 55 mol) was added dropwise over about 10 

min. The solution was warmed to room temperature and stirred for 1 hour. Water (15 mL) 

was added to the solution, and the organic layer was separated and washed with brine then 

dried over magnesium sulfate. The removal of solvent gave white needle-like crystals 

(Appendix 3), which were further washed with cold methanol (yield 7.23 g, 62%). 1H NMR 



44 

 

 

(CDCl3, 400 MHz) 𝛿 7.64 (1H, t), 7.51 (2H, d), 0.27 (9H, s). 13C NMR (CDCl3, 100 MHz) 

𝛿 146.1, 134.5, 134.2, 123.2, -1.35. 

3.2.2  Synthesis of 1,3-diiodo-5-(trimethylsilyl)benzene 

In this step, 1 is being converted into 1,3-diiodo-5-(trimethylsilyl)benzene. Like step 1, 

bromine undergoes a halogen-metal exchange to make an organolithium6. Similar to n-

BuLi, a strong base like tert-butyllithium (also known as T-BuLi) is used to perform a 

nucleophilic attack on bromine as selectivity is not an issue and the nucleophilic attack 

occurs on both bromines. T-BuLi (Millipore-Sigma, CAS 594-19-4, 1.7 M in pentane) is 

extremely reactive and can degrade quickly in ether solvents; therefore, these reactions are 

conducted at very low temperatures13. After lithiation, an iodine solution is added to the 

mixture, where again, the double bond on the benzene promotes a nucleophilic substitution 

reaction by attacking the electrophilic iodine bond9. The attack pushes out one of the 

iodine, which then pairs with lithium to form lithium iodide. This repeats until both 

lithiated sides have been substituted with iodine. The purpose of this step is to make a R-

halogen (X) compound that will be later used in 3.2.4 for a Suzuki cross-coupling 

reaction14. Pisula et al.’s procedure was used to synthesize 2 successfully (Fig. 3.2)3. 

 

Figure 3.2: 1H NMR spectra of purified 2, signal indication: • • aryl group, • TMS 

protecting group and ★ dichloromethane solvent peak. 
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Experimental Procedure 

1,3-Dibromo-5-(trimethylsilyl) benzene (2.10 g, 6.8 mmol) was 

dissolved in anhydrous diethyl ether (70 mL) and cooled to -78°C in 

a 250 mL round bottom flask. To this solution, T-BuLi (16 mL, 

27 mmol, 1.7 M in pentane) was added dropwise, and the solution 

was stirred for 30 min. After which, the reaction was brought to room 

temperature and stirred for an additional hour. Then, a mixure containing iodine (7.2 g, 

28 mmol) and diethyl ether (40 mL) was slowly added to the solution. The reaction was 

then stirred overnight at room temperature. The organic phase was washed with water, 

aqueous sodium bisulfite, and ammonium chloride, then dried with magnesium sulfate. 

After solvent removal, the obtained product was filtered over a silica column with hexanes, 

and a yellow crystalline material (Appendix 4) was obtained (yield 1.88 g, 70%). 1H NMR 

(CD2Cl2, 400MHz) 𝛿 8.05 (t, 1H), 7.77 (d, 2H), 0.25 (s, 9H). 13C NMR (CD2Cl2, 100MHz) 

𝛿 147.0, 145.3, 141.0, 96.0, -1.7.  

3.2.3 Synthesis of 3-bromo-5-(trimethylsilyl)phenylboronic acid 

In this step, 1 is converted into 3-bromo-5-(trimethylsilyl)phenylboronic acid. Here, n-

BuLi selectively lithiates one of the bromines via a halogen-metal exchange at very cold 

temperatures6. After which, the double bond on the benzene attacks the boron on tri-

isopropyl borate (Millipore-Sigma, 98%, CAS 5419-55-6) and breaks an ester bond15. The 

intermediate is stable until hydrochloric acid (HCl) is added to the solution, where the 

chlorine nucleophile attacks the carbon (linked to the oxygen), breaking the carbon-oxygen 

bond. The neighboring hydrogen bonds stabilize the oxygen and form boronic acid. This 

step is a crucial component to the Suzuki cross-coupling reaction14 presented in Section 

3.2.4.  

Pisula et al.’s procedure was used to synthesize 3, where certain modifications were made 

to maximize yield and minimize impurities3. In the initial synthesis, after adding n-BuLi, 

the solution was stirred at room temperature. However, as the quantities used in this test 

reaction were small, the reaction reached equilibrium quickly, encouraging undesired side 

reactions such as lithiation of both sides. To prevent this, the temperature was maintained 
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at -78°C until all the reagents were added and then it was slowly warmed to room 

temperature. In addition, the obtained amorphous solid was washed with water and hexanes 

to clean the product further (Fig. 3.3).  

 

Figure 3.3: 1H NMR spectra of cleaned 3, signal indication: ••• aryl group, • boronic 

acid, • TMS protecting group and ★ acetone solvent peak. 

Experimental Procedure 

1,3-Dibromo-5-(trimethylsilyl) benzene (8.0 g, 26 mmol) was 

dissolved in anhydrous diethyl ether (120 mL) and cooled to -78°C 

in a 250 mL round-bottom flask. To this solution, n-BuLi (16 mL, 

26 mmol, 1.6 M in hexane) was added dropwise, and the solution 

was stirred for 1 hour. Then, tri-isopropyl borate (12 mL, 52 mmol) was quickly added, 

and the mixture was slowly warmed to room temperature and stirred overnight. The 

reaction was stopped by adding 10% aqueous HCl. The organic phase was separated, 

washed with water, and dried with magnesium sulfate. After solvent removal, a white 

amorphous solid (Appendix 5) was obtained, which was further washed with water and 
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hexanes (yield 6.65 g, 94%). 1H NMR ([D6] acetone, 400 MHz) 𝛿 8.06 (1H, t), 7.98 (1H, 

dd), 7.70 (1H, d), 7.38 (2H, s), 0.29 (9H, s). 

3.2.4  Synthesis of 5,3’’-dibromo-3,5’,5’’-tris-trimethylsilyl-1,1’;3’,1’’-
terphenyl (m-terphenyl derivative) 

In this step, 2 and 3 are coupled to make a m-terphenyl derivative. It utilizes the Suzuki 

cross-coupling catalytic cycle, which couples a boronic acid and an organohalide using a 

palladium (0) catalyst and a base16. Compared to other cross-coupling reactions, Suzuki 

coupling reactions are preferred because they are relatively mild, and their reagents are 

easy and inexpensive to prepare17. The catalytical cycle involves three main steps, namely 

oxidative addition, transmetalation, and reductive elimination. In the oxidative addition 

step, an organohalide couples with the palladium catalyst 

(Tetrakis(triphenylphosphine)palladium (0), Millipore-Sigma, 99% CAS 14221-01-3), 

which undergoes oxidation from palladium (0) to palladium (II)16. This forms an 

organopalladium complex where a carbon-halogen bond is broken, and palladium inserts 

itself between the R group and the halogen. In the transmetalation, an organoborane reacts 

with the intermediate palladium (II) complex that formed after adding a base, resulting in 

a ligand transfer. Lastly, in reductive elimination, the palladium (II) complex eliminates 

the two R groups, and a carbon-carbon bond is formed while palladium (II) returns to 

palladium (0)16,17. Pisula et al.’s procedure was used to successfully synthesize 4 (Fig. 

3.5)3. 
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Figure 3.4: Catalytic cycle for a general Suzuki cross-coupling reaction, which was used 

for the synthesis of the m-terphenyl derivative. Obtained from Ref. [18]. 

 

Figure 3.5: A. 1H NMR spectra of purified 4, signal indication: ••• aryl group, ••TMS 

protecting group and ★ acetone solvent peak. B. and C. 1H NMR spectra of undesired 

eluents obtained during column chromatography. 
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Experimental Procedure 

3-Bromo-5-(trimethylsilyl) phenylboronic acid 

(1.36 g, 5 mmol), 1,3 diiodo-5-(trimethylsilyl) 

benzene (1.00 g, 2.5 mmol), and potassium carbonate 

(10.9 g) were dissolved in a mixture of toluene 

(82 mL), water (41 mL), and ethanol (6 mL) in a 

250 mL round bottom flask. The solution was then degassed with Argon gas for 30 min. 

After which, Tetrakis(triphenylphosphine)palladium (0) (0.14 g, 0.1 mmol) was added and 

the mixture was stirred at room temperature for 48 hours. The organic phase was separated, 

washed with water, and dried with magnesium sulfate. After solvent removal, the residue 

was purified by preparative column chromatography (silica gel, hexane, Rf = 0.4) to obtain 

a colorless solid (1.0 g, 50%) (Appendix 6). 1H NMR (400 MHz, CD2Cl2) 𝛿 7.77 (dd, 2H), 

7.69 (s, 3H), 7.67 (dd, 2H), 7.65 (dd, 2H), 0.36 (s, 9H), 0.32 ppm (s, 18H); 13C NMR (75 

MHz, CD2Cl2) 𝛿 144.8, 143.3, 142.7, 140.5, 135.2, 132.0, 131.2, 130.9, 127.2, 123.4, -1.2. 

3.2.5  Synthesis of 5,5’,5’’,5’’’,5’’’’,5’’’’’-hexatrimethylsilylhexa-m-
phenylene 

In this step, 4 undergoes an aryl-aryl coupling with itself to make hexatrimethylsilylhexa-

m-phenylene. This is possible due to Yamamoto coupling, where a carbon-carbon bond of 

aryl halogenide compounds forms via the mediation of transition metal complex 

bis(cyclooctadiene)nickel (0), also known as Ni(cod)2 (Millipore-Sigma, >95%, CAS 

1295-35-8)19. The mechanism is shown in Fig. 3.6, with the main steps being oxidative 

addition, disproportionation, and reductive elimination20. In the oxidative addition step, a 

halogen functionalized monomer couples with nickel (0), which undergoes oxidation to 

form a palladium (I) and (II) complex. The addition of 2,2’-bipyridine [BPY] (Millipore-

Sigma, 99%, CAS 366-18-7), an auxiliary ligand, makes oxidative addition easier by 

forming a Ni (cod)(BPY) complex21. After which, disproportionation of the two complexes 

of nickel occurs. In this type of reaction, two molecules of the same species react to give 

two different species20. A polar solvent like DMF at 60-80 oC makes disproportionation 

easier and liberates BPY at room temperature21. Then, reductive elimination of nickel (III) 

complex leads to Ni (0) regeneration and the desired product 5. In the end, when aryl-aryl 
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bonds form, nickel is consumed, and thus, an excess of Ni(cod)2 is used to maximize the 

yield20. Compared to other coupling mechanisms (such as Suzuki cross-coupling), 

Yamamoto coupling is a simple reaction that only requires a singly halogen functionalized 

monomer. Moreover, since the monomer lacks the flexibility to pack efficiently, this 

reaction can create sufficient free volumes and prepare ultra-high porosity solids19.  

Pisula et al.’s procedure3 was used to synthesize 4. Here 1,5-cyclooctadiene [cod] 

(Millipore-Sigma, >98%, CAS 1552-12-1) was added to stabilize the nickel transition 

complex. In the initial reactions, an incorrect amount of cod was used. The excess cod did 

not allow BPY to bind to the nickel transition complex, and thus, the reaction did not 

proceed. This issue was corrected, but the reaction still did not progress. As Ni(cod)2 is 

extremely sensitive to light, air, and water, extra precautions were taken22, such that it was 

only used in a glove box and covered with aluminum foil. It was suspected that DMF 

solvent had some water that could cause rapid degradation of the nickel complex, thus, 

DMF was dried over 4 Å molecular sieves (pellets, 1.6 mm diameter, Millipore-Sigma, 

CAS 70955-01-0) before use. Still, the reaction did not progress, so a longer approach that 

utilized the Suzuki cross-coupling reaction was attempted17.  
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Figure 3.6: A. General reaction scheme for a Yamamoto coupling reaction used in the 

synthesis of hexatrimethylsilylhexa-m-phenylene. Republished with permission of Royal 

Society of Chemistry from Ref. [20]; permission conveyed through Copyright Clearance 

Center, Inc. B. Important intermediate steps in Yamamoto coupling, where Ph is a phenyl 

group. Reprinted from Ref. [21], Copyright 1992, with permission from Elsevier. 

As mentioned earlier, the Suzuki cross-coupling reaction requires an organohalide and a 

boronic species. Since an organohalide has already been synthesized, some of that can be 

converted into a boronic ester. For these reactions, selecting the correct kind of boron 

reagent is essential to ensure that reaction progresses well. Boron reagents are usually 

assessed based on their nucleophilicity, and boronic acids and esters are commonly 

employed23. Note that in 3.2.4, a boronic acid was used, but here a boronic ester is being 

used. Boronic acids are known to have enhanced reactivity and are highly susceptible to 

oxidation and protodeboronation; on the other hand, boronic esters are more stable and 

often used as replacements for unstable boronic acids23.  

Scheme 2 shows the alternate reaction scheme to synthesize hexatrimethylsilylhexa-m-

phenylene. In the first step, boronic acid is synthesized using the procedure highlighted in 

Section 3.2.3. For the second step, boronic acids were converted into boronic esters using 

the procedure from Xie et al.24 Under acidic conditions, oxygen on pinacol conducts a 

nucleophilic attack on the hydrogen on the boronic acid, yielding water25. Thus, water 

becomes a leaving group, and the pinacol intermediate stabilizes the oxygen on the boron. 
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This process repeats on both sides until both acidic sites have been replaced, forming a 

boronic ester. As water is the only leaving group, this process can be easily reversed with 

the addition of water26. In the last step, Suzuki coupling (like in Section 3.2.4) can be used 

to produce 5.  

 

Scheme 2: Alternate reaction scheme to synthesize hexatrimethylsilylhexa-m-phenylene 

by converting some of 4 to a boronic ester and then cross-coupling the two. 

Boronic acid species of m-terphenyl derivative were successfully synthesized. However, 

the initial reaction was stirred for two days, and 1H NMR in solvent CD2Cl2 (Fig. 3.7C) 

showed the formation of more impurities, which made it difficult to assess product 

formation. The reaction time was then reduced to overnight instead of two days, and the 

1H NMR in solvent CD2Cl2 showed fewer impurities (Fig. 3.7B), but it was still difficult 

to see if any product had formed. Conducting 1H NMR in solvent CDCl3 (Fig. 3.7A) caused 

a shift in the impurities and made the boronic acid peak more visible. Other procedures 

also confirmed their boronic acid peak using CDCl3 as their solvent27,28.  
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Figure 3.7: A. 1H NMR spectra in CDCl3 showing the formation of boronic acid species, 

signal indication • aryl group, ••TMS protecting group, • boronic acid, and ★ solvent. B. 
1H NMR spectra in CD2Cl2 after stirring overnight (less impurities) C. 1H NMR spectra 

in CD2Cl2 after stirring for two days (more impurities). 

Boronic esters were successfully synthesized (Fig. 3.8) using the procedure from Xie et 

al.24 As mentioned before, this reaction can be easily reversed by adding water. In this 

reaction, water is being produced as a leaving group, making it difficult to form the product. 

A water quencher was needed to solve this problem, and thus 4 Å molecular sieves were 

used to quench any water that formed during the reaction. The difference in product 

formation with and without molecular sieves can be seen in Fig. 3.9. The last step was 

attempted again with Suzuki cross-coupling instead of Yamamoto coupling. However, the 

reaction still did not progress. This could be due to water formation and the reaction going 

backward, but more investigation is needed to assess the problems with this reaction26. 
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Figure 3.8: (top) 1H NMR spectra of the boronic ester species, signal indication ▴water, 

••TMS protecting group, and • boronic ester (bottom) 1H NMR spectra of boronic acid 

species, where • is boronic acid. 

 

Figure 3.9: (top) 1H NMR spectra of the boronic ester species without molecular sieves, 

where the dashed line shows very little product formation. (bottom) 1H NMR spectra of 

the boronic ester species with molecular sieves, shows more product formation. Signal 

indication • boronic acid, and • boronic ester.  
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Meanwhile, the original Yamamoto cross-coupling reaction was attempted again, with 

most of the steps being done inside the glove box. Extra precautions were taken while 

handling the nickel complex (such as dark surroundings), leaving no possibility of a leak 

during the transfer to the Schlenk flask. This ensured the successful formation of 5 (Fig. 

3.10).  

 

Figure 3.10: (top) 1H NMR spectra of the alternative synthesis route using Suzuki 

coupling. (bottom) 1H NMR spectra of the main synthesis route using Yamamoto 

coupling and the successful formation of 5. Signal indication • • aryl group, and • TMS 

protecting groups.   

Experimental Procedure 

2,2’-bipyridine (52 mg, 0.33 mmol), 1,5-cyclooctadiene 

(36 mg, 0.33 mmol, 40 𝜇L) and Ni(1,5-cyclooctadiene)2 

(91 mg, 0.33 mmol) were dissolved in anhydrous N-N-

dimethylformamide (DMF; 4 mL) and stirred for 30 min at 

80°C in the absence of light.  A solution of 5,3’’-dibromo-

3,5’,5’’-tris-trimethylsilyl-1,1’;3’,1’’-terphenyl (50 mg, 

8.3 mmol) in dry and degassed toluene (18 mL) was added 
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quickly. and the resulting mixture was stirred for three days at 80°C. The reaction was 

stopped by adding 10% aqueous HCl (1 mL). The organic phase was separated, washed 

with water, and dried with magnesium sulfate. After solvent removal, the residue was 

purified with preparative column chromatography (silica gel, petroleum ether, 

dichloromethane = 11:1; Rf = 0.4) to obtain a colorless solid (48 mg, 65%). 1H NMR (400 

MHz, CD2Cl2) 𝛿 8.28 (s, 6H), 7.92 (s, 12H), 0.43 ppm (s, 54H); 13C NMR (175 MHz, 

CD2Cl2) 𝛿 142.6, 141.3, 130.9, 128.5, -0.9 ppm. 

M-terphenyl derivative (0.1 g, 0.2 mmol) was dissolved in 

diethyl ether (1 mL) and cooled to -78°C. To this solution, 

N-BuLi (0.26 mL, 0.4 mmol, 1.6 M in hexane) was added 

dropwise, and the reaction mixture was stirred for 1 hour. 

After which, triisopropyl borate (0.15 mL, 0.7 mmol) was 

added quickly, and then the reaction was slowly warmed to room temperature overnight. 

The reaction was stopped by adding 10% aqueous HCl, and the organic phase was washed 

with water and dried with magnesium sulfate. After solvent removal, a white amorphous 

solid was obtained, which was further washed with water and hexanes (yield 0.08 g, 91%). 

1H NMR (CDCl3, 400 MHz) 𝛿 7.69 (dd, 2H), 7.62 (s, 3H), 7.60 (dd,  2H), 7.58 (dd, 2H), 

1.24 (s, 4H), 0.34 (s, 9H), 0.30 ppm (s, 18H). 

Boronic acid species of m-terphenyl derivative (0.05 g, 

0.1 mmol) and pinacol (0.02 g, 0.2 mmol) were added to a 

flask with 4 Å molecular sieves and dried diethyl ether 

(10 mL). The reaction mixture was stirred overnight and 

filtered through a short pad of celite, and the filtrate was 

condensed under vacuo to obtain a white solid (yield 

0.049 g, 80%) 1H NMR (CDCl3, 400 MHz) 𝛿 7.69 (dd, 2H), 7.62 (s, 3H), 7.60 (dd, 2H), 

7.58 (dd, 2H), 1.22 (s, 24H), 0.34 (s, 9H), 0.30 ppm (s, 18H). 

3.2.6  Synthesis of 5,5’,5’’,5’’’,5’’’’,5’’’’’-hexaiodohexa-m-phenylene  

In this step, the TMS groups on 5 were converted to hexaiodohexa-m-phenylene (monomer 

of 2D polyphenylene) using iodomonochloride (Millipore-Sigma, >95%, CAS 7790-99-0) 
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in an ipso substitution. In ipso substitution, benzene acts as a nucleophile and attacks iodine 

(strong electrophile) to form a charged intermediate29. The electronegative chlorine then 

attacks the silicon, forming trimethylsilyl chloride, a leaving group. This is followed by the 

elimination of the leaving group and regeneration of the aromatic ring29,30. The step aimed 

to remove all the TMS groups and replace them with reactive iodine, which aids in the 

synthesis of the polymer. Pisula et al.’s procedure3 was used to synthesize 6 successfully 

(Appendix 7). Since 6 is sparingly soluble, the NMR spectrum or mass spectrum could not 

be obtained. To perform elemental analysis, an amount greater than 10 mg – which was 

more than the yield – was needed to get an accurate measurement. In addition, combining 

the yield from different reactions would introduce impurities. Therefore, SEM-EDS 

analysis was performed. In this way, a trace amount of material was used. The elemental 

spectrum (Fig. 3.11) shows a greater presence of iodine, which points towards product 

formation. Other elements like silicon and chlorine are present in the trace, which is 

expected as trimethylsilyl chloride is the side product (leaving group). Note that the ratio 

of carbon to iodine could not be compared as the sample is placed on carbon tape for SEM 

analysis, skewing the ratio significantly.  
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Figure 3.11: (top) SEM image of the particle analyzed. (bottom) Elemental spectrum 

obtained from the X-ray detector with the weight and atomic % values for each element 

present in the inset.  

Experimental Procedure 

 In a glovebox, hexatrimethylsilylhexa-m-phenylene (50 mg, 

56 mol) was dissolved in dry and degassed chloroform 

(9 mL). To degas chloroform, a schlenk flask containing the 

solvent was purged with an inert gas (bubbling an inert gas 

through the solvent), where the buildup pressure was released 

using a needle. A solution of iodomonochloride (1 M, 0.22 g, 

1.35 mL) in dichloromethane was added in the absence of 
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light. The resulting mixture was stirred at room temperature for 18 hours and then stopped 

with concentrated, aqueous sodium thiosulfate (3 mL). The precipitate was vacuum filtered 

and washed extensively with chloroform, THF, water, and dried in vacuo to obtain a hardly 

soluble colorless powder (yield 6 mg, 12%) (Appendix 8).  

 Discussion and Future Directions 

After successful synthesis of the CHP monomer, the next steps involve cross-linking the 

monomer by silver-promoted aryl-aryl coupling under ultrahigh vacuum conditions1. Bieri 

et al.1 effectively developed polyphenylene networks by depositing CHP from a resistively 

heated quartz crucible to a silver substrate at 745 K. Surface-assisted coupling reactions 

were observed to begin at 575 K, and it was found that desorption of Ag-I does not occur 

until 805 K. In addition, they showed that surface-assisted aryl-aryl coupling reactions 

could be done on various substrates (such as gold and copper)2. This suggests that this 

method is a versatile way of designing 2D materials, modifying pore size and pore spacing 

of the network structure via the appropriate chemical design of the monomers. The 

dissociation of aryl halides is thermodynamically favored on metal surfaces because the 

carbon-halogen (C-I) bond is weaker than carbon-carbon or carbon-hydrogen bonds, in 

addition to a strong bond between the metal surface atoms and halogen1,2. 

 

 

Scheme 3: Silver-promoted aryl-aryl coupling of iodobenzene to biphenyl. Republished 

with permission of Royal Society of Chemistry from Ref. [1]; permission conveyed 

through Copyright Clearance Center, Inc. 

The deposition is done by utilizing a resistive thermal evaporation technique. A physical 

vapor deposition technique where the material in an ultrahigh vacuum is resistively heated 

using electrical energy31. The material is heated until it evaporates, and the vaporized 

molecules travel from the source to the substrate (such as silver) and deposit to form a thin-

film coating. These ultrahigh vacuum conditions are necessary to maintain film purity and 
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avoid undesired collisions with gas molecules that can change the direction of travel for 

the vaporized molecules and impact coverage31,32. 

 

Figure 3.12: Schematic of the resistive thermal evaporation technique. Reprinted from 

Ref. [31], Copyright 2013, with permission from Elsevier. 

Recently, Xu et al. proposed a method achieved bulk production of 2D polyphenylene 

networks (PPNs) through a solution-based Wurtz reaction33. A Wurtz reaction is a coupling 

reaction where two alkyl halides react together to form a higher alkane using metallic 

sodium. Here, they utilize a solvothermal environment to melt sodium (Na) pieces forming 

expanded bubbles. When these bubbles break, a large amount of smaller Na spheres are 

produced. This allows the Wurtz reaction to occur between Na and 1,3,5-trichlorobenzene 

(like the starting material used in 3.2: 1,3,5-tribromobenzene) on these Na spheres. Under 

ideal conditions, the intercoupling reaction between trichlorobenzene (TCB) occurs as 

NaCl precipitate is formed33. After which, the single formed layers of PPNs exfoliate from 

the surface when Na spheres are depleted. They pointed out that incomplete dechlorination 

of TCB may cause defects in these sheets under real reaction conditions33.  
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Figure 3.13: Reaction mechanism for the formation of PPN sheets using TCB and Na 

spheres. Reprinted with permission from Ref. [33]. Copyright 2019, American Chemical 

Society. 

In summary, the CHP monomer was successfully synthesized. The next steps include using 

the thermal evaporator to produce 2D Polyphenylene on a silver substrate. It was 

determined that the amount of material synthesized would be enough for three attempts on 

the thermal evaporator. Some future challenges include suspending and transferring the 

developed 2D material onto a silicon wafer and studying gas flow. In addition, the Wurtz 

reaction should be tested and compared to the method used by Bieri et al.1 as it is a fast and 

straightforward reaction that can self-assemble 2D PPNs. 
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Chapter 4 

4 Developing Graphdiyne Membranes 

 Introduction 

In this work, I evaluate the potential of graphdiyne (GDY) as a gas-separation membrane 

and perform measurements to study the flow of different gases through GDY at centimeter 

and micron-scale. I first developed centimeter-scale GDY membranes and studied their 

permeance and selectivity in a flow cell. Next, I developed a method to study the flow of 

various gases through a single GDY flake at micron-scale areas. Here, I positioned GDY 

over a ~10 nm hole in graphene that is suspended over a 5 µm diameter cavity (Fig. 4.1), 

as well as measuring flow rates by charging the cavity with gas and monitoring the rate at 

which the graphene deflates on an atomic force microscope (AFM). Where prior studies 

have only measured graphene permeance in this way, I have extended the technique to 

measure inherently porous materials. The concept is to use the impermeability of graphene 

to create a nanoballoon by sealing a microcavity. The graphene will deflect when 

pressurized, and by measuring the change in deflection as the nanoballoon deflates, the 

flow rate can be measured. A ~10 nm hole is then created in the graphene and is covered 

with the permeable GDY to be measured. Using a much larger graphene area than GDY 

area provides sufficiently large deflections at low enough flux to resolve the flow rates. 

The nanoballoon is made primarily of graphene because the GDY is highly permeable. If 

GDY was suspended over the entire cavity, the nanoballoon would deflate too fast to 

measure any gases by AFM. The results inform future development efforts on inherently 

porous atomically thin membranes.  

In the following sections, I discuss each step in the development of the GDY membrane. 

After which, I present the permeance and selectivity data from the flow cell, and membrane 

deflation data obtained from AFM after charging the membrane with gases like helium 

(He), nitrogen (N2), argon (Ar), methane (CH4), and sulfur hexafluoride (SF6). Lastly, I 

highlight some future improvements that could ensure more accurate measurements. 
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Figure 4.1: Measurement setup for gas flow through Graphdiyne (yellow), which covers 

a 10 nm-diameter hole in inflated graphene (grey) over a cavity in a silicon wafer (blue).  

 Centimeter-Scale GDY Membranes in a Flow Cell 

I evaluated GDY’s potential as a gas-separation membrane by measuring the permeance 

and selectivity of centimeter-scale graphdiyne (GDY) membranes in a flow cell2. At this 

scale, we better understand how selective GDY can be when we simultaneously look at 

multiple flakes. Exfoliated GDY flakes were deposited on a 10 nm diameter pore 

polycarbonate track etch membrane (PCTEM)3 via vacuum filtration – the details of GDY 

exfoliation methods are highlighted in section 4.2.1A. The membrane was then placed in a 

flow cell and permeance and selectivity values were obtained (more details in section 

4.2.1B). The measurement values and observations are discussed in section 4.2.2.  

4.2.1 Experimental Design and Methods 

Commercially available GDY was purchased from ACS Materials and was viewed using 

AFM and SEM. This helped distinguish dust particles or other impurities from GDY.  
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Figure 4.2: A. Chemical structure of GDY. Reprinted with permission from Ref. [4]. 

Copyright 2018, Taylor & Francis. B. SEM image of GDY powder on a silicon wafer. 

A. Graphdiyne Exfoliation 

Here the aim is to exfoliate GDY powder and create ultra-thin graphdiyne flakes. As 

mentioned in Chapter 1, the synthesis of large-area ultrathin GDY films with high quality 

and uniformity remains challenging5. In addition, due to the poor solution dispersibility of 

GDY, the transfer of synthesized GDY onto other substrates without damaging the 

structure remains an issue.  Therefore, mechanical and liquid exfoliation techniques were 

attempted to achieve single or few-layered GDY flakes without creating additional defects. 

Mechanical Exfoliation 

A small amount of graphdiyne was placed on the sticky side of PVC vinyl surface 

protection specialty tape, and the tape was folded, pressed gently, and then pulled off 

carefully. After numerous repetitions, the GDY layer became thinner. This method is 

commonly used to split a layered material into atomically thin sheets. The resulting tape 

was placed on a silicon wafer and then peeled off, depositing GDY layers. The wafer was 

then viewed using AFM and an average flake size of 40-100 nm was obtained.  

However, the main issue with this method was the deposition of tape residue along with 

GDY flakes (Fig. 4.3).  
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Figure 4.3: SEM image of GDY flakes and tape residue on copper foil. 

Liquid-Phase Exfoliation 

Yan et al.6 reported a high-yield damage-free liquid-phase exfoliation method to prepare 

single and few-layered GDY flakes in an aqueous solution of lithium hexafluorosilicate 

(Li2SiF6) through stirring and at ambient conditions. They found 85% of the obtained flakes 

to have 1 to 5 layers, with 18% being single layered. This method does not create any 

additional defects, allows the GDY flakes to be transferred to other substrates, and was 

shown to produce smaller flake sizes as compared to mechanical exfoliation. 

Using an exfoliant 

During the experiment, 50 mg of Li2SiF6 was dissolved in 5 mL of water, and then 5 mg 

of GDY powder was added to this solution. The reaction mixture was stirred for 60 hours 

under ambient conditions (25 °C), and the obtained dispersion was allowed to settle for 6 

hours. After which, the dispersion was collected, filtered through a 200 nm-pore 

polycarbonate track etched membrane, and consecutively washed with deionized water and 

isopropanol. The membrane was then heated at 120 °C for 3 hours. The resulting membrane 

was then viewed using AFM, and flake sizes of 15-30 nm were obtained.  

After this step, I planned to dissolve the polycarbonate membrane using chloroform to 

deposit these GDY flakes directly onto the silicon wafer. However, this adds impurities to 
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the membrane. The other possible method was to directly transfer the GDY layers from the 

aqueous solution, but it would contain the exfoliant and add impurities to the membrane. 

Therefore, a method proposed by Zhang et al.7 was followed where an exfoliant was not 

required, and the method relied on ultrasonication treatment to produce flake sizes of 3.3 

– 4 nm. 

Without using an exfoliant 

For this experiment, 0.1 mg of GDY powder was ground for 30 min and then dissolved in 

20 mL of isopropyl alcohol resulting in a brown suspension. After which, the solution 

underwent an ultrasonication treatment with 45 kHz frequency for 30 min to disperse the 

nanosheets. Then, the solution was centrifuged for 30 min at 3500 rpm to stratify the 

dispersed liquid. After which, the top layer of the liquid was pipetted onto a silicon wafer 

and heated at 60 °C for 1 hour. The resulting wafer was then viewed using SEM and AFM, 

and an average flake size of 10-25 nm (Fig. 4.4) was obtained.  

 

Figure 4.4: Frequency of various GDY flake sizes seen on a silicon wafer via AFM after 

GDY ultrasonication treatment, with the highest being in the 10-25 nm range.    

This method successfully deposited small GDY flakes onto a silicon wafer without adding 

any impurities or defects. 
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B. GDY Measurements with Flow Cell  

A volume of 16 mL GDY was prepared and then deposited onto a 10 nm PCTEM using 

vacuum filtration overnight. After which, the PCTEM was heated at 60 oC for 1 hour. The 

cooled down membrane was then covered with an aluminum foil tape that had a 0.25-inch 

hole in the center. This ensures the passage of gas through a small and controlled area of 

the membrane. Aluminum foil covered PCTEM is then placed in the membrane holder and 

the flow cell was evacuated using the vacuum pump. Next, the desired gas was passed 

through the membrane, and the absolute pressures upstream and downstream of the 

membrane were monitored. 

 

Figure 4.5: Diagram of the flow cell. Created by Samuel Gomez Suarez. 1. The membrane 

holder. 2. and 3. Pressure transducers that display absolute pressure upstream and 

downstream the membrane. 4. Cylinder (volume of 150 mL). 5. Holds the flow cell in 

place. 6. Valve that reduces the downstream volume. 7. And 8. Valves connected to the 

vacuum pump. 9. Vacuum pump. 10. Gas cylinders. 11. Valve connected to the gas supply. 
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4.2.2 Results and Discussion 

A flow cell was used to measure gas flow through GDY on a 10 nm PCTEM to obtain 

permeance and selectivity data. The values obtained would help gauge GDY’s potential as 

a gas-separation membrane. However, due to gaps in GDY coverage and variation in the 

GDY thickness across the membrane, these tests do not reflect the full potential of GDY 

membranes that might be achieved after further development.  

 

Figure 4.6: Measured permeance for bare 10 nm PCTEM (blank) vs. molecular weight 

for He, Ar, N2, CH4 and SF6. 

 

Figure 4.7: Measured permeance for GDY on 10 nm PCTEM vs. molecular weight for 

He, Ar, N2, CH4 and SF6. 
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Figure 4.8: Normalized permeance (GDY Permeance/Blank Permeance) vs. molecular 

weight for He, Ar, N2, CH4 and SF6.   

Table 4.1: Selectivity values comparing the calculated Knudsen ratios with the obtained 

values for bare 10 nm PCTEM and GDY on 10 nm PCTEM. Numbers in orange are 

selectivity values lower than bare 10 nm PCTEM whereas blue are values higher than 

bare 10 nm PCTEM.   

 

The permeance of gases through the bare 10 nm PCTEM (Fig. 4.6) are higher than the 

permeance with GDY on the 10 nm PCTEM (Fig. 4.7), implying that the GDY flakes 

present on the membrane are impeding gas flow. However, the GDY membrane was no 

more selective than the supporting 10 nm PCTEM (Fig. 4.8). This may be caused by gaps 
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in the material coverage producing low selectivity leakage flow. Similarly, the thickness 

and relative orientation of GDY layers varies over the membrane, with some GDY flakes 

having much lower selectivity than others. Such leakage pathways have similarly 

hampered the development of membranes made from other two-dimensional materials, but 

defect mitigation strategies are currently being developed8. These measurements provide a 

baseline for further GDY membrane development on larger scales. 

In table 4.1, Knudsen selectivity values are being compared to the bare PCTEM and GDY 

on PCTEM. Note Knudsen flow occurs when the pore diameters are larger than molecular 

size but much smaller than the gas mean free path9. In Knudsen effusion, collisions of 

molecules with the pore wall are more prominent than collisions between molecules. Thus, 

a molecule with a lower molecular mass travels faster and has higher permeance than one 

with a higher molecular mass. 

The Knudsen values are inversely proportional to the square root of molecular weight 

(MW) of each gas8. Therefore, to calculate selectivity for He/Ar, the following equation 

was used:√
𝑀𝑊 𝑜𝑓 𝐴𝑟

𝑀𝑊 𝑜𝑓 𝐻𝑒
. Values greater than the Knudsen value would indicate selectivity 

provided by the GDY but were not seen (Table 4.1).  

To summarize, an average permeance and selectivity values for GDY on a 10 nm PCTEM 

were obtained, but no significant change in selectivity was observed. To improve the 

performance of these membranes, the deposition technique needs to be improved to ensure 

a more even coverage on PCTEM or to seal defects.  

 Single-Flake GDY Analysis using AFM 

To experimentally evaluate the potential of GDY as a gas separation material, I instead 

measure the permeance of a nanoscopic area of the material. Defects and gaps in material 

coverage encountered at the centimeter-scale can be avoided at micron-scale, allowing us 

to focus on the inherent properties of the material instead of those of a composite 

membrane. 
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Here I developed a method to study the flow of various gases through a single GDY flake 

at micron-scale areas. As mentioned before, prior studies have used a similar technique to 

measure graphene permeance, but this method has extended the technique to measure flow 

through inherently porous materials. By measuring flow through various inherently porous 

materials, the ability of the material to act as an ideal membrane in gas and liquid separation 

applications was verified. The three main steps to develop the GDY membrane setup are 

GDY exfoliation (detailed in section 4.2.1A), multi-layer graphene stack preparation, and 

membrane fabrication. The gas deflation data are presented and discussed in section 4.3.2. 

4.3.1 Experimental Design and Methods 

A. Fabrication of a Multi-Layer Graphene Stack 

Here the aim is to fabricate a multi-layered graphene stack on a silicon wafer to provide 

measurable flow rates by having more considerable deflections at a low enough flux. In 

prior studies, graphene flakes were initially produced via mechanical exfoliation (Scotch-

tape method)10. However, since it is time-consuming and only yields micrometer flakes, 

they are not used for large-area graphene applications11. A chemical vapor deposition 

technique is a common approach that produces high-quality graphene on copper.   CVD 

graphene was transferred onto the silicon substrate using a thin sacrificial layer of poly 

(methyl methacrylate) (PMMA) to support the graphene when the copper is removed12.  

PMMA Transfer 

To obtain a graphene stack, a piece of PMMA on graphene on copper was etched in an 

ammonium persulfate etchant (APS-100) for 15 min. After which, the PMMA-graphene 

was transferred using a glass slide and cleaned in a water bath for 5 min, which was then 

repeated two more times. The PMMA-graphene was then scooped up using a piece of 

graphene on copper. The two-layer graphene stack was then allowed to air dry before 

heating it to 180 oC for 20 min. This process was repeated three more times to obtain a 

five-layered graphene stack.  
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Figure 4.9: SEM image of PMMA-supported Graphene layers on silicon wafer. 

This method was successful in producing a PMMA-supported graphene stack and was 

initially used in membrane fabrication. However, PMMA removal was not evenly removed 

in some areas, making AFM measurements difficult to interpret. Hence, an emerging 

polymer-free transfer method was used to achieve clean transfers. A method proposed by 

Zhang et al.13 used a liquid-liquid interface to support the free-standing graphene during 

transfer, reducing interfacial tension that would otherwise tear the graphene after the 

copper is removed. The copper was etched at an APS and low-viscosity hexane (non-polar 

solvent) interface, leaving floating graphene that could be scooped onto the silicon 

substrate. 

PMMA-Free Transfer 

To obtain a PMMA-Free graphene stack, a piece of graphene on copper was placed onto 

the surface of 0.1 M ammonium persulfate solution, and a layer of hexane was slowly 

added on top using a pipette. The copper substrate completely etched within 3 hours, 

leaving the graphene sheet trapped at the interface. To minimize any possible 

contamination from the etchant, the graphene sheet was transferred and cleaned using a 

hexane/water interface for 30 min. The clean graphene layer was then scooped up using a 

silicon wafer with pre-defined 5 µm diameter cavities. After which, the wafer was air-dried 
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for 20 min followed by 30 min under vacuum and 1 hour with heat (200 oC) under vacuum. 

This process was then repeated five times to obtain a five-layered graphene stack.  

 

Figure 4.10: SEM image of PMMA-free graphene layers on silicon wafer. 

This method successfully produced a clean five-layered graphene stack, which was used 

for membrane fabrication. 

B. Membrane Fabrication 

Note that silicon (Si) wafers with pre-defined 5 µm diameter cavities were obtained via 

photolithographic patterning from Anika Wong.  

A photomask with arrays of 3, 5, and 10 µm holes was designed in AutoCAD. This hole 

pattern was created in the 500 nm thermal oxide layer on a silicon wafer by 

photolithography followed by etching in hydrofluoric acid. Specifically, the wafer was 

placed in a spin rinse dryer for cleaning, followed by baking in an oven for 10-15 min. 

Next, the S1805 photoresist was spun onto the wafer, then baked at 113 oC for 3 min. The 

wafer was exposed in a mask aligner then submerged in MF 319 developer for 2 min. After 

which, the wafer was placed in a DI water bath for 2 min and then the spin rinse dryer for 

another cycle. The oxide layer was used to mask the underlying silicon during reactive ion 

etching to produce cavities in the silicon. The wafers were then sent to the University of 
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Toronto for ion etching to create 3 µm wells in the silicon. Subsequently, the oxide mask 

was completely removed in hydrofluoric acid.   The wafers were cut into ~1 cm2 chips and 

cleaned with isopropanol (IPA). For further cleaning, the chips were placed in acetone and 

IPA baths, dried with an air gun, and then cleaned via O2 plasma etching.  

PMMA-Graphene Method 

PMMA-graphene stack on copper, obtained from the PMMA-Transfer method, was 

submitted to Nanofabrication Facility for making 30 nm-sized holes every 5 µm using 

SEM-FIB. After which, PMMA was removed using acetone rinse for 1 hour, followed by 

IPA rinse for 1 hour. Then the graphene stack on copper was etched and cleaned as before. 

The resulting graphene was scooped onto a silicon wafer with pre-defined micrometer 

wells. After which, the region containing holes was identified using SEM and AFM. The 

fabricated membrane was placed in a pressure chamber at 100 kPa for 48 hours to allow 

inflation of the pores, and then deflation of the pores was measured using AFM over 48 

hours. The PMMA residue on the graphene was a concern as it could alter the mechanical 

properties of the nanoballoon or potentially obstruct pores in the GDY. For this reason, a 

switch to a polymer-free graphene transfer method was made. 

PMMA-Free Graphene Method 

A five-layered graphene stack obtained from the PMMA-Free transfer method was 

submitted to the Nanofabrication Facility for making 10 nm and 20 nm-sized holes at the 

center of the pre-defined micrometer wells in the silicon wafer using FIB. After which, the 

region containing holes was identified using SEM and AFM. The fabricated membrane 

was then placed in a pressure chamber at 100 kPa for two days to allow inflation of the 

pores, and then deflation of the pores was measured using AFM over 48 hours. 
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Figure 4.11: A. SEM image of four-layered graphene on a silicon wafer with six pre-

defined 5 µm cavities. B. SEM image of a 10 nm hole in graphene on a 5 µm cavity in 

the silicon wafer.  

C. Deposition of GDY onto the Membrane 

Before the deposition of GDY, 10 nm holes made on the fabricated membrane were tested 

by charging the membrane with air at 100 kPa over 48 hours. Once removed from the 

pressure chamber, air begins to escape from the well. The flow rate from the 10 nm holes 

was very high, resulting in full deflation within the 5 min time between removing from the 

chamber to imaging in the AFM. The nanoballoon was not inflated when imaged by AFM, 

confirming that the resistance to gas flow through the 10 nm hole is too high to measure 
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by AFM. This was the desired result, as it means that if inflation is observed after GDY 

deposition, the measured gas flow rate is entirely due to the GDY material.  

Once the holes were tested, GDY was deposited onto the PMMA-free graphene stack using 

the method described in Section 4.2.2 (no exfoliant). After GDY deposition, the membrane 

was once again charged with air at 100 kPa over 48 hours, and this time, inflation was 

observed (Fig. 4.12) and deflation measurements of the membrane were possible.   

 

Figure 4.12: AFM images of an inflated membrane (top) 3D surface plots. (bottom) 

Height, Amplitude, Phase and Z-sensor retrace. 

The silicon wafer was also viewed under SEM. Fig. 4.13A, B highlights the difficulty in 

viewing GDY in graphene-dense areas where most pores with holes are located. However, 

in thin graphene-covered areas, GDY flakes become more visible. In Fig. 4.13C graphene 

can be seen as distinguishable dark grey pieces on the silicon wafer (white). Here GDY is 

the grey powder (grey) that covers most of the wafer. Once zoomed in (Fig. 4.13 D, E), 

some of the bigger GDY flakes become clearer.  

Even though it is difficult to determine the thickness of GDY covering Pore D15 (used for 

most gas measurements), I found that the GDY flakes are small, and there is sufficient 
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GDY coverage on the wafer. I selected the mass of GDY deposited to provide a high 

probability of covering FIB holes with a single flake. The observation that the graphene 

over the well deflated quickly prior to GDY deposition and slowly after deposition suggests 

that a GDY flake was indeed deposited over this hole. 

 

Figure 4.13: SEM images obtained at 1 kV of the silicon wafer after GDY deposition A. 

Pore D15. B. Graphene-dense area of interest (hard to see GDY) C. D. and E. Thin 

graphene coverage with visible GDY flakes (white arrow). 

D. Membrane Charging with Various Gases 

The fabricated membrane with GDY was charged with air at 100 kPa over 48 hours, and 

then deflation of the membrane was measured via AFM (Fig. 4.1). After successful results, 

the membrane was charged with He over 24 hours at 100 kPa. This resulted in membrane 

burst for all the cavities with holes.  This could be caused by a difference in the gas, as 

helium flows more rapidly through the system and could more easily permeate into the 

region where the GDY and silicon meet, delaminating them. In addition, the pressure went 

to 120 kPa for a couple of minutes as the pressure was being adjusted, which may have 

caused inflation beyond the threshold. The rest of the graphene-covered cavities were not 

affected, and thus the sample was resubmitted for the creation of 10 nm and 20 nm holes 

(as described in Section 4.2.4).  
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The membrane was then charged with He over 24 hours at 20 kPa, which did not result in 

a membrane burst. Hence, this process was repeated for Ar, N2 and CH4. As SF6 is a larger 

gas with greater deflation times, it was charged over 48 hours at 20 kPa.  

 

Figure 4.14: 3D surface plots (obtained from AFM) of the burst membrane. 

E. On-AFM Setup 

Using a closed fluid cell (CFC)14, I attempted to take AFM measurements of the membrane 

as the membrane was inflated with a gas. This would allow us to see membrane inflation 

of gases like He that otherwise deflate too quickly. A CFC is designed to hold gases or 

liquid through configurable inlet/outlet ports. The design allows the cell, sample, and 

cantilever holder to be fully assembled and sealed before being transferred to AFM for use.  

I first tried air at 100 kPa and found that the introduction of air causes a significant shift in 

the sample pore being viewed. Moreover, the surface images after the CFC setup are 

different from surface images before the setup, making finding pores more difficult. 

Overall, on-AFM pressurization measurements through this method are difficult but could 

be a useful tool if further improved. 

4.3.2 Results and Discussion 

Fig. 4.15 is the preliminary data obtained after membrane deflation of a 3-layered graphene 

stack over time. This showed that the method was successful in obtaining deflation 

measurements via AFM.  
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Figure 4.15: Membrane deflation data for a 3-layered graphene stack over time with 

measured height profiles inset. 

As described earlier, the membrane was charged with various gases. The air (100 kPa) 

measurements were taken prior to other gases and is shown in Fig. 4.16. The higher 

pressure caused much greater inflation, but the rate of deflation is consistent with the 

measurements of pure N2 at 20 kPa.  

Pore D15 was used to measure He, Ar, N2, CH4 and SF6. Measurements of both SF6 and N2 

were successful. With He and Ar, the membrane deflated too quickly to measure because 

they are small gases, and GDY provides low resistance to them. The pore size of GDY is 

3.8 Å [Ref 15], therefore, the membrane showed successful molecular sieving by blocking 

gases that were bigger than 3.46 Å (KD of N2 [Ref 16]). While nitrogen is smaller than the 

pores in GDY, the GDY flake I measured was likely not a single layer. Gas flow between 

GDY layers will depend on interlayer channel geometry and gas molecule affinity, strongly 

affecting permeance.   

The gas flow rate values for each measured gas are listed in Table 4.2. To determine the 

lower bound of permeance for gases that were not measured on D15 (such as He, Ar, and 

CH4), the initial bulge volume was set to 0. A worst-case scenario was assumed where the 

membrane deflated from 0.25 µm3 to µm3 in 10 minutes (flow rate of 0.025 µm3/min). 

Using Eq. 4.8 in the derivation section (Section 4.3.2A), the lower bound on permeance 
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was calculated to be 1.69 ×10−20 mol/s, and the lower bound on the selectivity to SF6 was 

23.3. 

As determined by the slope of the inflated volume vs. time plot, the gas flow rate was 3 

times slower for SF6 compared to N2. Inflation was not observed for this well charged with 

CH4, but another pore (G14) was found inflated, and the deflation data was collected from 

G14. It is expected that the GDY flake over G14 was thicker than that over D15, resulting 

in slower CH4 deflation that AFM could measure. Moreover, the deflation rate of CH4 was 

observed to be faster than expected. As the kinetic diameter of CH4 is greater than that of 

N2, I expected the flow rate of CH4 to be slower.  

It is interesting that D15 did not inflate even though the kinetic diameter of CH4 is greater 

than N2. One possible reason for this could be that gas transport between GDY layers is 

governed both by molecule size and affinity for the GDY17. Larger gases tend to adsorb to 

graphene-like materials with higher surface concentration8. Surface diffusion of these gases 

can enhance transport rates. Increased transport due to surface diffusion through interlayer 

channels may dominate over the flow impediment produced by the larger size of CH4 as it 

navigates these passageways. Although the larger SF6 might have even greater surface 

affinity, its size may severely restrict its mobility in the interlayer region. These factors 

need to be further explored to understand transport through GDY membranes. 

Nevertheless, GDY membrane displayed molecular sieving of He, Ar, and CH4 from N2 

and SF6 gas.  
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Figure 4.16: Gas deflation data obtained after charging the fabricated membrane with 

various gases. Note that air (100 kPa) and CH4 (20 kPa) are from different pores while 

SF6 and N2 (both at 20 kPa) are from the same pore, D15. 

Table 4.2: Kinetic diameters16, calculated slope (volumetric flow rate), initial bulge 

volume and gas flow rate of each tested gas. 

 

 

Figure 4.17: Measured gas flow rates through GDY. Arrows indicate that the markers are 

the lower bound, as the permeance was above the resolvable range. 
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To summarize, each gas’s flow rate (dn/dt) was calculated using Equation 4.18, where the 

measured parameter was the slope obtained from the gas deflation data (dVb/dt). The 

detailed derivation of the equation used is shown in the section below.  

Derivation of Gas Flow Rate (mol/s)  

  

Where P is the absolute pressure inside the 

microcavity, 𝑃𝑎𝑡𝑚 is atmospheric pressure, 

𝛥𝑃 is pressure difference, 𝑉𝑏 is the volume 

of the microcavity when the membrane is 

bulged with deflection 𝛿), 𝑉0 is the initial 

volume of a microcavity, and L is the length 

of the microcavity [Ref 1]. 

 

Both P and 𝑉𝑏 change over time as gas leaks out. 

Here I derive the leak rate (gas flow rate) of the microcavity. 

Ideal gas law: 

𝑛 =
𝑃(𝑉0+𝑉𝑏)

𝑅𝑇
      (4.1) 

Where n is the number of moles of gas molecules inside the microcavity, R is gas constant, 

and T is temperature. 

Derivative of Eq. 4.1 gives the molar flow rate: 

ⅆ𝑛

ⅆ𝑡
=

1

𝑅𝑇

ⅆ

ⅆ𝑡
[𝑃(𝑉0 + 𝑉𝑏)]    (4.2) 

Hencky’s (1915) solution18 for the deflection of a thin membrane due to a pressure 

difference across it relates to bulge volume (𝑉𝑏) and pressure difference (𝛥𝑃) to deflection: 

𝛥𝑃 =
𝐾𝐸𝑤𝛿3

𝑎4
      (4.3) 

𝑉𝑏 = 𝑐𝜋𝑎2𝛿     (4.4) 
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where a is the well radius, K (3.09) and C (0.524) are constants for graphene, E is the 

Young’s modulus, and w is the membrane thickness.  

ⅆ𝑛

ⅆ𝑡
=

1

𝑅𝑇

ⅆ

ⅆ𝑡
[(𝑃𝑎𝑡𝑚 + 𝛥𝑃)(𝑉0 + 𝑉𝑏)]   (4.5) 

𝛿 =
𝑉𝑏

𝑐𝜋𝑎2
      (4.6) 

Combine Eq. 4.3 and Eq. 4.4 to obtain Eq. 4.7   

𝛥𝑃 =
𝐾𝐸𝑤

𝑎4 (
𝑉𝑏

𝑐𝜋𝑎2)
3

=
𝐾𝐸𝑤

𝑐3𝜋3𝑎10 𝑉𝑏
3    (4.7) 

Substitute Eq. 4.7 into Eq. 4.5 to obtain Eq. 4.8. 

ⅆ𝑛

ⅆ𝑡
=

1

𝑅𝑇

ⅆ

ⅆ𝑡
[(𝑃𝑎𝑡𝑚 +

𝐾𝐸𝑤

𝑐3𝜋3𝑎10 𝑉𝑏
3) (𝑉0 + 𝑉𝑏)]  

ⅆ𝑛

ⅆ𝑡
=

1

𝑅𝑇

ⅆ

ⅆ𝑡
(𝑃𝑎𝑡𝑚𝑉0 + 𝑃𝑎𝑡𝑚𝑉𝑏 +

𝐾𝐸𝑤

𝑐3𝜋3𝑎10 𝑉0𝑉𝑏
3  +

𝐾𝐸𝑤

𝑐3𝜋3𝑎10 𝑉𝑏
4)  

ⅆ𝑛

ⅆ𝑡
=

1

𝑅𝑇

ⅆ

ⅆ𝑡
(𝑃𝑎𝑡𝑚

ⅆ𝑉𝑏

ⅆ𝑡
+

3𝐾𝐸𝑤𝑉0𝑉𝑏
2

𝑐3𝜋3𝑎10  
ⅆ𝑉𝑏

ⅆ𝑡
+

4𝐾𝐸𝑤𝑉𝑏
3

𝑐3𝜋3𝑎10  
ⅆ𝑉𝑏

ⅆ𝑡
)  

ⅆ𝑛

ⅆ𝑡
=

1

𝑅𝑇

ⅆ

ⅆ𝑡
(𝑃𝑎𝑡𝑚 +

3𝐾𝐸𝑤𝑉0𝑉𝑏
2

𝑐3𝜋3𝑎10  +
4𝐾𝐸𝑤𝑉𝑏

3

𝑐3𝜋3𝑎10 )
ⅆ𝑉𝑏

ⅆ𝑡
   (8) 

B. Applications 

In addition to CO2, several gases like CH4 and SF6 are known to have greenhouse effects. 

Even though SF6 does not cause air pollution or deplete the ozone layer, it is 24 000 times 

better than CO2 at trapping heat19. Due to their excellent electrical and thermal insulation 

properties, they are commonly used in medium-high voltage electrical power transmission 

and distribution (e.g., circuit breakers, capacitors, transformers). The use of this gas 

continues to rise in the energy distribution industry19. Even though the net emission rates 

are much lower than CO2, they have an extremely high global warming potential 

(atmospheric lifetime of 3200 years). To control the emission rates and prevent global 

warming, an efficient recovery and recycling process are needed20. Pure SF6 can be 

retrieved by a simple vacuum sucking method, but they are often mixed with other gases19. 

The N2-SF6 mixture is used as a potential substitute for pure SF6, and in this case, separation 

and purification of SF6 from nitrogen or air is necessary for reuse and recycling.  
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SF6 waste products and the separation/retrieval at operating conditions with optimal energy 

efficiency is only in the initial stages. Choi et al.21 ran permeability tests for various 

commercially available membranes like polycarbonate (PC) and polyimide (PI) and found 

that the concentration of SF6 retrieved via PC membranes was 96% at 0.5 MPa (highest 

among the commercial membranes). Furthermore, Kim et al.22 used cryogenic freezing 

technology for refinement, where the operating temperatures were -64 oC to -73 oC. Both 

these technologies produce high purity SF6 but are energy intensive. Here molecular 

sieving with GDY membranes at 20 kPa and under ambient conditions was shown. The 

measured N2/SF6 selectivity of GDY membranes could be further explored for potential 

applications in energy efficient SF6 recovery.  

 Conclusion and Future Directions 

I evaluated centimetre-scale GDY membrane by measuring permeance (shown in Figure 

4.8) and selectivity (shown in Table 4.1) in a flow cell. Although no significant 

improvement in selectivity was observed, these measurements provide a baseline for 

further efforts to create GDY membranes on larger scales. In particular, gaps and defects 

in the GDY coverage will need to be sealed to prevent non-selective leakage flow from 

dominating membrane performance.  

The major contribution of this chapter is the development of a measurement technique that 

revealed selective transport of gases through GDY. Permeance of graphene has been 

measured using a similar method before, but I have extended the technique to measure 

inherently porous materials.  Using the measurement setup, I measured the flow rates of 

various gases passing through a single flake of GDY. This was done by charging the cavity 

with gas and monitoring the rate at which the graphene deflates on an AFM. I obtained 

deflation data for air, nitrogen, sulfur hexafluoride, and methane, which showed 

significantly higher transport rates for He, Ar, and CH4 over N2 and SF6. Modest selectivity 

to N2 over SF6 was also measured. The permeance and selectivity of GDY flakes likely 

vary significantly due to variability in thickness and relative orientation of GDY layers. 

More measurements using different individual flakes should be performed to quantify this 

variation and understand transport through this material.   
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The measurement technique could be further modified to improve our ability to resolve 

high permeances and characterize the structure being measured. Using a smaller diameter 

hole in graphene to define the flow area could sufficiently reduce the flow rate of smaller 

gases, facilitating AFM measurement. This could be done using helium ion beam or 

electron beam milling. Furthermore, performing the measurements on wells created in 

transmission electron microscope grids may allow for high resolution imaging of the 

material after AFM measurements.  
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Chapter 5 

5 Mass Advection-Diffusion in Creeping Flow Through an 
Orifice Plate 

 Abstract 

Continuum transport equations are commonly applied to nanopores in atomically thin 

membranes for simple modeling. Although these equations do not apply for nanopores 

approaching the fluid or solute molecule size, they can be reasonably accurate for larger 

nanopores. Relatively large graphene nanopores have applications in small particle 

filtration and appear as unwanted defects in large-area membranes. Solute transport rates 

through these nanopores determine the rejection performance of the membrane. Atomically 

thin membranes commonly operate in a regime where advection and diffusion both 

contribute appreciably to transport. Solute mass transfer rates through larger nanopores 

have previously been modeled by adding continuum estimates for pure diffusion and pure 

advection through an infinitesimally thick orifice plate as if the separate contributions were 

independent. I show here that estimating the transport rate in this way is accurate to within 

30% through comparison with numerical solutions. I further derive an expression for the 

net mass transfer rate in advection-diffusion through an infinitesimal thickness orifice plate 

at low Reynolds numbers accurate to within 1% for positive Péclet numbers (where 

diffusion is in the same direction as advection). Based on our expression, I devise an 

equation for the net mass transfer rate in creeping flow through orifice plates of arbitrary 

thickness that matches finite volume calculations to within 3% for 18 positive Péclet 

numbers. Our expressions are found to provide accurate predictions for negative Péclet 

numbers as well (diffusion opposite advection). These simple but accurate analytical 

equations for mass transfer rates in creeping flow through an orifice plate will be useful for 

constructing approximate transport models. 

 Introduction 

Atomically thin membrane technology is being actively developed for applications 

including desalination, water purification, petrochemical separations, carbon capture, and 

natural gas filtration1. Flow rates tend to decrease as membrane thickness increases, and as 
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such, membranes made from single atom thick materials such as graphene promise 

exceptionally high throughput. These membranes accomplish size-based separation 

through nanopores large enough to allow some species to pass through but small enough 

to block others. Pores smaller than ∼1 nm (Fig. 5.1a) can even separate molecules of 

different sizes. Graphene nanopore selectivity has been demonstrated experimentally for 

gas molecules2, ions3,4,5, and small solute molecules6,7. For pores not much larger than the 

molecules flowing through them, the continuum laws of fluid mechanics break down even 

for liquids. Molecular dynamics simulations have been performed for a wide range of 

solutions and nanopore geometries in atomically thin materials to predict flow rates and 

solute rejection8-21. Flow through larger graphene nanopores (e.g., Fig. 5.1b, c), of size ∼5 

nm to 1 µm, has also been measured4,5,22. Membranes with such pores have potential 

applications in air particulate filtration, nanofiltration, and ultrafiltration. 

Furthermore, defects in this size range occur in large-area graphene membranes and cause 

undesirable, non-selective leakage flow23-25. Transport models for graphene membranes 

commonly estimate flow rates through defects and larger nanopores using Sampson’s 

analytical solution26 for creeping flow through an infinitesimally thick orifice plate or 

similar expressions6,7,23,27. Dagan et al.28 extended Sampson’s26 expression to provide 

approximate flow rates through orifice plates of arbitrary thickness. Suk & Aluru8 further 

modified this expression to capture sub-continuum effects for water flows through pores 

down to ∼ 1 nm in size by incorporating fitting parameters to match molecular dynamics 

simulation results. Sampson’s expression26 has also been used to model gas flows through 

graphene pores of size ∼1 µm22. Continuum orifice plate solutions are similarly used to 

model solute transport through graphene pores. In the absence of flow (zero Péclet 

number), the species diffusion equation can be solved analytically in cylindrical 

coordinates for the mass flux29. 

Similarly, when advection dominates (high Péclet number), the species flux can be found 

by multiplying the flow rate through the orifice plate by the upstream concentration. 

Graphene nanopores commonly operate at low Reynolds number (creeping flow) and 

Péclet number of order one, where both advection and diffusion are important. Prior studies 

have approximately modeled this transport by adding the separate advective and diffusive 
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contributions as if they were independent6,7,23,27. I find here that estimating the species flux 

through an infinitesimally thick orifice plate in this way is accurate to within 30% for 

positive Péclet numbers, where diffusion is in the same direction as advection. 

Furthermore, I derive an expression for the mass flux through an orifice plate in creeping 

flow that is accurate to within 1% for positive Péclet numbers. This expression is also 

accurate for negative Péclet numbers, where diffusion opposes advection, and which 

cannot be handled by approximating advection and diffusion as an independent. I extend 

this expression to cases of non-zero thickness orifice plates by matching them to finite 

volume numerical solutions. 

 

Figure 5.1: Atomically thin membranes. a. Illustration of water and solute molecules in 

the vicinity of a ∼1 nm graphene pore. b. and c. Scanning electron micrograph showing 

∼ 30 nm pores in few-layer graphene. Pores indicated with white arrows. Images were 

obtained with a Zeiss LEO 1530 field emission scanning electron microscope at 1 kV 

accelerating voltage. d. Hole in an infinitesimally thick plate with cylindrical and oblate-

spheroidal coordinates shown. 

Sampson26 showed that the Stokes equations can be solved analytically for pressure driven 

creeping flow through an infinitesimal thickness orifice plate in the oblate-spheroidal (q-s) 

coordinate system shown in Fig. 5.1d. This coordinate system is defined in terms of an 

axisymmetric cylindrical (r-z) coordinate system by 𝑟 = √(1 + 𝑠2)(1 − 𝑞2) and z = qs. 

Sampson26 showed that curves of constant q are streamlines in this flow and that the 

average flow speed through the pore (volume flow rate divided by pore area) is,  
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𝑉 =
𝛥𝑝 𝐷

6𝜋𝜇
 ,     (5.1) 

where D is the hole diameter, µ is the dynamic viscosity, and ∆p is the pressure difference 

from far upstream to far downstream of the hole. Choosing to non-dimensionalize 

velocities by V and lengths by D/2, the velocity components in the r and z directions are, 

𝑣𝑟 =
3

2

𝑞2𝑠

𝑠2+𝑞2
√

1−𝑞2

1+𝑠2
      (5.2) 

and 

𝑣𝑧 =
3

2

𝑞3

𝑠2+𝑞2 .      (5.3) 

The steady, non-dimensional species advection-diffusion equation (𝛻2𝑐 =
1

2
𝑃ⅇ 𝐯 ∙ 𝛻𝑐) in 

oblate-spheroidal coordinates for the above velocity field is, 

3

4
𝑃ⅇ 𝑞2 𝜕𝑐

𝜕𝑠
=

𝜕

𝜕𝑠
[(1 + 𝑠2)

𝜕𝑐

𝜕𝑠
] +

𝜕

𝜕𝑞
[(1 − 𝑞2)

𝜕𝑐

𝜕𝑞
]  (5.4) 

Here, concentration is non-dimensionalized as 𝑐 = (𝑐' − 𝑐Low) / (𝑐High − 𝑐Low), where c' is 

the local concentration, 𝑐High is the concentration far from the hole on the z < 0 side, and 

𝑐Low is the concentration far from the hole on the 𝑐 > 0 side. v is the non-dimensional local 

velocity vector. Péclet number is defined as 𝑃ⅇ = V D/ 𝓓, where 𝓓 is the species 

diffusivity. The Péclet number quantifies the ratio of advective to diffusive mass transfer; 

I use the convention that 𝑃ⅇ > 0 corresponds to advection in the same direction as diffusion 

whereas 𝑃ⅇ < 0 corresponds to advection being opposite to diffusion. 

Our analysis here is restricted to sufficiently dilute solutions or low concentration 

differences that bulk flow induced by solute concentration gradients is negligible. Here 

only the solute molecules that do not interact with the membrane except through the 

impermeability condition are being considered but note that Ref. [30] provides a theoretical 

treatment of diffusive continuum transport through infinitesimally thick orifice plates 

accounting for solute-membrane interactions. Although this work is motivated by 

applications in modeling flow through atomically thin membranes, an attempt to resolve 

nanoscale effects that emerge for pores similar in size to solute molecules was not made31. 
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The development here is limited to the continuum regime, expected to apply for larger 

graphene nanopores.   

Bauer32 considered Eq. 5.4 for the case of constant wall concentration with diffusion along 

streamlines being negligible compared to advection. He obtained an infinite series solution 

for the concentration field in terms of Legendre polynomials. For the membrane system of 

interest here, an impermeable wall condition (zero gradient normal to the wall) is the 

appropriate boundary condition, rather than a constant wall concentration. The boundary 

conditions are thus different constant concentrations far from the membrane on either side, 

𝑐(q, s → −∞) = 1     (5.5)  

and 

𝑐(q, s → ∞) = 0     (5.6) 

and zero flux at the wall, 

𝜕𝑐

𝜕𝑞
|

𝑞=0
= 0     (5.7) 

I will furthermore retain the term for diffusion along the streamline in our formulation.  

The governing equation and physical system have commonalities with the extended Graetz 

problem for advection diffusion in a pipe accounting for axial conduction33-36. However, 

the case examined here is further complicated by variable coefficients in both diffusion 

terms. I employ an integral transform approach37 to approximately solve this equation, as 

has similarly been applied to extended Graetz problems with various wall boundary 

conditions38,39.  

I seek a series expansion for the concentration field in terms of Legendre polynomials of 

the form, 

𝑐(𝑞, 𝑠) = ∑
2𝑛+1

2

∞

𝑛=0,2,4,...
 𝑐̂𝑛(𝑠)𝑃𝑛(𝑞),   (5.8) 
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where 𝑃𝑛(𝑞) is the 𝑛th degree Legendre polynomial and 𝑐̂𝑛(𝑠) is the corresponding 

coefficient function. Note that only even terms are included in the expansion to satisfy the 

impermeability condition (Eq. 5.7). Furthermore, the Legendre polynomials are 

normalized such that40, 

∫ 𝑃𝑛(𝑞) 𝑃𝑚(𝑞) ⅆ𝑞
1

0
=

1

2𝑛+1
𝛿𝑚,𝑛,   (5.9) 

where 𝛿𝑚,𝑛 is the Kronecker delta. Using this condition, the expansion coefficients can be 

defined explicitly in terms of the concentration field as, 

𝑐̂𝑛(𝑠) = 2 ∫ 𝑐(𝑞, 𝑠) 𝑃𝑛(𝑞) ⅆ𝑞
1

0
.   (5.10) 

Multiplying both sides of the governing equation (Eq. 5.4) by an arbitrary Legendre 

polynomial and integrating converts the partial differential equation into an infinite system 

of coupled ordinary differential equations for the expansion coefficients, 

3

4
𝑃ⅇ [

𝑛2+3𝑛+2

4𝑛2+8𝑛+3

ⅆ𝑐𝑛̂+2

ⅆ𝑠
+

2𝑛2+2𝑛−1

4𝑛2+4𝑛−3

ⅆ𝑐𝑛̂

ⅆ𝑠
+

𝑛2−𝑛

4𝑛2−1

ⅆ𝑐𝑛̂−2

ⅆ𝑠
 ]      

=  
ⅆ

ⅆ𝑠
[(1 + 𝑠2)

ⅆ𝑐𝑛̂

ⅆ𝑠
] − 𝑛(𝑛 + 1)𝑐̂𝑛(𝑠),    (5.11) 

for n = 0, 2, 4, . . .. Here I define 𝑐̂−2(𝑠)  = 0 to avoid having to treat n = 0 as a special case, 

since no 𝑐̂−2 term appears in the series expansion (Eq. 5.8). Similarly multiplying Eq. 5.5 

and 5.6 by an arbitrary Legendre polynomial and integrating provides boundary conditions 

on these coefficient functions of 𝑐̂𝑛 (s → −∞) = 2δ0,n and 𝑐̂𝑛 (s → ∞) = 0.  

To solve this system of differential equations, the series expansion is first truncated to a 

finite number of terms, setting all higher order terms to zero. This results in a finite number 

of equations that can be solved numerically. Integral transform solutions such as this will 

often converge rapidly without the need for many terms in the series37. The advantage of 

this approach over directly solving the partial differential equation by, e.g., a finite volume 

method, is that the ordinary differential equations can be solved with higher accuracy.  
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To further eliminate the need to truncate the infinite domain of this system in the numerical 

solution, I transform the system to a finite domain by making the change of variables, ξ = 

arctan s, which leads to, 

3

4
𝑃ⅇ [

𝑛2+3𝑛+2

4𝑛2+8𝑛+3

ⅆ𝑐𝑛̂+2

ⅆξ 
+

2𝑛2+2𝑛−1

4𝑛2+4𝑛−3

ⅆ𝑐𝑛̂

ⅆξ 
+

𝑛2−𝑛

4𝑛2−1

ⅆ𝑐𝑛̂−2

ⅆξ 
 ]  

=  
ⅆ2𝑐𝑛̂

ⅆξ 
− 𝑛(𝑛 + 1)sec2(ξ)𝑐̂𝑛(ξ),     (5.12) 

with boundary conditions 𝑐̂𝑛 (ξ = −π/2) = 2δ0, n and  𝑐̂𝑛 (ξ = π/2) = 0. 

5.2.1 Numerical Solution   

The system of equations (Eq. 5.12) and boundary conditions formulated in terms of the ξ 

coordinate were solved numerically with the system truncated to the n = 20 term. The 

resulting equations were discretized using a fourth order finite difference approximation 

for the derivatives at interior nodes and second order finite difference approximations at 

the two next-to-boundary nodes. The solution was computed using 100,001 equally spaced 

ξ values on the interval − 
𝜋

2
 ≤ ξ ≤ 

𝜋

2
.  

Figure 5.2a shows the computed concentration field for a range of Péclet numbers 

and Fig. 5.2b shows the corresponding concentration profiles along the z-axis for each 

value. For the case of pure diffusion (𝑃ⅇ = 0) the concentration field is symmetric about 

the plane of the orifice plate. Appreciable variation in concentration is localized to within 

a few diameters of the hole. As the magnitude of Péclet number increases, species 

advection toward the hole raises the concentration near the hole on the upstream side, 

where the flow converges. The size of the region upstream of the hole over which 

significant concentration variation occurs also decreases. The downstream side continues 

to display a more gradual variation in concentration as the flow diverges away from the 

hole. The greater advection carries the upstream concentration farther away from the hole, 

enlarging the downstream region over which concentration varies appreciably. The 

concentration field becomes asymmetric as the magnitude of 𝑃ⅇ increases. These trends 

continue as Péclet number rises and at 𝑃ⅇ = ±10, strong advection leads to a nearly uniform 

concentration field upstream of the hole. 
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Figure 5.2: Concentration field computed numerically by truncating the series expansion 

after the n = 20 term. a Concentration field for various Péclet numbers. b Concentration 

profiles along the z axis. 

Figure 5.3a shows the coefficient functions for four of the lowest order terms in the series. 

Most of the concentration field is captured by the lowest order term, as seen by the rapidly 

decreasing magnitude of these coefficients with Legendre polynomial order in Fig. 5.3b. 

The 𝑃ⅇ = 0 case is exactly solved with only the first term (𝑐̂𝑜) being non-zero. As Péclet 

number increases, the importance of higher order terms increases, though the second 

largest term is still an order of magnitude smaller than the leading order term for 𝑃ⅇ = ±10 

(Fig. 5.3b).  
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Figure 5.3: Expansion coefficients and convergence. a Calculated expansion coefficient 

plotted along the z axis for the first 4 terms in the series expansion truncated after the n = 

20 term. b Maximum absolute value of each expansion coefficient over all r and z for 

different Péclet numbers, showing the diminishing contribution of higher order terms. 

Our primary interest is in the net mass transfer rate across the orifice plate, 𝑚̇. I present 

this in non-dimensional form by defining a Sherwood number as, 

𝑆ℎ =
(𝑚̇−𝐴𝑉𝑐𝐿𝑜𝑤) 𝐷

A𝒟𝛥𝑐
 ,      (5.13) 

where A = 𝜋𝐷2 ∕ 4  is the hole area and ∆𝑐 = 𝑐High − 𝑐Low. Accounting for advective and 

diffusive transport through the hole, in q-s coordinates the Sherwood number is calculated 

as 

𝑆ℎ = 2 𝑃ⅇ ∫ 𝑣𝑧(𝑞, 𝑠 = 0) 𝑐(𝑞, 𝑠 = 0)𝑞 ⅆ𝑞
1

0
− 4 ∫

𝜕𝑐

𝜕𝑠
|

𝑠=0
ⅆ𝑞

1

0

 (5.14) 

Substituting in the series expansion for the concentration field (Eq. 5.8) leads to, 
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𝑆ℎ = 𝑃ⅇ (
𝑐0̂(𝑠=0)

2
+ 𝑐̂2(𝑠 = 0)) − 2

ⅆ𝑐0̂

ⅆ𝑠
|

𝑠=0
   (5.15) 

Sherwood number can be calculated directly from this expression with the numerical 

solutions for 𝑐̂0 and 𝑐̂2. Table 5.1 and Fig. 5.4 present the numerically computed values of 

Sherwood number for a range of Péclet numbers. The solution matches the expected limits 

of 𝑆ℎ = 4/π for pure diffusion at 𝑃ⅇ = 0, and 𝑆ℎ = 𝑃ⅇ for pure advection at 𝑃ⅇ >> 1. By 

comparison with this numerical solution, I find that the simple approximate approach of 

adding the mass transfer rates for pure advection and pure diffusion is accurate to within 

30% for 𝑃ⅇ > 0. Errors of over 20% occur for 1≤ 𝑃ⅇ ≤ 6. 

I note that grid independence of the values of Sherwood number presented in Table 5.1 and 

Fig. 5.4 was verified by repeating the calculations with half the number of grid points and 

again with 6 terms in the series expansion instead of 11. Differences in Sherwood numbers 

remained less than 1 × 10−6. Sherwood numbers were also calculated in s coordinates by 

solving Eq. 5.11 with the same number of terms and grid spacing, truncating the infinite 

domain to −1000 ≤ s ≤ 1000. Sherwood numbers remained within 0.001 of the values 

computed in terms of the ξ coordinate. The values were further confirmed by finite volume 

calculations. 
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Table 5.1: 𝑆ℎ vs. 𝑃ⅇ computed for a series expansion truncated after the n = 20 term. 𝑃ⅇ 

is read from the first row and column and the 𝑆ℎ value is recorded in the corresponding 

cell of the table. 

 

5.2.2 Leading Order Solution 

Most of the value of concentration is captured by the leading order term in the series 

expansion (Fig. 5.3b). I examine the accuracy of the solution if only this first term is 

retained in the series expansion, since doing so results in a simple analytical solution. Eq. 

5.11 becomes,  

𝑃𝑒

4

ⅆ𝑐0̂

ⅆ𝑠
=

ⅆ

ⅆ𝑠
[(1 + 𝑠2)

ⅆ𝑐0̂

ⅆ𝑠
] ,    (5.16) 

with boundary conditions 𝑐̂0 (s → −∞) = 2 and 𝑐̂0 (s → ∞) = 0. The solution to these 

equations is, 

𝑐̂0(𝑠) =
2[𝑒𝑥𝑝(

𝑃𝑒

4
𝑎𝑟𝑐𝑡𝑎𝑛 𝑠)−𝑒𝑥𝑝(

𝜋𝑃𝑒

8
)]

𝑒𝑥𝑝(
−𝜋𝑃𝑒

8
)−𝑒𝑥𝑝(

𝜋𝑃𝑒

8
)

 ,    (5.17) 
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and leads to an approximate expression for Sherwood number of,  

𝑆ℎ =
𝑃𝑒

1−𝑒𝑥𝑝(−
𝜋

4
𝑃𝑒)

 .     (5.18) 

This expression is plotted in Fig. 5.4 with the full numerical solution. It is accurate to within 

1% over all positive Péclet numbers. The Sherwood number approaches zero for negative 

Péclet numbers with large magnitude and the relative error in this expression diverges. 

However, the absolute error remains below 0.04. This expression matches the limits of 𝑆ℎ 

= 4/π at 𝑃ⅇ = 0 (obtained using the first term of the McLaurin series) and 𝑆ℎ = 𝑃ⅇ at  𝑃ⅇ 

>> 1. Eq. 5.18 accurately captures the trend of 𝑆ℎ → 0 as 𝑃ⅇ → −∞ that is missed when 

the advective and diffusive mass transfer rates are simply added as if they were independent 

for negative Péclet numbers. It provides an accurate estimate for the mass transfer rate 

through an infinitesimally thick orifice plate over all Péclet numbers in a simple form that 

will be useful in constructing transport models. 

 

Figure 5.4: Sherwood number dependence on Péclet number of an infinitesimally thick 

orifice plate. Markers show numerical calculation for a series expansion truncated after 

the n = 20 term. Solid curve shows the analytical approximation obtained by truncating 

the series expansion to one term (Eq. 5.18). The dotted lines show the three cases that 

represent the approximate expression. 
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 Non-Zero Thickness Orifice Plates  

I now consider orifice plates of arbitrary thickness. Even for single atom thick graphene 

membranes, when the hole diameter is not much larger than the thickness of graphene (∼ 

0.34 nm41), approximating the membrane as being infinitesimally thick may not be 

appropriate. Suk & Aluru8 accounted for the finite aspect ratio of the graphene pore when 

comparing water flow rates from a continuum orifice plate model to molecular dynamics 

calculations for graphene nanopores. They used as a starting point the model that Dagan et 

al.28 developed for Stokes’s flow through a finite aspect ratio hole. Dagan et al.28 showed 

that taking the resistance to flow through an infinitesimal orifice plate, derived by 

Sampson26, in series with the Poiseuille resistance for laminar flow in a long pipe (e.g., 

Ref. [42, 43]), provides predictions of flow rates accurate to within 1% for all finite aspect 

ratios. The expression for average velocity through the hole that they derived is, 

𝑉 =
𝐷𝛥𝑝

𝜇(6𝜋+32
𝐿

𝐷
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  ,    (5.19) 

where L is the plate thickness (Fig. 5.5a inset). Here I devise an equivalent expression for 

mass advection-diffusion through a non-zero thickness orifice plate.  

 

Figure 5.5: Mass transfer rate through an orifice plate of non-zero thickness. a Mean 

flow rate vs. aspect ratio computed by finite volume simulations (markers) compared to 

the approximate expression of Dagan et al.28 (Eq. 5.19, solid curve). Inset shows a sketch 
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of the orifice plate geometry. b Sherwood number dependence on Péclet number for 

various hole aspect ratios. Markers show finite volume simulation results whereas curves 

show the approximate fit from Eq. 5.22 for the same aspect ratios. 

 

 Computational Fluid Dynamics (CFD)  

CFD is a branch of fluid mechanics that uses numerical analysis to analyze and solve 

problems related to fluid flow, chemical reactions, heat and mass transfer, and other related 

phenomena. CFD is used when an engineering problem cannot be solved using an 

experimental or analytical approach44. It can also complement the experimental approach 

by reducing total effort and the required cost. With CFD, one can write their own code or 

use commercially available software such as ANSYS Fluent and OpenFOAM. There are 

three main elements in commercial CFD packages: a pre-processor, a solver, and a post-

processor45. In the pre-processor step, the geometry and a mesh are created. After which, 

the solver numerically solved the fluid flow equations in the computational domain. In the 

post-processor step, the results of the simulation are analyzed. Moreover, three basic 

methods of solving CFD problems are finite difference, finite volume46, and finite element 

method47. In the finite difference method, conservation equations in differential form 

(discretized on a mesh) are used, resulting in one algebraic equation for each grid node45. 

In the finite volume method, the integral form of the conservation equations is used46. Thus, 

the domain is divided into small control volumes (CVs), and the conservation equations 

are applied to each CV, resulting in the production of one algebraic equation per CV. The 

finite element method and finite volume method are similar, but the finite element method 

uses weight functions before integrating the equations47. 

5.4.1 ANSYS Fluent 

ANSYS Fluent is one of the popular commercially available CFD software packages. 

ANSYS CFD solvers are based on the finite volume method48. The fluid region of the box 

in Fig 5.6b is discretized into a finite set of CVs (also called the mesh), and general 

transport equations for mass, momentum, energy, etc., are solved on this set of control 

volumes. The partial differential equations are then discretized into a system of algebraic 

equations, which are then solved numerically to provide the solution field46. In pre-
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processing, geometry is created or imported into ANSYS. A mesh is then generated, which 

divides the geometry into elements. Next, the physics and solver are set up by inputting 

appropriated boundary conditions, materials, and their properties and selecting physical 

models (e.g., laminar). The solver then computes the solution and solves equations 

iteratively until convergence. Convergence is achieved when quantities of interest such as 

pressure drop have reached steady values, overall property conservation is achieved, and 

changes in variables between the iterations are negligible48. The accuracy of this converged 

solution depends on appropriate and accurate physical models and mesh resolution. A low 

mesh quality can produce poor simulation results and even divergence.  

This software package was initially used to simulate mass transfer rates in creeping flow 

through an orifice plate. I used 3200 grid points to create a geometry with a hole diameter 

of 0.4 mm and the wall lengths of 2 mm. The velocity field values were obtained, and flow 

rates in the x and r direction were calculated. The calculated volume flow rate was 

0.002L/s, and the Sampson equation gives 0.00333L/s, which gives a 40% error. Hence, 

further grid refinement was needed near the pore to converge the flow rate to the Sampson 

equation. However, the student version of the software package limited the grid refinement 

of the mesh, thus producing results with a more significant percent error.   

 

Figure 5.6: Ansys Fluent a. Geometry (wireframe mode) of the system consisting of 

inlet, outlet, and planar interface. b. Meshed geometry c. Meshed geometry with outlet 

removed. 



106 

 

 

 

Figure 5.7: A quiver plot (MATLAB) of velocity field in the r and z direction as 

obtained from ANSYS. 

5.4.2 OpenFOAM  

OpenFOAM is a free and open-source CFD package that uses the finite volume method to 

discretize and solve complex fluid dynamic problems. The software runs on Linux systems 

and uses C++ as its programming language49. Like ANSYS Fluent, a three-dimensional 

volume is created and divided into small volumes (mesh). After which, the initial and 

boundary conditions are defined and applied to the geometry46.  

OpenFOAM can use the finite volume method over a collocated grid or a staggered grid. 

In a staggered grid, scalar variables (e.g., pressure, density) are stored at the cell centers of 

CVs, whereas the velocity or momentum variables are at the cell faces50. On the contrary, 

a collocated grid arrangement stores all its variables at the cell center, and the same CVs 

are used for all variables, minimizing the computational effort. An advantage of the 

staggered grid is the coupling of pressure and velocities, which helps avoid convergence 

issues and oscillations in pressure or velocity fields49,50.  

A case folder contains all the information about the geometry, flow conditions, physical 

parameters set by the user and the computational schemes, and the time-step used in the 

simulation51. In a case folder, there are three sub-folders: 0 folder, control folder, and the 



107 

 

 

system folder. In the 0 folder, boundary and initial conditions are set up. The control folder 

holds information about the mesh (in the sub-folder polyMesh) as well as physical fluid 

properties (sub-folder transportProperties) and models used in the solution. The system 

folder encompasses information about the computational schemes, time-step, and duration 

of the simulation (controlDict file). The linear algebraic solvers definition and tolerance 

are set in the fvSolution file, and the numerical discretization schemes are in the fvSchemes 

file. Moreover, Paraview was used to visualize the solutions produced by OpenFOAM.  

To simulate mass transfer rates in creeping flow, a geometry had to be either coded into 

the system folder or imported. As the geometry and the mesh were complex to be coded in, 

a MATLAB script was used to generate the mesh. Fig 5.8 shows the cross-section in the 

plane of the wall with different regions of the mesh. The MATLAB code takes as input the 

sizes of these regions to refine the grid non-uniformly. After which, the simpleFoam solver 

was used for the flow field calculations. This is a steady-state solver for incompressible, 

turbulent flow and uses the SIMPLE (Semi-Implicit Method for Pressure Linked 

Equations) algorithm. Note that the turbulence was turned off in the solver parameters. 

After the calculation run, volume flow rate for each face (top, bottom, side-in, and side-

out) was found and the total flow rate was calculated by adding the top and the side-in 

values together. The input files ran for 
ⅆ𝑃

𝜌
= 1𝑚2 ∕ 𝑠2 (where dP is differential pressure 

and 𝜌 is density) and a kinematic viscosity of 100 𝑚2/𝑠. For this, the Sampson equation 

gave a flow rate of 0.003333 L/s. Table 5.2 shows the total flow rate for increasing grid 

refinement, with the highest number of finite volumes being 810 and the calculated percent 

error with respect to the Sampson equation.  
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Figure 5.8: Drawing of cross-section in the plane of the wall showing the different 

regions of the mesh that can be refined non-uniformly. 

Table 5.2: Total flow rates obtained from the simulation for increasing grid refinement (# 

of finite volumes) and the calculated percent error with respect to the Sampson equation. 

 

# of Finite Volumes Total Flow Rate  % Error 

405 0.003297 1.09 

540 0.002679 19.63 

810 0.002108 36.76 

To improve the percent error, r and z values of the cylindrical coordinates in the geometry 

were varied, and for each variation, the grid refinement was also varied. However, this did 

not improve the error. Moreover, while creating a non-uniform pressure field, convergence 

issues arose in OpenFOAM. A possible reason was the presence of sharp edges, to which 

layers were added to round out the edges but that did not help. Furthermore, OpenFOAM 

does not take advantage of the cylindrical symmetry of this flow, instead discretizing the 

domain in Cartesian coordinates. This may also have contributed to the volume flow rate 

not converging with grid refinement. For these reasons, I decided against using the 

OpenFOAM solution and instead programmed a finite volume solver for axisymmetric 

creeping flow. 
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Figure 5.9: Paraview images of the meshed geometry. i. Featured edges ii. Meshed 

surface iii. Wireframe. 

 Finite Volume Solution with Cylindrical Symmetry 

I begin by calculating the rate of mass transfer through orifice plates of various aspect ratios 

by finite volume simulations. For each pore aspect ratio, I solved the Stokes equations in 

two-dimensional axisymmetric cylindrical coordinates using a staggered grid50, truncating 

the domain to 15-hole radii from the center of the hole inlet in both the r and z directions. 

A uniform grid with 3900 points in r and 3900 points in z was used over this region outside 

the hole. The same uniform grid spacing was used in the interior of the hole as well. Second 

order central difference approximations were used to calculate viscous stresses. Figure 5.5a 

compares the values of flow rate computed by the finite volume solver (markers) to the 

predictions of Eq. 5.19 (solid curve) as validation of the simulations.  

Once the flow field was calculated, it was used in the species advection-diffusion equation 

to solve for the concentration field, again using an axisymmetric cylindrical coordinate 

system. The species diffusion term was approximated using a second order central 

difference scheme. The species advection term was approximated with a second order 

central difference scheme for local grid Péclet numbers less than 2 and an upwind scheme 

for larger grid Péclet numbers. 

The markers plotted in Fig. 5.5b show the calculated relationship between Sherwood 

number and Péclet number for orifice plates of various aspect ratios. Note that for finite 

thickness orifice plates, I have used the average flow speed through that orifice plate to 
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calculate Sherwood and Péclet number, rather than Eq. 5.1, which applies to infinitesimal 

orifice plates. The top and bottom curves show limiting cases of an infinitesimal plate (L/D 

= 0) and a long pipe (L/D → ∞). In both limits, 𝑆ℎ ≈ 𝑃ⅇ for 𝑃ⅇ >> 1 and 𝑆ℎ → 0 as 𝑃ⅇ → 

−∞. Sherwood numbers for all simulated aspect ratios fall between these limit curves and 

approach the same 𝑃ⅇ → ±∞ limits. 

Figure 5.10a shows the flow field for each aspect ratio simulated and Fig. 5.10b shows the 

corresponding concentration field for the 𝑃ⅇ = 1 case. As observed for the infinitesimal 

plate case (Fig. 5.2a), at low L/D ratios, for 𝑃ⅇ ∼ 1 the concentration field only varies 

significantly within a region a few radii from the hole. Appreciable variations in the 

velocity field are similarly confined to a few radii from the hole. However, as the L/D ratio 

increases, the resistance to mass transfer through the hole increases in comparison to the 

access resistance outside of the hole. As a result, the concentrations just outside of the pore 

on either side approach their respective distant reservoir values, and all the concentration 

variation occurs within the hole. 
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Figure 5.10: Flow fields and concentration fields from finite volume simulations for non-

zero thickness plates of various aspect ratios. a Local flow speed (|𝑣 |) normalized by 

average flow speed through the pore. Solid curves show streamlines. b Concentration 

field. 
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5.5.1 Approximate Sherwood Number Expression 

For an infinitesimal thickness plate, the Sherwood number is accurately approximated by 

Eq. 5.18. In the other extreme, for a very long pipe with fixed concentrations at either end, 

the Sherwood number is given approximately by, 

𝑆ℎ =
𝑃𝑒

1−𝑒𝑥𝑝(−
𝐿

𝐷
𝑃𝑒)

      (5.20) 

The Sherwood number expressions have similar form in both L/D limits, motivating us to 

develop an expression of similar form for orifice plates with arbitrary aspect ratios. 

I construct the expression such that it (1) recovers the 𝑆ℎ = 𝑃ⅇ limit expected for 𝑃ⅇ >> 1, 

(2) results in 𝑆ℎ → 0 as 𝑃ⅇ → −∞, (3) returns to Eq. 5.18 for an infinitesimal plate when 

L/D = 0, (4) approaches Eq. 5.20 for a long pipe when L/D >> 1, and (5) matches an 

approximate resistance model for pure diffusion when 𝑃ⅇ = 0. For the resistance model in 

point (5), I note that as 𝑃ⅇ → 0, the Sherwood number for an infinitesimal plate (Eq. 5.18) 

becomes 𝑆ℎ = 4/π and that for a long pipe (Eq. 5.20) becomes 𝑆ℎ = D/L. Modeling a finite 

aspect ratio orifice plate as an equivalent circuit consisting of the access resistance for an 

infinitesimal plate in series with the pipe resistance in the hole provides a Sherwood 

number estimate at 𝑃ⅇ = 0 of, 

𝑆ℎ =
1

𝜋

4
+

𝐿

𝐷

     (5.21) 

I can match this 𝑃ⅇ = 0 value while satisfying the other proposed requirements by 

approximating the Sherwood number as, 

𝑆ℎ =
𝑃𝑒

1−𝑒𝑥𝑝[−𝑃𝑒(
𝜋

4
+

𝐿

𝐷
)]

     (5.22) 

This expression is plotted as solid curves for each aspect ratio simulated in Fig. 5.5b. For 

all 245 Péclet number - aspect ratio pairs simulated, including those plotted in Fig. 5.5b, 

the expression matches our finite volume calculations to within 3% for 𝑃ⅇ ≥ 0 and to within 

0.04 for 𝑃ⅇ < 0. Eq. 5.22 is a simple but accurate expression for the mass transfer rate 

through a finite aspect ratio orifice plate under creeping flow conditions. 
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Figure 5.11: Dimensions and coordinate system definition for advection-diffusion in a 

long pipe. 

Note that further details and derivations can be found in the Supplementary Information 

section of Ref [52]. 

 Conclusion 

An integral transform approach was used to precisely calculate mass advection-diffusion 

rates in creeping flow through an infinitesimally thick orifice plate. By including only the 

leading order term in the series expansion, an analytical expression for this mass transfer 

rate was obtained that is accurate to within 1% for positive Péclet numbers (where 

advection and diffusion are in the same direction) and maintains low absolute error for 

negative Péclet numbers (where diffusion is opposite advection). This equation offers an 

improvement overestimating the mass transfer rate by simply adding the advective and 

diffusive values as if they were independent, which can be in error by up to almost 30% 

for 𝑃ⅇ > 0. Moreover, finite volume calculations were presented for mass advection-

diffusion in creeping flow through orifice plates of various aspect ratios and an 

approximate expression for the mass transfer rate was proposed that matches our 

simulation results to within 3% for positive Péclet numbers. The main outcomes of this 

chapter are Eq. 5.18 and 5.22, which accurately approximate the dependence of Sherwood 

number on Péclet number for creeping flow through an infinitesimally thick orifice plate 

and orifice plates of arbitrary aspect ratio. They provide simple analytical expressions for 

use in transport modeling and act as a reference point for examining deviations from 

continuum solute transport rates in nanopores. 
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Chapter 6 

6 Conclusion and Future Directions 

Inherently porous atomically thin materials promise similar advantages to graphene as 

high-performance separation membrane active layers, but without the manufacturing 

challenge of creating high densities of equally sized pores over large areas. This thesis has 

furthered inherently porous atomically thin membrane development on multiple fronts. In 

Chapter 3, CHP monomer was synthesized that will be used in future studies to produce 

2D polyphenylene for permeance and selectivity measurements using the tools developed 

in Chapter 4. The gas separation performance of nanoscopic areas of GDY were measured 

in Chapter 4 and molecular sieving was demonstrated. The AFM technique developed to 

measure gas flow rates through flakes of ~nm thickness material is expected to be 

transferable to other nanomaterials as well. Chapter 5 develops analytical approximations 

for mass advection-diffusion rates in creeping flow through an orifice plate, of use in 

atomically thin membrane transport modeling.  

 CHP synthesis 

In chapter 3, I successfully synthesized cyclohexa-m-phenylene (CHP) monomer of 2D 

polyphenylene (also known as porous graphene). This material will be used in future 

studies to produce 2D polyphenylene and measure its gas separation performance. The next 

steps involve cross-linking the monomer by silver-promoted aryl-aryl coupling under 

ultrahigh vacuum conditions to produce 2D polyphenylene on a silver substrate. A method 

needs to be developed to allow suspension and easy transfer of the developed 2D material 

onto a silicon wafer. Next, experimental measurements can be performed using the method 

developed in Chapter 4. Moreover, an alternative method needs to be sought, which is 

faster and more straightforward to produce 2D polyphenylene. 

 Molecular sieving through GDY  

In chapter 4, I obtained permeance and selectivity data for a centimetre-scale GDY 

membrane. The permeance values were 7.18 × 10−8 mol/m2-s-Pa, 1.67 × 10−8 mol/m2-s-

Pa, 1.61 × 10−8 mol/m2-s-Pa, 2.07 × 10−8 mol/m2-s-Pa, 9.01 × 10−8 mol/m2-s-Pa for 
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He, CH4, N2, Ar and SF6 respectively. Although no significant improvement in selectivity 

was observed, these measurements provide a baseline for further efforts to create GDY 

membrane on larger scales. In particular, gaps and defects in the GDY coverage will need 

to be sealed to prevent non-selective leakage flow from dominating membrane 

performance.  

The major contribution of this chapter was the development of a measurement setup that 

permit measuring selective transport of gases through GDY. Prior studies have measured 

graphene permeance in this way, but I have extended the technique to measure inherently 

porous materials. It allowed us to measure the gas flow rates passing through a single flake 

of GDY. In the measurement setup, a single-GDY flake sits on five-layered graphene with 

a 10 nm hole on a 5 µm cavity in the silicon wafer. Flow through GDY can be measured 

by charging the cavity with gas and monitoring the rate at which the graphene deflates on 

an AFM. I obtained deflation data for air, nitrogen, sulfur hexafluoride, and methane, 

which showed molecular sieving with GDY membranes at 20 kPa and under ambient 

conditions. The volumetric flow rate of gas exiting the pore D15 was 2.30 ×10−21 mol/s 

and 7.26 ×10−22 mol/s for N2 and SF6 respectively and no inflation was seen for methane. 

Though, another pore inflated with methane and had a volumetric flow rate of                       

4.63 ×10−21 µm3/min, it cannot be compared to pore D15. Modest selectivity to N2 over 

SF6 was also measured. The measurement technique could be further modified to improve 

our ability to resolve high permeances and characterize the structure being measured. Using 

a smaller diameter hole in graphene to define the flow area could sufficiently reduce the 

flow rate of smaller gases, facilitating AFM measurement. This could be done using helium 

ion beam or electron beam milling. Furthermore, performing the measurements on wells 

created in transmission electron microscope grids may allow for high resolution imaging 

of the material after AFM measurements.  

 Mass advection-diffusion in creeping flow through an 
orifice plate 

In chapter 5, I developed a correlation for simple transport modelling that did not exist 

before. I used an integral transform approach to precisely calculate mass advection-

diffusion rates in creeping flow through an infinitesimally thick orifice plate. By including 
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only the leading order term in the series expansion, I obtained an analytical expression for 

this mass transfer rate that is accurate to within 1% for positive Péclet numbers (where 

advection and diffusion are in the same direction) and maintains low absolute error for 

negative Péclet numbers (where diffusion is opposite advection). This equation offers an 

improvement over estimating the mass transfer rate by simply adding the advective and 

diffusive values as if they were independent, which I found can be in error by up to almost 

30% for 𝑃ⅇ > 0. I presented finite volume calculations for mass advection-diffusion in 

creeping flow through orifice plates of various aspect ratios and proposed an approximate 

expression for the mass transfer rate that matches our simulation results to within 3% for 

positive Péclet numbers. The main outcomes of this chapter are equations that accurately 

approximate the dependence of Sherwood number on Péclet number for creeping flow 

through an infinitesimally thick orifice plate and orifice plates of arbitrary aspect ratio. I 

can further construct approximate transport models using the devised analytical 

expressions. In addition, the expressions can act as a reference point for examining 

deviations from continuum solute transport rates in nanopores. 

 Closing 

Most significantly, in this thesis I have developed an experimental technique with which I 

can screen inherently porous atomically thin materials for gas separation performance. I 

have applied this technique to reveal the ability of GDY to separate gas molecule. This 

project is a major step towards developing selectively permeable, inherently porous, 

atomically thin membranes for separation applications. 
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Appendices 

 

Appendix 1: Schlenk line setup for the first reaction. 

 

Appendix 2: (left) Undesired brown oil formation during the first reaction. (right) 

Rotovap setup. 
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Appendix 3: (left) Separation of impurity from the desired product after 24 hr in the 

fridge. (middle and right) Desired product 1 with white needle-like crystals. 

 

Appendix 4: Desired product 2 (yellow crystalline material) after silica column. 

 

Appendix 5: (left) Synthesis of 3 prior to workup. (right) White amorphous solid 3 after 

workup. 
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Appendix 6: A. Synthesis of 4 after addition of the Pd catalyst (yellow) B. Colorless 

solid 4 after workup C. Degassing setup (bubbling with argon gas) and pressure release 

via the blue needle 

 

Appendix 7: A. Synthesis setup for 5 where aluminum foil ensures absence of light. B. 

Thin Layer Chromatography (TLC) plate of the product showing two additional 

impurities. C. Isolation of the desired product using column chromatography. 

 

Appendix 8: Synthesis setup for 6 in a glove box - covered with black tape to ensure 

absence of light. 
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Appendix 9: Copyright Licenses 

 

Represents Figure 1.1  

Represents Figure 1.4 

 

Represents Figure 1.5 
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Represents Figure 1.6 

 

Represents Figure 1.7 



126 

 

 

 

Represents Figure 1.8 and Scheme 3 

 

Represents Figure 1.10 and 1.11 
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Represents Figure 2.3 

 

Represents Figure 3.6A 
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Represents Figure 3.6B 

 

Represents Figure 3.12 
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Represents Figure 3.13 

 

Represents Figure 4.2 
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