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DEFINITIONS 

 

Acene Linear, cata-condensed polyaromatic hydrocarbon. 

Archipelago  Possible structural type for the asphaltenes. Consisting of 

aromatic units bridged by chain functionality.  

Asphaltene  Heptane-insoluble, toluene-soluble fraction of bitumen. 

Asphaltene dispersant  

 

Compound or polymer capable of suspending asphaltene 

colloids in solution. 

Asphaltene inhibitor  

 

Compound or polymer capable of preventing asphaltene 

colloids from forming. 

Benzenoid  

 

Fully resonance stabilised π-sextet reflecting the aromatic 

properties of benzene. 

Biodegradation  The process by which hydrocarbons formed from catagenisis are 

decomposed by micro-organisms to form a heavier crude oil. 

Bitumen  The non-volatile fraction of crude oil distillation in the refinery. 

Cata-condensed  

 

Non-linear, stepped polyaromatic geometry where aromatic 

rings are connected through two common atoms.   

Catagenisis  

 

The process describing the cracking process of kerogen into 

lighter hydrocarbons. 

Clar’s Sextet  

 

An empirical rule relating the number of benzenoid aromatic 

rings in a molecule to the overall stability of polyaromatics. 

Colloid A homogenous non-crystalline substance consisting of 

aggregated small molecules dispersed throughout a liquid.  

Desalter  

 

A process unit in an oil refinery which separate brine from 

petroleum before introducing the feedstock to fractional 

distillation. 

Diagenisis  

 

The process describing the evolution of sediments after they are 

deposited and buried. Can include physical, chemical and 

biological change.   

Double bond equivalent  Value assigned to the sum of the double and triple bonds present 

in a molecule. 
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Heat exchanger  

 

A process unit that transfers heat energy to crude oil prior to 

fractional distillation. 

Heavy crude oil  

 

Petroleum possessing a higher proportion of resins and 

asphaltenes in comparison to volatile alkanes commonly 

associated with difficulties regarding extraction and transport. 

Island  

 

Possible structural type for the asphaltenes. Consisting of a 

single, peri-condensed aromatic core with peripheral alkyl 

functionality. 

Kerogen  

 

A nonspecific carbonaceous deposit formed from the 

breakdown of organic matter under thousands of tons of pressure 

over millennia. 

Light crude oil  

 

Petroleum with favourable fluid properties consisting largely of 

light alkanes used in fuels. 

Maltenes  A fraction of crude oil existing in the vacuum residue of 

fractional distillation. Heavier than the saturates and aromatics, 

but lighter than the asphaltenes. Separated from the asphaltenes 

by partitioning into n-heptane. 

Mercaptan  

 

Another term for thiol. Any sulfur-containing compound 

possessing the formula R-SH. 

Peri-condensed  

 

Non-linear condensed aromatic geometry where three rings in a 

condensed ring system share a single ring atom in common.   

Permeability  Capacity for fluid flow. 

Petroleum/Crude oil  

 

A liquid mixture of hydrocarbons formed in sedimentary rock 

deposits commonly obtained by drilling and refined into 

fractions including gasoline, kerosene and naphtha. 

Pigging  
The practice of performing maintenance operations upon 

pipelines using ‘pig’ devices. Common uses involve cleaning 

and inspection. 

Reservoir A location of petroleum deposit.  

Resin  

 

A subcomponent of the maltenes. Separated through being 

soluble in heptane and insoluble in lighter hydrocarbons such as 

propane. 
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Specific Gravity  Ratio of density compared to a reference. Specific Gravity = 

density of object/density of water, for example.  

Topology  Molecular structural architecture. 

Tower tray  A device that facilitate the fractionation of crude oil in 

distillation.  
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GLOSSARY OF ABBREVIATIONS 

AFM Atomic Force Microscopy 

APCI Atmospheric Pressure Chemical Ionisation 

API American Petroleum Institute 

ASAP  Atmospheric Solids Analysis Probe  

CMC  Critical Micelle Conversation 

CVD  Chemical Vapour Deposition 

DBE  Double Bond Equivalent 

DCM  Dichloromethane 

DDQ  2,3,-Dichloro-5,6-dicyano-1,4-benzoquinone 

DEPT  Distortionless Enhancement by Polarisation Transfer 

DFT  Density Functional Theory  

DMF  N,N-Dimethyl Formamide 

ESI  Electrospray Ionisation 

FAR  Fused Aromatic Region 

FCS  Fluorescence Correlation Spectroscopy 

FIMS  Field Ionisation Mass Spectroscopy 

GC  Gas Chromatography 

HBC  Hexabenzocoronene 

HOPG  Highly Orientated Pyrolytic Graphite 

HPB  Hexaphenylbenzene 

HRTEM  High-Resolution Transmission Electron Microscopy 

LDA  Lithium Diisopropylamide 

LDI  Laser Desorption Ionisation 

LIAD-EI  Laser-Induced Acoustic Desorption Electron Ionisation 

MALDI  Matrix Assisted Laser Desorption Ionisation 

MS  Mass Spectroscopy 

NMR  Nuclear Magnetic Resonance 

OAC  Oxidative Aromatic Coupling 

OLED  Organic Light Emitting Display 

PAH  Polyaromatic Hydrocarbon 

PBI  Perylene bis-imide 

PHT  Pre-Heat Train 
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SARA  Saturate, Aromatic, Resin, Asphaltene 

SFA  Surface Force Apparatus 

SG  Specific Gravity 

STM  Scanning Tunnelling Microscopy 

TAN  Total Acid Number  

TBP  Tribenzoperylene 

TCNQ  Tetracyanoquinodimethane 

THAI  Toe-to-Heel Air Injection 

THF  Tetrahydrofuran 

TFA  Trifluoroacetic Acid 

TRFD  Time Resolved Fluorescence Depolarisation 

VAPEX  Vapour Extraction 

XANES  X-ray Adsorption Near Edge Structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 

 

ABSTRACT 

Derivatives of polyaromatic core structures representing ‘island’ and ‘archipelago’ structural 

types were synthesised, functionalised and characterised for use in developing a fundamental 

understanding of asphaltene aggregation and deposition. 

Tetraphenylcyclopentadiene derivatives were subjected to Diels-Alder cycloaddition enabling 

a suite of tetra- and hexaphenylbenzenes. Subsequent oxidative aromatic coupling provided a 

key synthetic step in the formation of functionalised tribenzopentaphene and 

hexabenzocoronene derivatives. The reaction procedure for isolation of 1-nitroperylene was 

refined and enabled the installation of thiophene, carbazole and pyridine functionalities, with 

alkyl functionality incorporated by Sonogashira coupling and acylation to permit solution-

based analysis. Nucleophilic aromatic substitution and nucleophilic substitution chemistries 

were performed deliver a series of alkyl-tethered pyrene and phenanthrene derivatives.         

Preliminary investigations performed by academic partners into model compounds deposition 

behaviour utilising atomic force microscopy and adsorption isotherms have provided 

information regarding substrate affinity through surface coverage and morphology analysis. 

The University of Manchester, March 2018 

Barnaby T. Haire 

Degree Title: Doctor of Philosophy 

Thesis Title: The Synthesis of Model Asphaltenes 
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1. INTRODUCTION 

1.1. PETROLEUM 

Petroleum, or crude oil, has been the main source of the world’s energy production for over a 

century and demand is predicted to increase 30% from 2006 to 2030.2 It represents a continuum 

of solids, liquids and gases that occur in sedimentary rock deposits with highly varied chemical 

compositions and physical properties. Formed over millions of years under huge pressures, 

organic matter is transformed, fossilised into petroleum fluids and captured in sedimentary 

basins.3 From these traps, the material can be captured and refined. The fluid properties of a 

crude oil are of great significance in determining the necessary procedure for extraction, with 

heavier, more viscous sources providing numerous chemical engineering difficulties.4 The 

scale of the challenge in profiting from unconventional crude oils – mainly heavy oils, extra 

heavy oils and bitumens - is represented clearly upon observation of activities in Venezuela 

and Canada, which are currently considered to possess a reserve of heavy oil comparable to the 

amount of conventional oil worldwide.5 The profitable collection, transportation and 

conversion of these substances remains elusive however, owing namely to the challenging 

demands of their fluid properties. An increased viscosity, high acidity and metal content require 

transportation and upgrading technologies to be significantly advanced in order to maintain 

supplies of petroleum products (Table 1, Fig. 1), representing a major challenge regarding 

future energy supply and security.6,7 

 

Type of Crude Volumes in Place (Bb) Recoverable Volumes (Bb) 

Conventional heavy 1,000 200-250 

Extra-heavy 1,350 40-244 

Bitumen 2,650 290-450 

Total heavy oils 5,000 530-944 

Conventional crude 4,800 1,032 

Table 1. Predicted total and recoverable conventional and unconventional crude oil 

rescources in billions of barrels (Bb).2 
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A chemical class of highly aromatic organic and inorganic compounds termed the asphaltenes 

are one of the components responsible for complicating the processing of heavy crude oils.8 

Their chemical composition results in instability in the liquid phase. They exist at the boundary 

of the solubility limit of a crude oil and are capable of aggregation, forming particles that 

contribute to increased viscosity levels.9 Furthermore, the aggregation state of these species is 

largely impacted by changes in temperature and pressure, with precipitation a common 

occurrence in industrial tubing.10 Asphaltene deposits are responsible for problems including 

reduced flow rate, increased maintenance costs and at its most severe, the complete shutdown 

of the extraction to clear a severe blockage.11     

Attempts to mitigate the impact of asphaltenes upon the refinery process have been diverse, 

targeting both the solution phase and surface chemistry. In the bulk phase, aggregation 

prevention has been treated with a broad spectrum of asphaltene inhibitors/dispersants 

including anionic and ionic surfactants, polymeric and non-polymeric amphiphiles, fatty 

acids/esters and ionic liquids.12 Utilising surface chemistries that aim to prevent strong 

interactions between the depositing species and the substrate has also been heavily invested 

in.13–15 The limitations of these approaches are due to each heavy crude oil requiring specific 

treatments that are difficult to reproduce from laboratory scale to the reservoir. 

Until recently, asphaltene science has been effectively reduced to phenomenology due to their 

structural and physical properties being obscured by complexity.16,17 Despite many parameters 

now being largely agreed upon by the scientific community,18 analysis of this highly 

 
Figure 1. Past and future oil consumption by region in billion tons of oil (TOE) equivalent 

(part i). Primary energy consumption by fuel source (part ii).6 



19 

 

complicated mixture of compounds remains a challenge. Model compounds have been studied 

to some success in simplifying the complex nature of asphaltenes.19 By identifying key 

structural and functional groups solution and surface experiments can be performed to probe 

the nature of asphaltenes adsorption.20 With the system well defined, analysis is greatly 

simplified. This data can then be used to develop targeted approaches to control asphaltenes in 

upstream refining.       
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1.2. LIGHT AND HEAVY CRUDE OIL FORMATION 

In order to understand how bulk properties of heavy crude oils differ from their light 

counterparts, an understanding of the differences in their formation is critical. Petroleum 

reservoirs vary widely based on the location, temperature, depth and age. These conditions 

define the distribution of the organics present and the overall value of a potential extraction.  

Petroleum fields are created by plant life and animal organic species decaying on the sea bed 

where they are stripped of chemicals such as nitrogen, oxygen and phosphorous by bacteria 

leaving mainly carbon and hydrogen to remain.21 This organic matter is then exposed to 

increasingly high pressures as billions of tons of sand and silt layer upon them. Diagenisis 

describes the process of heat and pressure within the first several hundred metres of burial 

breaking down humin and various organics including lignin, carbohydrates, proteins and lipids 

to geopolymers chains which lead to the formation of the heaviest components of petroleum, 

kerogen.22 

Kerogen is capable of further chemistry in catagenisis (Fig. 2), which describes the cracking 

of these geopolymers at a deeper burial point to form hydrocarbon chains at higher 

temperatures and pressures. However, should the kerogen become trapped or not exposed to 

the pressures required for catagenisis, the extractable products from the reservoir will consist 

only of heavy hydrocarbons and bitumen. Sufficient temperatures in the catagenisis stage lead 

to more extensive cracking of light hydrocarbons to form shorter chained species, with methane 

being the end point of this mechanism. 

After catagenisis aliphatic oil components can be oxidised to form an increasingly denser oil 

through biodegradation, creating a heavy oil. This is possible when the temperature of the 

hosting environment is low enough to permit anaerobic organisms to carry out microbial 

operations (<80 °C). Alkanes are consumed successively based on their chain length in a quasi-

sequential manner, with the lightest being consumed first and followed by heavy and cyclic 

hydrocarbons later in the timeline. As aliphatic components of the reservoir are consumed, the 

relative proportion of resins and asphalt increases. This results in an increased viscosity, 

heteroatom content, metal content, and a higher acidity due to the presence of intermediate 

acid-containing chemical species from biodegradation. This is reflected in the high total acid 

number (TAN) seen in heavy oils.2,23   
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Figure 2. General scheme of petroleum formation. 

Bitumen describes an unconventional crude oil that has formed as a result of incomplete 

catagenisis, resulting in significant quantities of soluble kerogen being present and an 

unfavourable distribution of valuable products. A heavy crude oil is typically produced through 

microbial degradation, where catagenisis is in the advanced stages and the paraffinic materials 

are partially converted to resins and asphaltenes by microorganisms.24  
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1.3. HEAVY CRUDE OILS – EXTRACTION AND REFINING  

1.3.1. RESERVOIR 

A reservoir is characterised based upon the quality of its hydrocarbon reserves. They are 

analysed for their quantity, composition, density, temperature of formation and permeability 

(capacity for fluid flow). A well can then be assigned a valuation for its contents. Following 

this, the potential costs of extraction are considered taking in to account depth profile, 

thickness, rock type, sedimentology analysis and geological history.4,25  

Heavy crude oil analysis and extraction represents an undertaking of significantly higher 

complexity compared to lighter counterparts. The quality of hydrocarbons is more difficult to 

assess due to the wettability of rock being reduced,26 raising the possibility of an inaccurate 

assessment of the reservoir contents. Furthermore, the quality of hydrocarbons is significantly 

poorer resulting in a less favourable distribution of commercial products.  

Increased viscosity of heavy oil results in a slower flow rate. This is treated by injection of heat 

directly into the reservoir. This can be achieved with hot water flooding, but often results in 

structural deformations of the reservoir and, unsurprisingly, a much higher oil to water ratio of 

extracted product. Steam flooding is a significantly more effective treatment and has been used 

intensively due to having higher heat content and reduced volumes being required. However, 

the disparity between densities can often result in water or steam only being able to transfer its 

heat to the reservoir oil at the interface between liquids, resulting in poor heat transfer. This 

can be addressed with polymer injection, whereby the density of the water is increased to closer 

match that of oil and encourage mixing. Carbon dioxide injection, non-thermal vapour 

extraction (VAPEX), Toe-to-Heel air injection (THAI) and other enhanced oil recovery 

methods make extraction of heavy crude oils possible, but require significantly greater 

resources, manpower, technical expertise and carry increased financial risk.27,28 

Even with the solution stabilised and viscosity reduced, the heaviest components of crudes can 

still reach their solubility limit. A drop in temperature or pressure can cause these materials to 

deposit in oil pipelines reducing flow rate and causing obstructions. Asphaltene, wax, gas 

hydrate, diamondoids, organic scale and inorganic scale are all known to form deposits and 

represent their own challenges in prevention and removal.29  
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The most complex and chemically diverse of the solid species mentioned above are the 

asphaltenes. No method for their removal is universally effective. Depending upon the location 

and extent of the problem, chemical or mechanical methods can be applied. The chemical 

solution involves injecting hot aromatic solvents, typically xylene, into pipelines in order to 

dissolve asphaltenes on a scale of 1000 L per meter of obstructed tubing. The costs of this 

method are significant and often involve the shutdown of production wells. Furthermore, this 

approach risks introducing previously insoluble heavy bitumen rock from the well into the 

extracted material.29 This can reduce the relative permeability of the oil, resulting in more 

serious asphaltene deposition problems to result downline. Solvents used for this process can 

also damage the extraction equipment, namely through the dissolution of elastomer seals used 

to allow natural gases and steam to be removed selectively through a permeable membrane. 

The environmental impact using these solvents in high quantities is significant as alteration of 

the well’s structural integrity can have far-reaching implications to surrounding geological 

sites. Asphaltene dispersants and inhibitors can be injected via coiled tubing which aim to 

stabilise or prevent flocculates in solution from forming. However, this technique has had 

limited success due to the additives used generally performing inconsistently.30  

Asphaltene blockages in production tubing can also be resolved mechanically, utilising 

scraping devices or by ‘pigging’, where an internal device carries out inspection and cleaning 

of the pipeline. These techniques can be performed without halting flow or altering the well 

pressure. The limitation being that highly specific ‘pigs’ are required for different problems 

and that they are only suitable for pipelines that do not possess certain valves or internal 

probes.31  

1.3.2.   REFINERY  

Once extracted, crude oil feedstock is transported to a refinery where it is received by a desalter 

(Fig. 3). This equipment acts to remove water and salts including sodium chloride and 

magnesium chloride to prevent potential corrosion and fouling upon the refinery framework. 

Water is also removed as its presence impacts the efficiency of distillation.8 Following this 

crude oil will be heated prior to atmospheric distillation utilising a series of heat exchangers, 

the Preheat Train (PHT), which raises the temperature of the crude oil to the maximum 

temperature possible for single phase flow, around 200 °C.32 The PHT is often fouled due to 

remaining inorganics not completely removed by the desalter, waxes, resins and asphaltenes.33 

The PHT serves to efficiently transfer 60-70% of the heat required for atmospheric distillation, 
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before introducing the crude oil to a direct fired furnace which further increases the temperature 

to 370 °C.34   

The heated feedstock is then introduced to the atmospheric distillation column as a mixture of 

liquid and vapour. In order to achieve effective distillation, vapours rising through the liquid 

must be able to evaporate before transferring its heat to the surrounding liquid above it. This is 

achieved with utilising ‘tower trays’ which permit effective heat transfer between different 

vapour and liquids of different volatilities.35,36 Heavy crude oils complicate each of these 

critical refinery stages. Insoluble organic and inorganic debris builds up in a desalter at a 

significantly faster rate and is very difficult to remove, often requiring large amounts of 

specialist solvent-based cleaning fluids, followed by an acid-surfactant to remove any 

inorganics. Due to the nature of every fouling deposit being unique to the petroleum source 

and conditions of the refinery, there is no standard protocol or specific solvent regimen to 

dissolve these materials. Furthermore, if any cleaning material remains in the system, oil-water 

emulsions can form that reduce the effectiveness of the desalter causing myriad problems in 

the following stages of the refinery.37  

 

Figure 3. General scheme for petroleum refining.  

The furnace and heat exchangers are susceptible to fouling in a refinery resulting in reduced 

effective heat transfer and consequentially greater quantities of fuel being required for 

feedstock to reach temperatures necessary for distillation.38  Cleaning fouled preheat bundles 

and furnace tubes requires soaking the equipment in aggressive oxidising agents such as 

potassium permanganate. The solvation of deposited organics often proves the most technical 

and costly section of the cleaning process, with extreme cases requiring the mechanical 

removal of the material through high pressure hydroblasting.39 An awry cleaning procedure 

can lead to wasted volumes of cleaning agents, increased operational outage time, reduced 

resource recovery and increased maintenance costs.  
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Asphaltenes are significantly responsible for increased viscosity, emulsion formation and 

precipitation in the processing and transportation of heavy crude oils. A major obstacle in 

controlling organic deposition is that despite decades of research, the solution and surface 

chemistry of the asphaltenes remains obscure. 
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1.4. PETROLEUM CHARACTERISATION 

1.4.1. DENSITY 

Light and heavy crudes oils can be simply characterised through observation of density and 

colour. These properties are affected by the distribution of hydrocarbons present, with a light 

crude oil possessing more volatile organics than a heavy crude oil. Light and heavy crudes are 

defined from the American Petroleum Institute (API) gravity which presents a value illustrating 

the density of a given oil compared to water. This is derived from the Specific Gravity (SG).40 

𝐴𝑃𝐼 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 = (141.5/𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑎𝑣𝑖𝑡𝑦) − 135.5 

Equation 1. Formula for calculation of API gravity. 

Light crude oil has an API of above 20 and demonstrates a low viscosity due comprising of a 

greater proportion of straight and branched chain hydrocarbons (paraffins) with a high C to H 

ratio. The highest commercial value light crudes possess 60% paraffins.41 API interpretation 

varies according to region and organisation. However, generally an oil is determined to be 

heavy if the API is under 20, with a value of 10 expressing that the density is the same as water. 

An API of less than 10 defines an extra heavy oil that sinks in water. These material differences 

define the nature of a particular crude oil in terms of physical properties such as appearance 

and viscosity, as well as practical considerations including the percentage of the most valuable 

fractions and flow assurance.  

1.4.2. HEAVY CRUDE OIL ANALYSIS 

The complexity of crude oils means that basing characterisation upon individual molecular 

constituents is not possible. A crude oil can be fractionated on the basis of polarity to provide 

the ratios of classes saturates, aromatics, resins and asphaltenes (SARA, Table 2).42 Saturates 

are apolar hydrocarbons with linear or branched alkyl chains. Aromatics generally refers to 

species with one aromatic ring bonded to aliphatic chains. Resins and asphaltenes, components 

of vacuum residue from crude oil distillation, possess polar functionality and are the heaviest 

fractions, distinguished on the basis of solubility with the former being soluble in heptane and 

the latter in toluene.9,43 
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Table 2. SARA analysis and API gravity of crude oils of various origin.42,43 

Elemental analysis shows asphaltenes to be largely responsible for the increased amounts of 

sulfur, oxygen and nitrogen heteroatom functionality in heavy oils (Table 3).  

Table 3. Elemental composition for Venezuelan reserve heavy crude oil.43 

Despite still being a minor component of heavy oils by weight percentage, the asphaltenes are 

recognised to have a significant bearing upon the properties of a crude oil.18,37,40 Mercaptans, 

sulphides and thiophene derivatives are recognised as having a detrimental impact upon the 

refining process due to their ability to corrode iron used in pipelines.44 Products of oxidation 

including carboxylic acids, ketones, phenolic groups, ethers and anhydrides are also present in 

significant quantity and greatly impact the commercial value through their effect on oil acidity, 

a key cost factor in refining.45,46 Quantities of basic and non-basic forms of nitrogen are also 

elevated including pyridine, indole and carbazole functionality which affect oil pH and can 

ORIGIN SATURATE 

(WT.%) 

AROMATIC 

(WT%) 

RESIN 

(WT.%) 

ASPHALTENE 

(WT.%) 

DENSITY 

(G/ML) 

API 

GRAVITY 

SQ-95 

C-R-00 

TENSLEEP 

S-VEN-39 

RUSSIA 

C-LH-99 

CANADA 

ALASKA 

UTAH 

VENEZUELA 

TEXAS 

65.2 

70.6 

64.0 

51.1 

51.0 

49.4 

18 

23 

19 

19 

4 

18.3 

16.4 

19.8 

28.3 

20.5 

21.5 

27 

22 

19 

19 

17 

13.9 

11.4 

12.9 

14.5 

19.7 

23.9 

27 

35 

46 

29 

37 

2.6 

1.6 

3.2 

6.1 

8.8 

3.4 

15 

18 

20 

18 

43 

0.84 

0.87 

0.87 

0.88 

0.90 

0.92 

0.99 

1.00 

1.00 

1.01 

1.12 

 37.2 

 31.3 

 31.1 

 28.8 

 25.2 

 22.6 

 11.3 

 10.4 

 8.05 

 8.05 

-5.00 

FRACTION       WT.% CARBON HYDROGEN NITROGEN OXYGEN SULFUR 

ASPHALTENE 

RESIN 

AROMATIC 

SATURATE 

      14.1 

      37.3 

      37.2 

      11.4 

83.8 

82.8 

84.3 

86.6 

7.5 

8.9 

10.0 

13.0 

1.3 

1.5 

<0.3 

<0.3 

1.7 

2.0 

1.1 

<0.2 

4.8 

4.3 

4.0 

<0.1 
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form salts with acidic species resulting in stabilised emulsions.47 Porphyrins can complex to 

source rock metals vanadium and nickel,48 with the resulting organometallics significantly 

impacting viscosity and being capable of metal corrosion and the fouling of refinery catalysts.43      
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1.5. ASPHALTENES 

1.5.1. STRUCTURAL INFORMATION 

The asphaltenes are a solubility class. The most well-known definition comes from the 

procedural guidelines IP143, which fractionates vacuum residua into maltenes and asphaltenes 

on the basis of their solubilities in heptane and toluene.49 Numerous problems present 

themselves upon contemplating this description. Firstly, a solutes solubility is dependent upon 

a certain volume, which is undefined in this procedure. Asphaltenes describe a continuum of 

organic molecules with a range of solubilities. Increasing the volume of nonpolar solvent here 

will result in an increase, however small, in material otherwise considered to be insoluble. 

Secondly, the temperature and pressure of this process are not defined. The variation of these 

parameters is significant as asphaltene precipitation is well known to occur upon temperature 

and pressure reductions in the refinery. High resolution mass spectrometry has compared those 

asphaltenes deposited by pressure drop in a live crude oil with those precipitated from heptane 

and found significant differences in aromaticity and heteroatom content.50 Furthermore, it has 

been demonstrated in SARA separation that distinction between these groups is not clear and 

that cross contamination is significant.42,51 Classification of such a broad and complex range 

of organic compounds in this manner does not represent a scientific standard of what an 

asphaltene is, and should only serve to provide a non-exacting distinction between the 

lipophilic and toluene soluble species in the residuum remaining after vacuum distillation.52   

1.5.2. HETEROATOM CONTENT AND FUNCTIONALITY 

Understanding the structural and functional groups present in the asphaltenes is key to 

manipulating their solution and surface chemistries. Elemental analysis of asphaltenes provides 

basic chemical information about asphaltenes (Table 4).  

Heteroatoms contribute approximately 10-20% weight to an asphaltene molecule.53 The impact 

of these species on the properties of the asphaltenes is significant and must be included if any 

structure-function relationships are to be fully understood. 
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ORIGIN ELEMENTAL COMPOSITION (%) H:C 

 CARBON HYDROGEN NITROGEN OXYGEN SULFUR  

U.S.A 88.6 7.4 0.8 2.7 0.5 1.00 

KUWAIT 82.4 7.9 0.9 1.4 1.4 1.14 

VENEZUELA 85.5 8.1 3.3 1.8 1.3 1.14 

MEXICO 81.4 8.0 0.6 1.7 8.3 1.18 

BRAZIL 83.0 9.0 2.0 - - 1.30 

ITALY 78.0 8.8 Trace 3.0 10.2 1.35 

CANADA 85.1 11.1 0.7 2.5 0.6 1.56 

Table 4. Elemental analysis of various asphaltene sources43. 

Thermal degradation experiments show the nitrogen functionality to be very stable as little is 

lost (approximately 2%) upon exposure to high temperatures,54–56 suggesting that nitrogen 

atoms are likely to be incorporated in aromatic rings. This is consistent with nitrogen X-ray 

absorption near edge structure (XANES) studies which have shown nitrogen content to be 

primarily pyrolic and pyridinic.29,57 Conversely, the majority of oxygen is lost in this 

experiment, indicating that it is present in the form of carboxylic acids, ketones and phenols 

rather than in heterocyclic structures.46 Sulphur is likely present in both the saturated and 

heterocyclic regions of the molecule as 23% is lost upon this analysis.58 13C NMR shows >80% 

carbon to be aromatic and is consistent with IR studies showing >90% of hydrogen to be upon 

aliphatic groups and a more varied heteroatom weight percentage of O = 0.3-4.9%, S = 0.3-

10.3% and N = 0.6-3.3%.7,59 

1.5.3. MOLECULAR WEIGHT RANGE 

The molecular weight range of asphaltenes has been the subject of debate for decades, with 

values ranging from 300-100,000 Da.16,60 Mass spectrometry, the obvious choice of technique 

for resolving this issue, has been challenged on the accuracy of values reported. Field ionisation 

mass spectroscopy (FIMS) first reported weights to be approximately 1000 Da,61 but concerns 

were raised over the heaviest components not being volatised and fragmentation of the 

compounds being studied leading to a lower weight range being reported.62 Laser desorption 
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ionisation (LDI) experiments have since resolved these issues of contention to arrive at 

molecules having a most probable molecular weight of approximately 600 Da,63 in strong 

agreement with atmosphere pressure chemical ionisation (APCI) and laser-induced acoustic 

desorption electron impact (LIAD-EI) mass spectrometry.18  

Molecular diffusion experiments have been performed to resolve the values of molecular 

weight and are in strong agreement with those derived from mass spectrometry.62,64,65 Time 

resolved fluorescence depolarisation (TRFD) uses a polarised laser to excite a molecular 

system which results in the absorbing species reaching a corresponding excited state. The 

rotational correlation time then measures how long it takes for the molecule to reorient, with 

the size of the molecule impacting the time taken for reorientation. With fluorescence and 

optical absorption spectra an estimate for the molecular weight distribution for the asphaltenes 

is given at 500-1000 Da.66,67 Convergent results were also obtained from fluorescence 

correlation spectroscopy (FCS)68,69 and NMR70 measurements.  

1.5.4. TOPOLOGY 

The physical, elemental and structural information gathered from the asphaltenes results in two 

topological motifs being used to describe the asphaltenes. These are the ‘island’ and 

‘archipelago’ models (Fig. 4). The ‘island’ model describes a single condensed aromatic unit 

with alkyl chains and heteroatoms functionalising the periphery whilst the archipelago model 

describes multiple polyaromatic hydrocarbon (PAH) units tethered together by alkyl chains 

(Fig. 4).29 When asphaltene molecular weight was presumed to in the order of 10,000-

100,000g/mol, there was little restraint on the number of aromatic units in each molecule. This 

permitted large archipelago models with FAR regions of varying aromatic size to be considered 

as possible asphaltenes.71,72 However, with the average molecular weight consistently now 

reported as approximately 750 Da with a FAR region consisting of 4-10 aromatic rings, the 

possibilities for the archipelago architecture are restricted to small and medium size PAHs with 

only two or three interconnected aromatic systems. 
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Figure 4. Structure of ‘island’ and ‘archipelago’ structural motifs for the asphaltenes. 73,74 

DFT/ZINDO molecular oribital calculations of over 3000 archipelago and island systems 

found that island model systems more often fall within the experimental range of fluorescence 

emission data of asphaltenes.74 1H-13C cross polarization with 13C pulse excitation performed 

upon six Ecuadorian asphaltene samples have acquired carbon aromaticity values that suggest 

larger aromatic systems have increased aromaticity, rather than a larger number of smaller 

aromatic units.75 With a certain structural type comes a particular aggregation behaviour. This 

relationship has been probed in molecular dynamics and found that the ‘island’ model most 

closely embodies that of the asphaltenes. 76 Behaviour of asphaltene molecular ions in 

fragmentation provides data consistent with these conclusions, with electrospray ionisation 

(ESI) and APCI patterns describing the ‘island’ model to more closely resemble structures in 

real asphaltenes.77  

The ‘archipelago’ model has been prevalent for decades.78,79 Despite the current consensus 

appearing to favour the alternative ‘island’ motif, there is still evidence of this architecture 

being consistent with that of the asphaltenes.80 Catagenesis has been simulated utilising small 

aromatic model compounds. Cracked fragments were found to recombine and form larger 

molecules, likely through free-radical addition reactions to unsaturated species, to form 

‘archipelago’ bridged addition products. These results imply the same geological conditions 

that generate light paraffins also create asphaltenes with this topology.54,81,82     

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has demonstrated 

a strong correlation between the extent of aromaticity as a function of C to H ratio (described 

in terms of double bond equivalency (DBE), Equation 2) and number of carbon atoms in 

asphaltene molecules.50,83 A spectrum is generated containing thousands of peaks each 
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representing a molecular formula where numerous isomers are possible. Possible structures can 

be generated from these data points and provide valuable information on the elucidation of 

structural parameters of the asphaltenes. A DBE range of 10-40 includes the majority of peaks 

observed for asphaltenes and can be plotted against 400-1000 gmol-1 molecular weight 

distribution to define structural parameters for prospective asphaltene molecules. Both the 

‘island’ and ‘archipelago’ asphaltene molecular architectures can be interpreted from these 

results.  

𝐷𝐵𝐸 = 𝐶 + (1 − (
𝐻

2
) + (

𝑁

2
)) 

Equation 2. Double bond equivalent formula. C = Number of carbon atoms present; H = 

Number of hydrogen atoms present; N = Number of nitrogen atoms present.  

1.5.5. FAR ORIENTATION 

Density functional theory calculations show Clar’s sextet theory to provide simple rules for the 

suitability of candidate asphaltene model compounds.84 These parameters allow the stability of 

a particular FAR region to be qualitatively assessed in terms of π-electron distribution. 

Structural isomers of a PAH can be refined and generate an optimised geometry with a 

minimised internal energy using these parameters.    

Aromatic rings with six π-electrons in a benzenoid ring capable of being drawn with Kekule 

resonance is a π-sextet (Fig. 5). A greater number of aromatic sextets in a particular FAR limit 

describe a system with a greater degree of aromaticity.74,85,86 Given the geological timeframe 

and high temperatures of asphaltene formation, less stable structures possess a lower 

occurrence probability.  

 

Figure 5. Resonance structures of i. Linear acene, ii. Stepped cata-condensed, iii. Peri-

condensed PAHs displaying the maximal configuration of resonant sextets. 
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The Clar model effectively rules out the acenes, linear cata-condensed fused PAHs, as possible 

aromatics in asphaltene mixtures due to the series containing only one migrating π-sextet. It is 

well established in the field of organic electronics that acenes display an increasing sensitivity 

toward oxidation and dimerization when subjected to heat and light respectively.87 Comparison 

of the seven FAR containing PAHs heptacene and tetrabenzoanthracene demonstrate the effect 

of greater aromaticity upon oxidative stability through calculation of their respective HUMO-

LUMO bandgaps, with the former registering a reading of 760 nm and the latter at a markedly 

more stable 326 nm.88  

The size and orientation of asphaltene PAHs has been elucidated through a molecular imaging 

analysis. Scanning tunnelling microscopy is capable of detailing the long axis dimensions of 

asphaltene PAHs giving a length of approximately 1 nm, corresponding to an aromatic 

structure of 7 fused rings.89 This is in agreement with high resolution transmission electron 

microscopy (HRTEM).90 13C Distortionless enhancement by polarisation transfer (DEPT) 

experiments describe the average asphaltene as having approximately 27 carbons, also 

consistent with 7 fused aromatic rings (FARs).91 More recently, atomic resolution atom force 

microscopy (AFM) has been combined with STM to study over 100 asphaltene molecules, 

revealing the structure of the asphaltenes in detail. This showcased the extraordinary structural 

diversity of mean asphaltene structures and was in agreement with the values attained through 

analytical techniques. Due to a limited sample size and preferential selection of clear images 

however, the investigation of asphaltene structure is not as conclusive as these results 

indicate.92    
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1.6. SURFACE CHEMISTRY OF ASPHALTENES 

Structural and colloidal characteristics govern the adsorption of the asphaltenes onto 

surfaces.93–95 The strength of interactions between asphaltene molecules differentiates them 

from the other fractions of petroleum. They possess a high polarity through large aromatic units 

and heteroatom functionality that generate van der Waals forces,96 hydrogen bonding97 and 

charge-transfer interactions98 which lead to self-association and ultimately facilitate 

asphaltene-surface adsorption. These forces combine to result in a strong supramolecular self-

assembly.99 

Monomeric solutions of asphaltenes are common at concentrations below 1 mg/L, while dimer 

formation occurs in the range of 5-15 mg/L.95  Dimer pairs (nanocrystallites) form at 

approximately 90 mg/L, displaying a diameter of approximately 2 nm and further concentration 

of the solution results in 2-5nm diameter  aggregate crystallites with an average of eight 

molecular stacking being predominate (Fig. 6).100  

 

Figure 6. Representative scheme of increasing asphaltene particle size with concentration. 

X-ray and small angle neutron scattering (SANS) techniques have shown crystallites can 

further aggregate to form larger particles possessing a diameter of 3-10 nm.17,101,102 The 

aggregates are dynamic and structurally sensitive towards shear rate, solvent, temperature and 

pressure, with a change in one of these variables resulting in a change in the shape and structure 

of the particle.103–105 Research in asphaltene aggregation has led many groups to attempt to 

interpret the phenomena in terms of micelles and calculate the critical micelle concentration 
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(CMC). This is not appropriate for the asphaltenes as micellisation describes a significant 

change at a certain concentration, whereas the observed behaviour here is stepwise. This 

explains the variance from different groups in data captured for the CMC, with values ranging 

from 10 mg/L106 up to 4.9 g/L.107  

As the solvent system becomes less stable for asphaltenes, such as upon the addition of non-

polar solvent or a reduction in temperature, suspended colloids flocculate to form larger 

suspended particles of non-dissolved organics which lead to agglomeration and 

precipitation.108,109 The colloidal status of asphaltenes strongly influences the rheological 

properties of their solutions, with viscosity being increased upon the liquid carrying larger 

particles.110     

The source of asphaltenes produced governs their chemical and structural characteristics.111 

These properties, combined with the thermodynamics of the system from which they are 

precipitated details their ability to adsorb to surfaces. Adsorption can be described as a physical 

process whereby Van der Waals forces drive the interaction, or through chemical adsorption 

which sees the formation of ionic or covalent bonds, altering the electronic structure of the 

adsorbate. 

Adsorption rate is described firstly by asphaltene diffusion from the bulk solution to the particle 

surface, followed by adsorption at the substrate and finally chemical reaction if chemisorption 

can occur. Adsorption experiments found no difference in the rate whilst static compared to 

under the influence of stirring, indicating that diffusion is fast compared to the adsorption 

step.112 A kinetic study for asphaltene adsorption at liquid interfaces was in agreement that 

diffusion was rapid and subsequently led to a rate limiting multilayer build-up of organic 

deposits.113  

Characterisation of sorbents offers insight into the mechanisms that inhibit or encourage 

asphaltene deposition. Relevant substrates include silica, alumina, glass metals, metals oxides 

carbon and polymers.15 From analysis of adsorption isotherms interesting trends become 

apparent. For example, minerals display a noticeable adsorption capacity difference based upon 

the abundance of surface hydroxyl groups, with hydrophilic silica operating at 3.78 mg/m2 and 

hydrophobic silica at 0.26 mg/m2.114 This suggests hydrogen bonding interactions of the 

sorbate and the asphaltenes to be significant, consistent with studies that show reservoir rocks, 

with high numbers of hydroxyl functionality per area, to display very high adsorption 

capacities. Furthermore, a series of silica substrates impregnated with increasing amounts of 
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alumina found surface acidity to dramatically increase PAH adsorption.115  This mechanism is 

utilised in the selective removal of basic asphaltenes from Cold Lake vacuum residuum.116  

The morphology of the surface is also regarded as highly significant.117,118 This has been 

demonstrated by showing the increased adsorption capacity of asphaltenes upon colloidal 

alumina nanoparticles compared to equivalent micro-sized particles.119 Comparison of various 

hydrophilic metals has shown surface morphology to greatly affect adsorption, with relatively 

rough stainless steel displaying a capacity of 2.7 mg/m2 compared to 0.25 mg/m2 for the 

smoother alumina,120 suggesting that with a higher surface area (roughness) per gram of 

sorbate, adhesion is increased.119,121 Current research points towards asphaltene adsorption 

being governed by physisorption due to the inability to define specific chemical-surface 

interactions of which the asphaltenes are capable.14,20,122  
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1.7. MODEL ASPHALTENES  

The development and study of model asphaltene compounds, representing average asphaltene 

molecule types, offers a fundamental approach to their study. 

 

Figure 7. Representative, synthesised and simulated ‘archipelago’ model compounds. 1,123 

2,124 3,125 4,126 5/6,127 7,128 8,74 9.51 
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Figure 8. Representative, synthesised and modelled ‘island’ model compounds. 10/11/12,129 

13/14,128 15,80 16/17,130 18.131 

The chemical diversity of the asphaltenes generally makes the interpretation of experimental 

analysis highly complicated. Targeting specific molecules with functionalities and topologies 

present in the asphaltenes allows physical properties to be studied at a molecular level. This 

tactic is commonly used simplify biological systems.132–134 With molecules and substrates well 

defined, the deposition characteristics of asphaltenic compounds can be investigated through 

aggregation analysis and surface science with confidence. This approach is utilised in 
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computational modelling of the asphaltenes which uses idealised molecules as the subject of 

their investigation.  

With a well-defined aggregation model, asphaltene deposition could be better controlled 

through methods such as concentration management or the use of targeted aggregation 

inhibitors. This aim has led to model compounds being the subject of investigation in self-

association studies. Solution behaviours of alkyl-bridged pyrene derivatives (3) have been 

analysed through vapour pressure osmometry to find that these units alone lack the ability to 

aggregate.125 However, when a similar unit 4,4’-bis-(2-pyren-1-yl-ethyl)-[2,2’]bipyridinyl 

(PBP, 1) was probed by NMR and steady state fluorescence, dimerisation was found to occur 

within the concentration range found for asphaltenes.123  

The bipyridine spacer in 1 was found to be significant in the associative forces between 

molecules. The effect of larger aromatic molecules with extended π networks followed this 

work to see if a higher aggregation state could be reached with stronger π-based interactions. 

Hexabenzocoronene (HBC) derivatives (15a/b) have FAR of 13 and represents a boundary 

asphaltene molecule. However, it was found that these models were also only capable of 

forming dimers.135 Molecular dynamics investigations upon violanthrone derivatives 18 found 

similar results with inadequate aggregation.136 Interestingly, upon further investigations into 

18 regarding the effects of peripheral alkyl chain length upon aggregation derivatives in water, 

it was found that this relationship was not linear. Dense aggregates were shown to form with 

short (butyl) and long (hexadecyl) alkyl chains, whilst lesser aggregates form with medium 

length (octyl and dodecyl) chains. It was concluded that when aromatic core units can approach 

without paying a penalty of alkyl chain steric repulsion aggregates can form. This is also the 

result if strong enough alkyl-alkyl interactions can exist between molecules. However, if 

neither the aromatic or alkyl attraction is strong enough, no aggregation is seen. The analyses 

upon these model molecules show that the underlying principles of asphaltene aggregation are 

not yet identified through this approach.   

Much work surrounding asphaltene models has been focused on how molecules interact with 

the oil/water interface in an effort to better understand how these species stabilise emulsions. 

Notably, Langmuir physiochemical experiments combined with steady-state fluorescence and 

Brewster angle microscopy can describe a conformational orientation at the interface.137,138 

Analysis of PBI derivatives C5Pe (11), BisA (10) and PAP (12) found that acidic groups are 

of great significance regarding surface activity as they reach into the aqueous phase, with the 
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condensed aromatic group lying flat against the interfacial boundary. Adsorption isotherms and 

interfacial tension data have found 1 to form a monolayer film at the water/oil interface. At 

high pH 1 was in alignment with the asphaltenes ability to stabilise emulsions, indicating that 

a certain fraction of the asphaltenes are responsible for this behaviour.       

Model molecules have also been used to develop our understanding of the deposition 

mechanism of asphaltenes upon surfaces. The strength of interaction between two mica 

surfaces coated with asphaltenes has been compared to identical surfaces with model 

compound C5Pe, 11 adsorbed in toluene, heptane and water.139,140 The resulting force curve 

profiles captured through Surface Force Apparatus (SFA) showed model molecules and 

asphaltenes to display similar attraction forces, suggesting that these molecules are pertinent to 

the asphaltenes. Given this accurate representation, it is anticipated that further studies of 

specific asphaltene structures and functionalities will prove fruitful in faithfully imitating the 

solution and deposition behaviour of the material of interest.  
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1.8. BP ICAM 15 

The work undertaken in this thesis is one part of a cross-university collaborative program 

(ICAM 15) aimed at developing an understanding of asphaltene deposition through 

investigation of asphaltene and model compound deposition upon materials. The main 

scientific challenges for the group are summarised: 

1. Develop mechanisms of asphaltene deposition describing the bulk state solution 

chemistry that facilitate nucleation and growth of deposits. 

2. Understand the role of materials composition and structure (atomic and macro) upon 

asphaltene deposition.  

3. Design and test the effect of novel materials and coatings to inhibit or clean asphaltene 

deposits. 

4. Select and utilise analytical tools and techniques suited for surface characterisation, 

detection and investigation of molecular deposits. 

5. Develop computational modelling tools to allow visualisation and prediction of the 

various molecular interactions taking place both in solution and at fluid-substrate 

interfaces.  

Specialist groups comprising of synthetic chemists, materials scientists, physical and 

theoretical chemists have been divided into ‘work packages’ (WP) that comprise two integrated 

themes of experimentalist and modelling research. The work described in this thesis falls into 

the remit of Work Package 1 (WP 1).  

Work Package 1 (WP1) – Reference Materials and Properties 

Pure compounds representing asphaltenes in terms of molecular shape, size, functionality and 

aggregation/adhesion behaviours are to be specifically prepared and characterised. Novel 

molecular cores are to be synthesised and derivatised to provide an array of new model 

materials which are expected to be excellent asphaltene models. These molecular cores’ 

functional utility allows the inclusion of all chemical groups of interest to the programme. They 

can be readily modified to give a range of large molecular weights, variable solubility and site 

specific polarity. 

A full description of the objectives and experimental process undertaken by each WP is detailed 

in the appendix of this report (Sect. 5.1) and is summarised (Fig. 9).  
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Figure 9. Flow diagram of ICAM 15 work packages. 
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1.9. SYNTHESISING MODEL ASPHALTENE MOLECULES 

Considering the scale of resources invested in the explanation of asphaltene structural 

properties, the combination of known parameters to synthesise model compounds for 

asphaltene molecules has been inadequately explored. This is possibly due to the asphaltenes 

occupying an area of chemical space which is difficult to access. As a consequence of this, 

models used for this purpose are often selected presumably out of convenience, rather than for 

possessing appropriate properties. For instance, perylene bis-imides (PBIs, 10-12) have been 

heavily researched as asphaltene models, yet contain a level of heteroatom content ill-fitting 

with known asphaltene data. Furthermore, these materials possess an intrinsic low solubility 

that limits the scope of their analysis.12,90,141  

‘Archipelago’ models have a significantly higher occurrence rate in research despite being the 

less favourable of the two structural motifs. This is likely due to their synthesis being more 

facile. ‘Archipelago’ model compounds are generally acquired through tethering of often 

commercially available 2-4 ring aromatic units through SN2 or other coupling chemistries.123,124 

These synthetic routes use reliable chemistry, have no issues regarding solubility and are 

generally acquired in 1-3 reaction steps. 

 

Figure 10. Representative ‘archipelago’ synthesis.123 i. SOCl2, pyridine, CH2Cl2; ii. LDA, 

THF, 4,4’-dimethyl2,2’-bipyridine. 

‘Island’ model compounds however present a significantly more technical and uncertain 

synthetic challenge. Commercial aromatic compounds possessing ≥5 fused aromatic rings are 

few, expensive, have a limited potential for functionalisation and are typically inherently 

insoluble. Coronene, ovalene, benzoperylene and isoviolanthrone derivatives comprise the 

most obvious available and appropriate starting units, yet all of which are unsuitable (Fig. 11).  
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Figure 11. Commercially available PAHs. 

In order to achieve a solubility level appropriate for solution based analysis for appropriate 

PAHs, functionalisation has to be performed. Potential chemistry is confined largely to benzene 

chemistry, with bromination, nitration and Freidel-Crafts reactions being the most general. 

These reactions are typically unselective upon multiple substitutions however. Symmetry 

effects allow one substitution to often be successful, but di- or tri-substitutions typically result 

in a statistical distribution of products. Operating with only one substitution site on these 

aromatics is limiting and makes including heteroatom and sufficient solubilising functionality 

difficult. 

1.9.1. SYNTHESIS OF ‘ISLAND’ MODEL MOLECULES 

Suitable ‘island’ model compounds need to include heteroatom functionality N, S and O into 

the aromatic framework. In order to achieve a suitable product, large aromatic units have to be 

made from pre-functionalised components (19, 21) with an oxidative capability that allows the 

formation of a singly condensed aromatic molecule (20, 22). This versatile approach can be 

described as a ‘bottom-up’ route to synthetic targets and permits creativity in producing 

suitable aromatic species.    



46 

 

 

Figure 12. Representative ‘bottom-up’ ‘island’ asphaltene model syntheses.142–144 

This synthetic approach carries significant risk due to the idiosyncratic nature of oxidative 

aromatic couplings (OACs). The mechanism of this reaction remains controversial and 

numerous articles have explored OACs high sensitivity toward subtle changes structural 

isomerisation.145,146 In OAC reactions an electron-rich aromatic compound loses an electron to 

form a radical cation. The radical species then attacks at a susceptible second site to form a 

carbon-carbon bond (Fig. 13).147 Where radicals form and attack is unpredictable however, and 

can result in the formation of oligomeric species through intermolecular coupling reactions.148 

1.9.2. OXIDATIVE COUPLING OF ELECTRON RICH AROMATICS  

Suitably functionalised precursors can form intramolecular biaryl bonds giving access to a 

hugely diverse selection of functionalised aromatic compounds for purposes including dyes, 

organic light emitting diodes (OLEDs), graphene nanostructures and sensors.146 This reaction 
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can be performed using a variety of conditions, but principally uses an electron-rich arene, an 

oxidant and a strong acid. The reaction proceeds via a radical cation mechanism.147 

 

 

 Figure 13. General scheme for the radical cation mechanism of OAC reactions. 

OAC reactions are facilitated by an oxidant, typically DDQ or FeCl3, capable of removing an 

electron from the aromatic system to form a radical cation. The intermediate is susceptible to 

intra- or intermolecular electrophilic attack to form a biaryl bond. DDQ and FeCl3 are 

commonly used as the oxidant and are able to perform this reaction through variations of the 

same mechanism.   

FeCl3 acts as a strong Lewis acid capable of oxidising an aromatic unit by accepting electron 

density into its vacant 3d and 4p orbitals, with the electronegative chlorine substituents 

stabilising the negative charge and promoting the formation of a radical cation. FeCl3 is a highly 

deliquescent material that forms hydrochloric acid upon contact with water, allowing proton 

abstraction to be facilitated through chloride anions.  

DDQ operates differently, forming an electron donor-acceptor complex with the electron-rich 

arene. An acid source is then required to facilitate the electron transfer reaction resulting in 

oxidation of the substrate and the formation of hydroquinone (Fig. 14).       
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Figure 14. Reaction cycle of DDQ in OAC. 

Due to the late-stage nature of OACs in these synthetic routes, time and labour intensive 

substrate preparation can often result in an undesired or intractable final product due to 

misaligned electronic distribution. Density functional theory (DFT) can help to predict whether 

a precursor is amenable to the desired reaction but requires lengthy simulation times. In order 

to acquire representative asphaltene molecules however, this chemistry cannot be avoided. 

HBC chemistry is well established135,149–151 and has been successfully applied to capture a 

series of tribenzopentaphene (TBP) derivatives (Fig. 15).152–154 By developing upon this 

established chemistry, the risks associated with OAC chemistry upon substrates is minimised.  
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Figure 15. General reaction schemes for the synthesis of HBC and TBP derivatives. 

Models synthesised via these routes offer extensive R-group versatility (Fig. 16). This allows 

tuneable solubility to be built into the molecule. HBC use in asphaltene modelling has been 

primarily focused on hexa-alkylated derivatives (15a/b), which possess a high degree of 

symmetry and self-associate in a lamellar orientation. The potential for these molecules to 

perform as asphaltene models has not yet been properly explored however, as their synthesis 

can allow for the formation asymmetric and functionalised compounds. This also applies to 

TBP chemical syntheses, with the added benefit of being able to utilise functionalised 

commercial alkynes for Diels-Alder addition chemistry. This potentially allows a library of 

TBP derivatives with various functionalities to be developed from a common precursor 23. 

 

Figure 16. General reaction scheme for the preparation of functionalised TBP derivatives. 

The asphaltene modelling community has invested a large amount of effort in PBIs due to their 

surface and solution properties aligning well with those of the asphaltenes. Perylene 24 offers 

a versatile starting point (Fig. 17) for a variety of potential asphaltene model compounds 

without including inappropriate heteroatom content associated with bis-imide functionality. 24 

is highly amenable to various functionalisation mechanisms allowing a series of perylene-based 

derivatives to be synthesised featuring the key functional groups of interest. The risk of 
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producing a material with inadequate solubility for solution analysis is also mitigated due to 

the ability to tune alkyl functionality through cross-coupling reactions upon borylated 25 or 

brominated derivatives 26.  

 

Figure 17. The versatile substitution chemistry of perylene 24. i. B2Pin2, [Ir(OMe)(COD)]2, 

DTBPY, cyclohexane;155 ii. NBS, DMF;156 iii. HNO3, dioxane/water;157 iv. (CF3CO)2O, 

CF3SO3H, α,β-unsaturated carboxylic acid.158  

The installation of aromatic functionality is also reported for perylene 24. This is possible due 

to the regioselectivity of primary nitration occuring in the 1- and 3-positions 27/28. 

Electrophilic aromatic substitution is governed by electron density and steric effects.159 Despite 

27 appearing the less sterically available isomer in comparison to 28, significant yields have 

been reported of its isolation.157 27 is of great value in creating asphaltene model compounds 

due to its ability to form thiophene 29 and carbazole 30 derivatives through oxidative 

cyclisation reactions. 

 The potential to capture a pyridinic derivative of 24 through bischler cyclisation also exists 

through a proposed synthetic route upon the successful reduction of 27 to 1-aminoperylene 31 

(Fig. 18). 
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Figure 18. Synthesis of heterocyclic perylene derivatives from 27. i. HNO3/H2O, 15%; ii. S 

powder, Cu, 88%;160 iii. CH3(CH2)11COCl, Pyridine, THF;161 iv. P2O5, DCM;162 v. C8H17Br, 

KOH, KI, THF, 78%.163 
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1.10. AIMS AND OBJECTIVES – SYNTHESIS OF ASPHALTENE MODEL 

MOLECULES 

In this project, model molecules representing the spectrum of molecular weights, 

functionalities and aromatic orientation of the asphaltenes are synthesised and distributed to 

academic and industrial partners for solution and surface chemistry analysis. Compounds 

displaying the supposed asphaltene frameworks of ‘island’ and ‘archipelago’ are to be both 

represented.    

In summary the project has the following aims: 

1. Establish a protocol for the synthesis of ‘archipelago’ model compounds generated 

from functionalised phenanthrene and pyrene polyaromatic units tethered together 

utilising sulphides and alkyl spacers of various lengths.  

2. Successfully synthesise 1-nitroperylene 27 to allow the preparation of novel pyridinic 

and carbazole containing perylene derivatives.    

3. Synthesise a series of HBC derivatives of various solubilities through variation of alkyl 

chain length and substitution pattern to represent a reference C/H containing ‘island’ 

molecule. 

4. Utilise the chemistry of HBC synthesis to develop a series of TBP model molecules 

possessing relevant functionalities and solubilities suitable for surface analysis.     

5. Synthesise a geologically inspired asphaltene model molecule through coupling and 

subsequent oxidation of a steroid with a PAH.  
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2. RESULTS AND DISCUSSION 

 

2.1. ARCHIPELAGO MODEL COMPOUNDS 

2.1.1. TETHERING AROMATICS THROUGH SNAR REACTIONS 

The synthesis of a suitable archipelago compound requires two PAH groups each 

functionalised with single effective leaving group and a single tethering unit with a nucleophile 

potent enough to facilitate nucleophilic aromatic substitution (SNAr). Initial studies utilised 

bromide functionalised pyrenes and alkyldithiols based upon successful reactions in the 

literature surrounding the use of sulfoxides as fluorescent chemosensors. 164–166 

 

Figure 19. General route for the synthesis of aromatics tethered together by a dithiol. 

The reaction is facilitated by aromatic resonance in the extended π-network in pyrene that 

stabilises the anionic intermediate. 

 

Figure 20. Example of resonance stabilised nucleophilic aromatic substitution. 

The commercially available starting materials 1-bromopyrene and 9-bromophenanthrene were 

reacted with either 1,6-hexanedithiol or 2,2’-(ethylenedioxy)diethanethiol and potassium 

carbonate at high temperature to produce a series of archipelago compounds 32-34.  
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Figure 21. Arylsulfides synthesised from nucleophilic aromatic substitution. Conditions 

K2CO3, DMF, 145 °C, 16 h. 

The synthesis for the production 32-34 requires one reaction step and operates within a short 

timescale. However, the process proved typically low-yielding and produced considerable by-

products, the separation of which requires multiple recrystallisations from toluene/heptane. The 

result is an inconsistent procedure. It is plausible that the unintentional species produced are 

products of sulfur oxidation, resulting in sulfoxide and disulfoxide formation (these compounds 

are indistinguishable by 1H NMR). The CH2 environment α- to sulphur displays a resonance 

of 2.62 ppm, which is in the range of those reported for sulfoxides.164,167 

 

Figure 22. Crude 1H NMR spectrum of 32 containing a 20% intractable impurity.  

Attempts to optimise the synthesis and prevent sulfoxide from forming were initially addressed 

by more aggressively removing oxygen in a freeze-pump-thaw procedure but resulted in 

limited success. Lowering the reaction temperature in order to make the reaction conditions 

milder prevented bromoaromatic compounds from being consumed at all. A series of reactions 
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at different temperatures revealed that this procedure requires a minimum temperature of 130 

°C to proceed. Given that no reaction was found to proceed in o-xylene at 144 °C, it is plausible 

that a highly polar solvent facilitates charge separation of the thiolate nucleophile and anionic 

aromatic intermediate species to permit this reaction pathway.  

2.1.2. TETHERING AROMATICS THROUGH SN2 REACTIONS 

In order to avoid the formation of any potential oxidation products, the reaction procedure was 

altered by substituting the aromatic bromide for thiolate functionality. This allows 

‘archipelago’ models to be synthesised under milder conditions by performing an SN2 

nucleophilic substitution upon a dibromoalkane.  

 

Figure 23. Mechanism for SN2 addition upon pyrene-1-thiol 36. 

Pyrene-1-thiol 36 was synthesised from 1-bromopyrene and sodium methanethiolate, utilising 

a nucleophilic aromatic substitution resulting in methyl(pyren-1-yl)sulfane 37 forming as an 

intermediate (Fig. 24). With excess sodium methanethiolate the reaction continues as the 

thiolate species is a strong nucleophile capable of attacking 37, resulting in the formation of 

36, methane thiol and dimethyl sulphide. This reaction requires the strictest chemical 

containment standards as otherwise the reaction is almost intolerable to the operator due to the 

potency of odour produced. In spite of these technical challenges this optimised procedure was 

performed at room temperature in the order of minutes and produced the desired product in a 

near quantitative yield.  
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Figure 24. Mechanism for the generation of pyrene-1-thiol 36. 

Due to material demands from academic partners, this procedure was only performed upon 1-

bromopyrene for the capture of 32. 

2.1.3. ALL-CARBON ANALOGUE OF 32 

In order to access the impact of sulphur contained in the archipelago model series and because 

of recent interest in the field regarding these molecules,168 a carbon analogue of 32 was 

synthesised 38 using 1-bromopyrene, 1,8-dibromooctane and tert-butyl lithium (Fig. 25). 

 

Figure 25. Reaction scheme to yield 38. 

Pyrene 39 was formed as a major by-product due to the lithiated pyrene intermediate reacting 

with water present in the solvent and reaction vessel despite precautions being taken to keep 

the system moisture free.  

Use of n-butyllithium led to the formation of 1-bromobutane, which competed directly with 

the intended coupling partner, resulting in a statistical distribution of inseparable products. 

Tert-butyl lithium however avoids the formation of a competing bromoalkyl species when two 

equivalents are used, resulting in a more facile purification and an increased yield. 



57 

 

 

Figure 26. Mechanism of lithiation and associated by-products with n-Buli. 

  

 

Figure 27. Mechanism of lithiation with two equivalents of t-BuLi. 
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2.1.4. SINGLE CRYSTAL X-RAY CRYSTALLOGRAPHY 

Single crystals were grown throughout the project in order to acquire X-ray structures for the 

purpose of structure determination and to assess stacking motif. Archipelago model compounds 

32-35 and 38 have been collected and analysed.  

 

Figure 28. Crystal structure of 34. 

34 co-crystallised with toluene to adopt a highly asymmetric twisted herringbone stacking 

orientation, dominated by CH-π interactions (short C-C contact 3.66 Å, CH-C contact 2.93 Å).  

 

Figure 29. Crystal structure of 32. 

32 crystallised in a symmetric herringbone orientation with coplanar geminal aromatic units 

and CH-π interactions dominating (short C-C contact 3.35 Å, CH-C contact 2.91 Å).    
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Figure 30. Crystal structure of 33. 

In a similar manner to 32, 33 crystallised in a symmetric herringbone orientation with coplanar 

germinal aromatic units, and CH-π interactions predominating (short C-C contact 3.55 Å, CH-

C contact 2.988 Å). 

 

 

 

Figure 31. Crystal structure of 35. 

35 stacked in a head to tail orientation with 1D stacking, dominated by alkyl-π and SH-π 

interactions (short CH-C contact 3.027, SH-π contact 2.79). 

 

Figure 32. Crystal structure of 38. 
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38 crystallised in a herringbone orientation with orthogonal geminal aromatic units and CH-π 

interactions dominating (short C-C contact 3.74 Å, CH-C contact 2.90 Å). Full detail of crystal 

structures detailed upon in appendix (5.3.1-5.3.5). 
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2.1.5. PRELIMINARY ANALYSIS OF ARCHIPELAGO STRUCTURES BY ICAM 

EXPERIMENTALISTS 

2.1.5.1. AFM STUDIES OF 32 FROM WP 2/3  

All work detailed herein (Sect. 2.1.5.1.) was performed by Domina-Maria Kaimaki and Dr 

Colm Durkan at the University of Cambridge operating within WP 2 and 3. The following is a 

brief summary of preliminary results acquired from SPM upon ‘archipelago’ model 32.   

AFM studies were undertaken investigate the deposit morphology of 32 upon model surfaces 

Au, highly orientated pyrolytic graphite (HOPG) and Al2O3. These surfaces were chosen as 

they represent industrial steel surfaces at vairous stages of their lifecycle. Metallic Au 

represents a non-oxidised steel surface and alumina an oxidised steel surface. HOPG is a semi-

metal and is expected to serve as a model steel surface. The different electron densities of these 

materials are expected to result in different adsorbate-substrate behaviour due to the potential 

for charge transfer varying considerably. These materials are well defined and have 

characteristic features that make analysis reproducible, making them preferable candidates to 

more complicated industrial steel surfaces. From these model systems it is anticipated that the 

general principles of asphaltene deposition can be investigated with confidence.   

Compound 32 was deposited onto model surfaces using dropcasting, chemical vapour 

deposition (CVD) and immersion. Immersion (in 1 mmol toluene solution over 5 hours) was 

identified as the most representative of the deposition methods due to the organics being 

allowed to equilibrate and not being forced onto the substrates. Furthermore, experimentally 

this method gave the most reproducible results.  

 

Figure 33. AFM topography images of 32 deposited upon 111Au. 

Circular adsorbates of ~3 nm height were found to form upon Au.  The size of these deposits 

are much greater than the dimensions of a single molecule, indicating that deposits are forming 
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as molecular clusters or aggregates (Fig.33 (a) and (b)). The molecule-surface interaction is 

understood to be relatively strong due upon observation that their position remains fixed 

through repeated imaging. Therefore, it is plausible that 32 can chemisorb to the Au surface.  

 

Figure 34. AFM topography images of 32 deposited upon HOPG. 

Upon HOPG a self-assembled monolayer can be seen to form ~1 nm tall with no apparent 

preferential molecular orientation or location relative to either surface steps or atomic rows 

(Fig. 34 (c and d)).  

 

Figure 35. AFM topography images of 32 deposited upon on alumina. 

Adsorption on alumina is significantly reduced in comparison to Au and HOPG (Fig. 35 (e and 

f)). Weakly bound adsorbates with two different size profiles are present, with the larger 

adsorbates ~3 nm tall and ~200 nm wide and the smaller covering the surface as a 

submonolayer ~1 nm tall.   

The relative strength of adsorbate interaction can be interpreted through grain analysis, with a 

greater surface area coverage indicating stronger adsorbate adhesion. From analysis of AFM 

images it is anticipated that the strength of interaction is in the order of Au>HOPG>alumina. 

However, surface coverage values display Au at 35%±6%, HOPG at 73%±6%  and alumina at 

63%±4%. It is plausible that the low surface coverage of Au is due to the analytical technique 

not accounting for a monolayer film underneath the observed clusters.   
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2.1.5.2. ADSORPTION ISOTHERMS OF 32 UPON GRAPHITE AND IRON (III) 

OXIDE 

All work detailed herein (Sect. 2.1.5.2.) was performed by Richard Alloway and Dr Stuart 

Clarke at the University of Cambridge within WP 2. The following is a brief summary of 

preliminary results acquired from adsorption isotherms taken for ‘archipelago’ model 32.   

In these studies 32 was adsorbed from non-aqueous solvents onto graphite and iron (III) oxide. 

 

Figure 36. Adsorption isotherms of 32 (also named A2 within the scope of the project) in 

toluene onto graphite (red) and iron (III) oxide (black). 

Experimental adsorption of 32 upon unrecompressed exfoliated graphite (Fig. 36) shows an 

increase in adsorption until a plateau is reached, demonstrating behaviour typical of a Langmuir 

isotherm. 

𝜃 =  𝜃𝑠𝑎𝑡

𝐾𝑎𝑑𝑠𝑐

1 + 𝐾𝑎𝑑𝑠𝑐
 

Equation 2. Langmuir adsorption isotherm as a function of surface coverage (𝜃) and 

deposition rate (𝐾𝑎𝑑𝑠𝑐) 

Linear regression can determine the values of θsat and Kads to be: 

θsat = (1.13 ± 0.05) x 10-6 mol m-2 

Kads = (7.2 ± 4.2) x 104 
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Interpretation of these values suggests a strongly adsorbing chemical species onto a solid 

substrate. It can be calculated from the plateau region that the area per molecule is 

approximately 147 ± 6 Å2 molecule-1. A pyrene molecule lying flat on a surface occupies 

approximately 70 Å2 and a C8 chain 40 Å2, giving a rough total area of X as 180 Å2. An upright 

pyrene molecule would occupy approximately 30 Å2, suggesting an upright orientation for 32 

of to cover approximately 30-60 Å2. From these calculations it is inferred that 32 preferentially 

lies flat on the graphite surface, consistent with chemical intuition that would understand 

adsorbate-substrate π-interactions to be maximised when in parallel.    

Adsorption behaviour of 32 upon iron (III) oxide (Fig. 41) is markedly different from graphite, 

with essentially no adsorption measurable within the given concentration range. It is plausible 

that this is due to differences in polarity between iron oxide and 32 making their interaction 

unfavourable. 
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2.2. SYNTHESIS OF MODELS FROM PERYLENE SCAFFOLD 

2.2.1. NITRATION OF PERYLENE 

Perylene 24 offers a versatile substrate towards the synthesis of model asphaltene molecules 

through being a sufficiently soluble, 5-ring peri-condensed aromatic compound with numerous 

routes to functionalisation (Fig. 17). Asphaltene nitrogen-based functionality is understood to 

be largely incorporated into the aromatic framework, rather than being peripheral (see Sect. 

1.5.2). 24 Offers access to these structural characteristics through optimally positioned nitro 

groups, allowing ring closures that result in structures not accessible from commercially 

available aromatics (Fig. 18). 

The nitration of 24 has been utilised rarely, possibly due to difficulties in its handling. Whilst 

24 is soluble enough for synthesis on an appreciable scale, its effective use generally requires 

large volumes of solvent per gram and an elevated temperature. 24 Was found to have a 

solubility limit of approximately 1.0 g per 150 mL at 70 °C in 1,4-dioxane. The desired 1-

nitroperylene 27 is the less sterically available isomer due to the crowded environment of the 

bay region. Interpretation from 1H NMR detailed an approximate 60% of conversion to produce 

isomer 28. This unfavourable isomeric distribution results in multi-gram scales being necessary 

to produce a sufficient quantity of material. This problem is compounded by the purification 

process of this reaction being unavoidably wasteful.  

 

 

Figure 37. 1H NMR spectra of purified and crude products from perylene nitration. 
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A serviceable reaction rate and limited unwanted additional nitro group substitutions require 

the correct concentration of nitric acid in the reaction. Surrounding literature for this reaction 

has described the need to stop the reaction whilst some perylene remains in the system, due to 

multiple additions upon one molecule being possible on this timescale.157 However, using 10 

mL of nitric acid per 1.5 L of solvent found 15 g of 24 to be entirely converted and the products 

largely limited to the two mono-substituted isomers 27 and 28.  

The work-up of and purification of this large scale reaction is demanding of time, technical 

ability and a hugely unfavourable ratio of solvent to product returned. The use of aqueous base 

to quench acid present forms an emulsion with 1,4-dioxane and low-solubility perylene 

products, resulting in excessive quantities of organic solvent being required to form a solvent 

partition.  

Regioisomers 27 and 28 are separable by column chromatography, however both products 

possess intrinsically low solubility and share a similar polarity. The purification of >1 g of 

crude products required gradient chromatography to be performed in a broad bore vessel due 

to the high loading volume permitted per area of silica. The intrinsic low solubility of nitration 

products complicates loading and required 100 mL of boiling chloroform per 10 g of crude 

products to afford an organic solution amenable to silica loading. Dry loading, typically 

employed for insoluble systems of this nature, was found to be ineffective as products where 

introduced to the solvent system in a gradual manner, resulting in ineffective separation. 

Vacuum silica plug chromatography was employed due to quantity of solvent needed to 

achieve separation and subsequent collection.  

 

Figure 38. X-ray crystal structure of 27. Full details in appendix (Sect. 5.3.6). 
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27 displays a herringbone packing motif with CH-π interactions dominating. The molecule is 

noticeably contorted due to the nitro group and C12-H competing for space in the bay position. 

The NO2 group is orthogonal to the perylene core. Despite numerous attempts to prepare 28 

for X-ray crystallography, suitable crystals could not be grown.   
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2.2.2. PYRIDINE ASPHALTENE MODEL 

A perylenophananthridine derivative 31 was sought as a synthetic target in order to represent 

a pyridinic asphaltene molecule. Given the limited availability of 27 the synthetic procedure 

was first examined upon (1,1’-biphenyl)-2-amine 42. The series uses a base-mediated acylation 

followed by Bischler-Napieralski cyclisation (Fig. 39).  

 

Figure 39. Synthetic route to the generation of 42 and Bischler-Napieralski cyclisation 

mechanism. 

Acylation required investigation into the appropriate base and acylating agent. Pyridine proved 

to be effective in its role of activating the amine functionality as a nucleophile. Dodecanoic 

anhydride was selected as a mild acylating reagent, but displayed no reaction at room 

temperature. Myristoyl chloride was then selected as a more active reactant and was to found 

to perform best when used as two equivalents to capture 41, with multiple additions frustrated 

by the steric demands of the amide formed. Bischler-Napieralski cyclisation proved to be a 

highly effective reaction, operating with a near quantitative yield to afford 42.  

This reaction sequence was then applied to the perylene derivatives following palladium 

catalysed hydrogen reduction of 27 to 43. 
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Figure 40. Synthetic route to the generation of 31.  

Analysis of 44 was complicated by solution chemistry obscuring 1H NMR, implying a poorly 

defined mixture of products from acylation. Purification by column chromatography 

apparently yielded a single material. However, in chloroform-d at room temperature proton 

resonances were found to be poorly resolved. When subjected to increasing temperature in a 

series of variable temperature 1H NMR experiments it was found that the signals changed 

significantly. Furthermore, when analysed in DMSO-d6 resonances resolved at higher 

temperature (Fig. 42). This effect may be due to hindered rotation about the aryl C-N and N-

acyl bonds on the NMR timescale at these temperatures. Upon hydrogen bonding to DMSO 

solvent this effect is significantly reduced. 

 

Figure 41. Variable temperature 1H NMR study of 44 in chloroform-d. 
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Figure 42. Variable temperature 1H NMR study of 44 in DMSO-d6. 

Upon subjection to Bischler-Napieralski cyclisation conditions it was found that the purified 

materials from acylation near-quantitatively returned 31 and possessed suitable solubility for 

use as an asphaltene model compound. 

 

 

 

 

 

 

 

 

 

 

 



71 

 

2.2.3. PERYLENOCARBAZOLE ASPHALTENE MODEL 

A carbazole-containing asphaltene model was sought to investigate acidic nitrogen 

functionality upon surfaces. Cadogan-Sunberg indole synthesis facilitates the formation of an 

indole from 27 through deoxygenation to form a nitroso intermediate followed by 

intramolecular electrophilic attack upon the intermediate nitrene species and subsequent 

protonation to form 30. 

 

Figure 43. Cadogan-Sunberg reaction and mechanism upon 27. 

30 Would itself serve as a useful asphaltene model, however the solubility of the aromatic unit 

with no alkyl functionalisation is too poor for solution based analysis. 30 demonstrates 

acceptable solubility only in DMSO and THF. When used previously in the literature, groups 

tend to circumvent this problem by alkylation of the indole with sodium hydride and a 

haloalkane.169 However, given that the target molecule requires N-H functionality this was not 

a viable solution. Bromination of 30 allows the solubility to be altered through instalment of 

alkyl functionality via cross-coupling reactions.  
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Mono-bromination of 30 proved complicated due to competing di-bromination in positions -3 

and -10 inseparable by column chromatography. One equivalent of NBS generates unreacted, 

mono-brominated 45 and di-brominated 46 products in a ratio of 10:70:20 (Fig. 44).  

 

Figure 44. The bromination products of 30 with 1 equivalent of NBS. 

Protection of 30 with TBDMS-ether was pursued with the intention of increasing solubility and 

allowing the use of column chromatography upon products of subsequent reactions. Whilst 

successful in increasing the solubility of 30, subsequent bromination products of 47 were no 

more amenable to column chromatography than their unprotected analogues.   

 

Figure 45. Reaction scheme for the protection of 30 with TBDMSCl to afford 47. 

As a result of this, di-brominated derivative 46 was selected as preferred candidate for further 

functionalisation and collected quantitatively after reaction with 2 equivalents of NBS (Fig. 

46). It is notable that NBS directs electrophilic aromatic substitution to these locations. At room 

temperature, the second bromide substitution in unfunctionalised perylene is unselective for 

the -9 and -10 positions. However, instalment of the carbazole functionality apparently 

increases electron density at the 3- and 10- positions to direct substitution at these sites and 

afford one regioisomer 46.  
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Figure 46. The bromination products of 30 with 2 equivalents of NBS and X-ray crystal 

structure (full detail in appendix, Sect. 5.3.7). 

The crystal structure of 46 shows strongest interactions between orthogonal Ar-H and Ar-C 

(short contact 2.893 Å) and between Ar-Br and Ar-H short contact) of 2.982 Å. Two stacking 

motifs are present, with an offset stack of planar molecules and 125° herringbone stack 

laterally.  

A double Sonogashira coupling upon 46 using Pd((PPh3)4) to afford 48 proved to be 

satisfactory after initial testing on 1-bromoperylene and was found to significantly increase the 

solubility of the material. Due to alkyne functionality being alien to asphaltene chemistry, a 

palladium catalysed hydrogenation was carried out with the intention of producing an alkyl 

derivative. An interesting consequence of this system is that these conditions reduced not only 

the alkyne functionality, but also two of the aromatic rings to give 49.  

 

Figure 47. Reaction scheme for the Sonogashira coupling and subsequent catalytic 

hydrogenation to afford 51. 
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Observation of the successful reduction of 27 to 43, and attempted hydrogenation reactions 

performed on the unfunctionalised carbazole 30, it is hypothesised that the alkyne functionality 

facilitates this further reduction. This could be made possible by subtle electronic differences 

in the molecule or the alkyne’s approach and interaction with palladium forcing the molecule 

into a structural conformation whereby an aromatic reduction can take place.170 The room 

temperature atmospheric pressure hydrogen reduction of aromatics mediated by palladium on 

charcoal is a seldom reported phenomena but has precedent in the Yeates group, with an 

alkylperylene derivative observed to form a hexahydroperylene under similar reducing 

conditions.171 49 Was decided to suffice as an asphaltene model compound despite the reduced 

aromaticity due to its FAR region, solubility and molecular range being within an acceptable 

range.  

 

  

Figure 48. Crystal structure of 49. 

The crystal structure of 49 is dominated by orthogonal interactions of NH-π (short contact of 

2.535 Å) and CH-π (short contact 2.840 Å).The saturated rings are evident from the tetrahedral 

carbons in positions -4,-5,-6 and -7,-8,-9. Full detail in appendix (Sect. 5.3.8). 
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2.2.4. A SULPHUR CONTAINING ASPHALTENE ISLAND MODEL 

Thiophene functionality was incorporated into 24 via 27 in order to provide insight into the 

effect of an aromatic sulphur species in an ‘island’ topology upon industry surfaces. The 

structure of 29 and similar models have been used in experimental and computational model 

simulations, suggesting agreement in the field regarding its legitimacy as an asphaltene model 

compound.172,173  

The condensed benzothiophene 29 was synthesised through reaction of 27 with elemental 

sulfur at high temperature. Whilst the reaction mechanism here is not fully understood, it is 

plausible that this reaction proceeds via electrophilic attack followed by nucleophilic aromatic 

substitution with elimination of NO2.
174,175   

 

Figure 49. Reaction scheme and plausible mechanism for the conversion of 27 to 29. 

29 Was found demonstrate high solubility in toluene. Suitable solubility characteristics resulted 

in this molecule being serviceable as an asphaltene model without further functionalisation. 
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2.3. SYNTHESIS OF HEXABENZOCORONENES 

2.3.1. ALKYNE PREPARATION 

Alkylated HBC structures were selected as candidates to represent the heaviest ‘island’ 

structures to act as a reference point for a simple carbon and hydrogen containing asphaltene. 

They display versatile solubilities through the ability to tune aromatic to alkyl chain lengths. 

HBCs historical use as an asphaltene model allowing parallels to be drawn with the surrounding 

literature.135,176 

A series of diphenylacetylenes were synthesised capable of undergoing either [4+2] Diels-

Alder cycloaddition or cobalt cotrimerisation to generate hexaphenylbenzene (HPB) 

derivatives (Fig. 50).  

 

Figure 50. Route to HPB derivatives. i. 250 °C, 4 h; ii. Co2(CO)8, 250 °C, 4 h. 

It was then intended to perform OAC reactions to capture a series of peri-condensed 13 

aromatic ring containing HBCs (Fig. 51).  

 

Figure 51. OAC conversion of HPB to HBC. i. FeCl3. PhNO2/DCM; ii. DDQ, TfOH, DCM. 



77 

 

A Sonogashira coupling was performed to generate asymmetric acetylene 52. Coupling 

partners 1-hexyl-4-iodobenzene and 1-ethynyl-4-pentylbenzene were selected due to their 

commercial availability.  

 

Figure 52. Reaction scheme for Sonogashira coupling to generate 52. 

In order to generate a diphenylacetylene with greater solubilising ability, an alternative 

synthetic route was undertaken. The ability of dodecyl alkyl groups is reported to afford HBCs 

with a sufficient degree of solubility in xylene.177 

Generating a didodecyl derivative of diphenylacetylene requires an alternative synthetic route 

due to a lack of commercially available starting materials. A bis-Kumada-Corriu coupling was 

attempted upon 55 (Fig. 53). After myriad palladium and nickel catalysis conditions were 

employed affording a poorly defined mixture of products, it was deemed that this particular 

compound was not a suitable precursor towards functionalised HBCs and would not be pursued 

further.   

 

Figure 53. Attemped bis-Kumada-Corriu coupling performed upon 53. 

The Friedel-Crafts acylation of bromobenzene 55 and subsequent Wolff-Kishner reduction of 

the ketone 56 produced 1-bromo-4-dodecyl benzene 57. A decarboxylative cross-coupling with 

57 and acetylene dicarboxylic acid yielded phenylacetylene 54 (Fig. 54). Optimisation of the 

literature protocol in the conversion of 57 to 54 was attempted through use of a microwave 

reactor.178 This approach was found to be unsuitable due the two equivalents of CO2 released 

per successful bis-coupling, resulting in the pressure limits of sealed vessels being reached 

prior to completion. 
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Figure 54. Synthetic route for the generation of diphenylacetylene derivative 54. 

It was found that the Huang Minlon modification of the Wolff-Kishner reduction used in the 

synthesis of 57 resulted in a significantly higher yield when compared to the original procedure. 

By establishing the equilibrium of hydrazone/carbanion, then increasing the temperature to 220 

°C, excess water and hydrazine are vigorously removed driving the equilibrium towards 

reduction. Failure to increase the temperature results in the formation of a significant quantity 

of the hydrazone intermediate and approximately 25% yield of 57.   

 

Figure 55. Scheme and Mechanism for Wolff-Kishner reduction of 56 to 57.  

 

Attempts to reduce this synthesis to a single reaction procedure were run by performing a 

Kumada-Corriu coupling upon 58 with 1-bromododecane (Fig. 56). It was hoped that the 
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inevitable statistical distribution of unreacted, mono- and di-substituted products of the reaction 

would be sufficiently different in solubility or polarity for a separation to be possible. High 

lipophilicity of all products produced rendered this approach ineffective however.   

 

 

Figure 56. Unsuitable bis-Kumada-Corriu coupling for the generation of 57. 

2.3.2. DIELS-ALDER CYCLOADDITIONS 

Diel-Alder [4+2] cycloadditions were carried out to generate HPB derivatives 60 and 61. Some 

procedures for the development of these materials report significantly lower temperatures than 

were found to be necessary for the sought products.149,153,179,180 All derivatives synthesised here 

require 250 °C for 4 hours to reach completion, comparable with alternative protocols.181–183 It 

is consistent with the energetic barrier insertion of molecules possessing such steric bulk that 

the reaction should require high temperatures in order to proceed.   

 

Figure 57. Mechanism for Diels-Alder [4+2]cycloaddition – chelotropic extrusion reaction of 

52/54 and 59 leading to HPBs 60 and 61. 

Diphenyl ether is often utilised in these reactions. Despite being an effective heat transfer 

medium, this solvent can significantly complicate the purification of desired products from the 

reaction. Removal requires trituration from methanol and dichloromethane, yet can require 

multiple repeats to be effective. Regarding purification, the polarity of this solvent often 
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coincides with HPB derivatives, resulting in difficulties when purifying via column 

chromatography. For these reasons tetradecane was selected as a superior solvent in this 

reaction, serviceable in promoting effective heat transfer, thermally stable and removed easily 

by washing with hexane.       

The hexa-functionalised aromatic 50 was generated through a cobalt mediated cotrimerisation 

reaction. The reaction operates by forming two metal alkyne complexes which combine to 

afford a metallacyclopentadiene intermediate. The reaction then proceeds in an analogous 

manner to the formation of 60/61, with insertion of a third alkyne and reductive elimination of 

cobalt (Fig. 58). 

 

Figure 58. Reaction mechanism for acetylene co-trimeristion to generate 50.  

Further validation of the temperature requirements of these reactions is evident through 

observation of colour change in this reaction. Formation of the cobalt complexed CPD 

intermediate is seen at 140 °C through a characteristic deep purple colouration. Upon 

increasing the temperature to 235-250 °C the solution transitions to colourless as this 

intermediate is consumed.  
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2.3.3. OXIDATIVE AROMATIC DEHYDROGENATION OF HPBS 

The transformation of HPBs to HBCs was performed utilising either FeCl3 or DDQ, with 

technical difficulty and product yields varying significantly between the two protocols.  

 

 

Figure 59. General scheme and products of OAC reactions upon HPB derivatives i. FeCl3, 

DCM/PhNO2, ii. DDQ, TfOH, DCM. 

 

 

 

 

 

 

 

 

 

Table 5. Yields from OAC reactions upon HPB derivatives using FeCl3 and DDQ. 

Contrary to a variety of literature sources, reactions with FeCl3 consistently yielded less than 

15% of desired products.148,152,184,185 Using DDQ as an oxidant proved to be generally more 

successful with higher yields and fewer complications in work-up.   

The deliquescent oxidising agent FeCl3 generates a number of problems when used in these 

cyclisation reactions. Often a significant excess of the material is employed in relation to the 

SUBSTRATE PRODUCT OXIDANT YIELD 

HPB 62 FeCl3 10 

60 63 FeCl3 7 

61 64 FeCl3 11 

50 51 FeCl3 6 

HPB 62 DDQ 45 

60 63 DDQ 39 

61 64 DDQ 32 

50 51 DDQ 35 
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substrate. However, the reactivity of FeCl3 is such that when used in excess upon an OAC 

precursor, multiple oxidations can occur upon the same molecule. Large aromatic compounds 

are often difficult to purify, with low solubilities and a tendency to chromatograph poorly. This 

makes significant proportions of unwanted by-products problematic due to an inability to 

separate them from the desired material.  

OACs with FeCl3 require a reductive workup using methanol to quench the reagent through 

donation of a lone pair into the orbitals of Fe.184 It was commonplace in these reactions for the 

aqueous workup to be complicated due to ferric species and methanol stabilising emulsions 

and preventing phase separation. This resulted in the process requiring a disproportionate 

quantity of solvents in order to satisfactorily remove inorganic species from the organic phase, 

inevitably leading to a significant loss of material.  

Attempted oxidative cyclisation using DDQ in the presence of triflic acid provides many 

advantages over FeCl3. DDQ is able to be used in stoichiometric equivalents in OACs reducing 

the potential for multiple couplings upon a single reactant. This makes the reaction and workup 

significantly more manageable and is a possible contributor to the increased yields seen 

consistently among various substrates.  

In proton-coupled electron transfer the LUMO of the electrophile is lowered through 

coordination of the proton to a carbonyl bond, resulting in a lower activation energy (see charge 

transfer complex Fig. 15, Sect. 1.9.). It is noteworthy that acids including trifluoroacetic acid 

(TFA) and methane sulfonic acid are commonly utilised for this reaction, yet only with 

superacid triflic acid was acceptable conversion achieved in all cases.  

The PAHs 62, 63 and 64 all proved to have solubilities too low for NMR analysis, rendering 

them unsuitable for solution analysis as asphaltene model compounds. The difficulties in 

handling HBCs is evident in the limited techniques that can show the presence of these 

molecules, with the only confirmation available through MALDI-MS. Structural analyses for 

62 and 64 are convincing due to a the parent ion displaying 100% signal intensity. 51, however 

does possess a sufficient solubility in chloroform and toluene to acquire an acceptable 1H NMR, 

confirming structural constitution and giving the molecule suitable solution properties to allow 

its use as an asphaltene model.      
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2.4. SYNTHESIS OF ALKYLATED TRIBENZOPENTAPHENES 

Insertion of alkynes in place of a diphenylalkyne and subsequent aromatic oxidation of 

tetraphenylbenzene (TPB) derivatives was expected to afford a series of 8-ring peri-condensed 

functionalised tribenzopentaphenes (TBPs). Undecynoic acid was first inserted into 59 was 

performed in an analogous reaction to the generation of HPB derivatives (Fig. 60). Products 

from the transformation of 65 to 66 were found to possess a solubility too low for satisfactory 

purification however.  

 

Figure 60. Reaction scheme for the synthesis of TBP 66. 

Initial attempts to increase the solubility of the 59 aimed to Kumada-Corriu cross-coupling 

upon 70 to install alkyl groups. Ketonic decarboxylation upon 67 afforded 68, which was 

converted to 69 via a double aldol reaction. Diels-Alder cycloaddition afforded 70. This 

synthetic route was not found to be viable due to the incompatibility of 70 as a coupling partner. 

70 Was consumed in these attempted reactions, however the products generally proved to be 

diverse and indistinguishable. 

 

Figure 61. Unsuccessful synthetic route to alkylated TPB derivatives. 
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Alkyl functionality was instead built into 59 through carbonyl protection of 68 using acid-

catalysed acetylisation, followed by bis-Kumada-Corriu coupling upon 72 to acquire 73. The 

acetal protecting group was then removed utilising acid-catalysed hydrolysis to afford 74. A 

further aldol reaction was then performed with benzil resulting in the desired diene 75. 

 

Figure 62. Synthetic route to 75. 

A series of alkynes were reacted with 75 in order to generate representative functionalities: 

these Diels-Alder reactions proceeded with varying levels of success (Fig. 63). Undec-10-ynoic 

acid and tetradec-1-yne performed as expected to afford HPB derivatives 71 and 76.  
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Figure 63. Products of Diels-Alder cycloaddition upon 75. i. tetradecane, 250 °C, 4 h.   

The Diels-Alder cycloaddition of 75 with hex-2-ynoic acid however resulted in the formation 

of 77 and 78 in a 35:65 ratio. In order to probe the mechanism for the formation of this 

derivative, carboxylic acid 77 was heated to 250 °C which resulted in its decarboxylation to 

78.    

DDQ and triflic acid mediated oxidation to the fully condensed aromatic analogues of 

tetraphenyl benzyl derivatives proved largely unsuccessful. 71, 77 and 78 produced intractable 

mixtures of oxidised aromatics that were not suitable for purpose as asphaltene model 

compounds given the requirements for a high level of purity. These compounds 

chromatographed poorly, precluding purification by HPLC and RP-HPLC. Solubility based 

purifications including trituration, recrystallisation and Soxhlet washing with various solvents 

also failed. Attempted purification by sublimation at 400 °C and under a high vacuum (5.2x10-

7 Torr) was also found to be unsuccessful presumable due to its high molecular weight of 869 

gmol-1.     
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Figure 64. Successful OAC oxidation of 76 to 79. 

Carboxylic acid 79 was successfully purified, albeit in a 9% yield, upon successive 

recrystallisations with methanol (Fig. 64).   
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2.5. SYNTHESIS OF GEOLOGICALLY-INSPIRED ASPHALTENE ‘ISLAND’ 

MODEL 

A synthetic target requested by industrial partners was based upon using compounds closely 

resembling those present in the natural system. Polyaromatic compounds representing products 

of catagenisis were to be fused with steroid derivatives, such as found in plant matter. In order 

to acquire such a molecule, pre-functionalisation of both the aromatic and aliphatic components 

is necessary in order to set up a viable coupling route. Once achieved, the steroidal system was 

intended to be oxidised in order to establish a single condensed aromatic system.   

 

Figure 65. General scheme for the formation of an aromatic steroidal derivative. 

2.5.1. PREPARATION OF 4-BROMOCHOLESTENONE  

Cholesterol 80 was chosen as a suitable starting material as its oxidation to 4-bromo-4-

cholesten-3-one 83 is well established.186  

 

Figure 66. Reaction scheme for the synthesis of 83.  
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Oppenauer oxidation of 80 afforded the corresponding α,β-unsaturated ketone 81. This 

oxidation was driven in a forward direction due to the presence of excess acetone.187 

 

Figure 67. Mechanism for Oppenauer oxidation. 

The Julià-Colonna epoxidation of 81 uses basic hydrogen peroxide to form a peroxide-enolate 

intermediate followed by the release of sodium hydroxide to afford epoxides 82a/b.188 

 

Figure 68. Reaction scheme and mechanism for the epoxidation of 81. 

The reaction sees 82b form as the major isomer. It is plausible that this is due to a 

stereoelectronic preference for the enone to undergo axial attack by a peroxide anion during 

the initial reaction step, as steric factors inhibit equatorial approach of the anion.189 

 

Figure 69. Plausible stereoelectronic explanation for disproportionate epoxide formation. 
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82b was then reacted with hydrogen bromide to form 83. The reaction proceeds via diaxial 

opening of the epoxide followed by spontaneous dehydration of the intermediate β-

hydroxyketone to form 83, with no alternative bromination products seen.190  

 

Figure 70. Reaction scheme of 82b with HBr to yield 83. 

2.5.2. PREPARATION OF PYRENYE-1-YL BORONIC ACID 

1-Bromopyrene was chosen as the coupling partner for Miyaura borylation due to its bromide 

functionality being situated ideally for post-coupling oxidation to potentially form a planar 

model molecule with a single condensed aromatic core unit (Fig. 65). Use of Pd(PPh3)4 to 

generate 84 in a Miyaura borylation required long reaction times and displayed poor 

conversion. Significantly higher yields were obtained with Pd(dppf)Cl2.  

 

Figure 71. Reaction scheme and catalytic cycle to acquire 84.191  

The coupling reaction forms 1,1’-bipyrene 85 as a major by-product due to a competing 

Suzuki-Miyaura coupling between starting material and 84.  
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Figure 72. Competing Suzuki-Miyaura coupling produced 85 as a major by-product. 

2.5.3. COUPLING OF STEROID TO PAH 

An attempted Suzuki-Miyaura coupling of 84 with 83, under standard conditions, afforded an 

intractable mixture of products.  

 

Figure 73. Unsuccessful coupling of 84 with 83. 

It is plausible that the vinylbromide functionality was rendered unreactive as a consequence of 

being positioned α- to carbonyl functionality. In order to capture a suitable asphaltene model 

compound of this design, various catalytic conditions need to be tested and evaluated. 

However, this may be fruitful in the future to provide an intriguing asphaltene model.  
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3. CONCLUSIONS AND FURTHER WORK 

3.1. CONCLUSIONS 

Classical nucleophilic aromatic substitution (SNAR) reactions were employed in the 

preparation of a family of sulphurous ‘archipelago’ model compounds. A second generation 

synthesis of these molecules involved initial SNAR of 1-bromopyrene with methanethiolate, 

followed by demethylation to afford pyrene-1-thiol 36 in high yield. Alkylation of this thiol 

with a variety of alkyl halides proceeded much more smoothly, and produced products devoid 

of impurities, compared to those obtained by the direct substitution of bromopyrene with thiols. 

Encouraging insights into the deposition mechanism of these derivatives have been 

demonstrated through preliminary AFM and adsorption isotherm experiments. A sulfur-free 

version of these derivatives was synthesised through the use organolithium precursors allowing 

for the impact of sulfur functionality to be evaluated. 

The nitration of perylene was optimised and provided the versatile feedstock intermediate 27 

which proved useful in the production of scaffolds containing pyridine 31, thiophene 29 and 

carbazole 49 motifs. These structures are believed to be representative of those found in 

asphaltenes isolated from natural sources and provides material for further evaluation by other 

experimentalists associated with the BP ICAM 15 program. HPB derivatives (50, 60 and 61) 

were generated through two synthetic pathways to arrive at hexabenzocoronene derivatives 51, 

63 and 64. This procedure was adapted and key intermediate 75 synthesised used in the 

generation of a TBP aromatic core with appropriate functionality to serve as a suitable acidic 

asphaltene model compound 79. The synthesis of a geologically inspired asphaltene model was 

attempted through coupling of 83 with 84, however the system requires refining in order to 

achieve successful cross-coupling. 

‘Island’ and ‘archipelago’ model compounds generated throughout this program are plotted 

alongside those previously synthesised and simulated in the literature (Sect. 1.7.) in terms of 

DBE (Sect. 1.5.3) and molecular weight generally showing a satisfactory fit within the 

structural parameters of the asphaltenes (Fig. 74 and 75).  
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Figure 74. ‘Island’ molecules DBE plotted against molecular weight for models synthesised 

in this project (black circles), literature asphaltene models (red triangles) and simulated 

asphaltene models (blue squares).   

Simulated model compounds (blue triangles), with no restriction on the synthetic feasibility or 

solubility properties occupy optimal locations on these maps. ‘Island’ molecules 51 and 31 

possess 4 and 6 FARs respectively and occupy the lighter region of asphaltene chemical space. 

TBP 79 appears as a more suitable candidate molecule to analogous hexa-alkylated HBC model 

compounds 51 and 15a/b. It is proposed that the molecules synthesised here will serve as 

superior asphaltene model compounds in comparison to literature examples (red triangles) due 

to the possession of specific and relevant functionalities alongside appropriate solubilities for 

deposition analysis from relevant solvents toluene and heptane. The atypically high solubility 

of 29 in toluene, contrary to other perylene derivatives, made alkyl functionalisation redundant 

and places this candidate as an outlier. However, 29 is still expected to perform adequately in 

future chemisorption studies of aromatic sulphur functionality upon relevant substrates.     
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Figure 75. ‘Archipelago’ molecules DBE plotted against molecular weight for models 

synthesised in this project (black circles), literature asphaltene models (red triangles) and 

simulated asphaltene models (blue squares).   

Archiepelago models synthesised in this project (black circles, Fig. 78) are chemically similar 

and occupy a condensed region of the plot within the average asphaltene region. Literature 

archipelago model compounds (red triangles) display an appropriate distribution and solubility 

properties. It is intended that models synthesised in this program will add to body of research 

produced by these materials and inform the discussion on the impact of alkyl sulphur in these 

types of asphaltene model motif.  
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3.2. FURTHER WORK 

The compounds described within this thesis are expected to reveal insights into the mechanism 

of asphaltene deposition through the experimental methods described in ICAM 15 WPs.  

AFM analysis is currently being undertaken to evaluate the affinity of synthesised model 

compounds for various surfaces through interpretation of morphology and adhesion force 

calculations. QCM analysis and adsorption isotherms is expected to provide complementary 

data in describing the mass adsorption of models upon the substrates under investigation. These 

data streams will inform computational simulations of asphaltenic molecules upon relevant 

surfaces and assist in the design of new experiments seeking to analyse other depositing 

organics of commercial interest.   

Preliminary results observing the direct relationship of substrate upon deposit growth (Sect. 

2.1.5.) provide an encouraging outlook towards reducing aromatic deposits. Further studies 

depositing the other model compounds and real asphaltenes under these experimental 

conditions are required to identify if certain morphologies or structural types conform to these 

principles. A suitable substrate identified by these methods would be of interest regarding the 

commercialisation of unconventional crude oils.              
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4. EXPERIMENTAL PROCEDURES 

 

4.1. GENERAL REMARKS 

All reactants and reagents were purchased from Sigma Aldrich, Fisher Scientific, Acros 

Organics, Apollo Scientific or Fluorochem and assayed by 1H NMR and purified where 

necessary. THF was distilled from sodium benzophenone ketyl or purchased directly from 

Sigma Aldrich. Diethyl ether was dried over sodium wire. Acetone, DCM, chloroform and 

ethanol were dried over activated 4 Å molecular sieves. All other anhydrous solvents and 

reagents were purchased as such and used without purification. Petroleum ether, bp range 40-

60 °C was used as supplied. Reactions that were conducted out under microwave irradiation 

were performed using a Biotage Initiator focused microwave reactor (400 W operating at 2.45 

GHz). TLC was carried out using DC-Fertigfolie POLYGRAM® SIL G/UV254 precoated TLC 

sheets with substrate detection by UV light (254 and 365 nm). All reaction glassware was 

heated under vacuum prior to use unless otherwise noted. 

All NMR spectra were recorded with using a Bruker Avance III 400, Bruker Avance III HD 

400 (equipped with a broadband “prodigy” N2 coldprobe), Bruker Avance II+ 500, Bruker 

Avance 500 DRX or Bruker Avance III HD 500 (equipped with a broadband “prodigy” N2 

coldprobe) spectrometer. 1H and 13C NMR spectra were referenced to the residual solvent peak 

as appropriate: CDCl3 (7.27 or 77.00 ppm respectively), DMSO-d6 (2.50 or 39.51 ppm 

respectively), benzene-d6 (7.16 or 128.39 ppm). Chemical shifts (∂) are quoted in parts per 

million downfield from tetramethylsilane (0.00 ppm). Signal splitting patterns are described as 

singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) or any combination of the above. 

Coupling constants (J) are given in Hz. 

MALDI mass spectra were recorded with a Shimadzu Biotech Axima Confidence spectrometer 

using a dithranol, or TCNQ matrix as stated. Atmospheric pressure chemical ionisation (APCI) 

mass spectra were recorded on a Micromass Platform II, Waters SQD2 Aquity System or 

Thermo Exactive Plus EMR Orbitrap spectrometer. Electrospray ionization (ESI) mass spectra 

were recorded on a Waters SQD2 Aquity System spectrometer. Gas chromatography (GC) 

mass spectra were recorded on a Perkin Elmer Auto System XL Arnel with a Perkin Elmer 

TurboMass Spectrometer or Agilent 5975C Triple Axis GC/MS spectrometer. Electron 

ionization (EI) high resolution mass spectra were recorded on a Thermo Finnigan MAT95XP 
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spectrometer. High resolution ESI, heated electrospray ionization (HESI), APCI and 

atmospheric pressure photoionization (APPI) mass spectra were recorded on a Thermo 

Exactive Plus EMR Orbitrap spectrometer. Atmospheric solids analysis probe (ASAP) high 

resolution mass spectra were recorded on a Thermofisher LTQ Orbitrap XL spectrometer. 

Infrared spectra were obtained using a Thermo Scientific Nicolet iS5 spectrometer with an iDS 

ATR accessory.  

Melting points were recorded on a Stuart SMP10 melting point apparatus or Gallenkamp 

Griffen melting point apparatus with a thermocouple attached to an Extech 380224 multimeter. 

Gradient sublimation was performed using apparatus constructed by the Manchester Chemistry 

Department mechanical and electrical workshops. The gradient sublimation heating coil is 

controlled by a thermostat and a temperature gradient is maintained along a pathlength of 40 

cm by air cooling over the cold zone. Vacuum was maintained by an Edwards TIC Pumping 

Station turbopump (pressure normally 1 × 10-7 to 1 × 10-6 mbar).  
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4.2. SYNTHETIC PROCEDURES 

 

4.2.1. ARCHIPELAGO COMPOUNDS 

 

 

Pyrene-1-thiol (36) 

Prepared by an adaptation of a literature synthesis.192 

1-Bromopyrene (2.0 g, 7.2 mol) and sodium methanethiolate (1.5 g, 22 mmol) were dissolved 

in 80 mL of dry DMF under nitrogen. The reaction mixture was stirred at 150 °C overnight, 

then added to 150 mL of 0.5M HCl and extracted with ether (3x100 mL). The combined organic 

extracts were washed (2 x 50 mL 0.5M HCl, then brine 50 mL), dried (MgSO4), and 

concentrated in vacuo to afford the title compound as a yellow coloured solid (1.69 g, 100%). 

This material was found to be of sufficient purity for further use.  

MP 87-89 °C (Lit.193 86-89 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 8.38 (d, J = 9.3 Hz, 

1H), 8.23 (m, 3H), 8.06-7.99 (m, 5H), 3.87 (s, 1H). 13C NMR (101 MHz, Chloroform-d) ∂ 

131.4, 130.9, 129.7, 129.4, 129.1, 127.9, 127.3, 127.0, 126.3, 125.6, 125.3, 125.2, 125.1, 124.9, 

124.4, 124.2. IR ṽmax/cm-1 3039 (Ar C-H), 2545 (S-H), 1591 (Ar C=C). MS (GCMS) m/z 234.0 

([M]+, 100%). HR m/z (ASAP+) C16H10 + H calcd for 235.0676, found 235.0575. 
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General Procedure A: SNAr of Alkyldithiol and Bromoaromatic 

1-Bromopyrene or 9-bromophenanthrene (2.1 eq.), potassium carbonate (5 eq.) and 

dimethylformamide were added to a schlenk tube and the solution sparged with argon. 

Alkyldithiol (1 eq.) was then added and he solution heated to 140 oC for 16 h. The crude 

reaction mixture was then diluted with toluene and the organic layer washed with water and 

brine, then dried. The crude product was then recrystallised from heptane and toluene to afford 

the desired bis-arylsulfide in yields ranging from 12-46%.  

General Procedure B: SN2 Displacement of Dibromoalkyl using Aromatic thiol. Pyrene-

1-thiol (2.1 mmol) was dissolved in DMF and potassium carbonate (10.0 mmol) added. 1,6-

Dibromohexane (1.0 mmol) was then added dropwise and the mixture stirred for 5 min. The 

crude reaction mixture was then diluted with toluene and the organic layer washed with water 

and brine, then dried over magnesium sulfate. The crude product was then recrystallised from 

heptane and toluene to afford the desired bis-arylsulfide in yields ranging from 85-91%.  

 

1,6-Bis-(pyren-1-ylthio)hexane (32) 

Procedure A: Synthesised from 1-bromopyrene (500 mg, 1.78 mmol) and 1,6-hexanedithiol 

(127.4 mg, 0.847 mmol) affording an amorphous yellow coloured solid (333 mg, 34%). 

Procedure B: Synthesised from pyrenyl-1-thiol (400 mg, 1.70 mmol) and 1,6-dibromohexane 

(124 μL, 0.81 mmol) affording the title compound as fine yellow coloured needles (405 mg, 

91% yield). 

MP 127-128 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.67 (d, J = 9.3 Hz, 1H), 8.19 (dd, J = 

7.3 Hz, 4H), 8.12 (d, J = 9.3 Hz, 2H), 8.08 (s, 4H), 8.08-7.99 (m, 6H), 3.07 (t, J = 7.0 Hz, CH2-

Ar, 4H), 1.68-1.62 (m, CH2-CH2-Ar, 4H), 1.50-1.42 (m, CH2-CH2-CH2-Ar, 4H). 13C NMR 

(101 MHz, Chloroform-d) ∂ 131.4, 130.93, 129.7, 129.4, 129.1, 127.9, 127.3, 127.0, 126.3, 
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125.6, 125.3, 125.2, 125.1, 124.9, 124.4, 124.2. N.B. 14 Aromatic carbons detected rather than 

16, this is assumed to be due to overlap. IR ṽmax/cm-1 3049 and 2926 (Ar C-H), 1591 and 1481 

(Ar C=C), 676 (C-S). MS (MALDI-Dithranol) m/z 550.2 ([M]+, 100%). HR m/z (APCI+) 

C38H40 + H calcd for 551.1862, found 551.1866. Structure determination confirmed by X-ray 

crystallography. 

 

1,6-Bis-(phenanthren-9-ylthio)hexane (34) 

Procedure A: Synthesised from 9-bromophenanthrene (500 mg, 1.95 mmol) and 1,6-

hexanedithiol (142.2 μL, 0.93 mmol) to afford the title compound as a colourless, amorphous 

solid (215 mg, 46%). 

MP 94-96 °C. 1H NMR (500 MHz, Chloroform-d) ∂ 8.71 (d, J = 7.5 Hz, 2H), 8.65 (d, J = 8.3 

Hz, 2H), 8.49 (d, J = 7.5 Hz, 2H), 7.81 (d, J = 8.0 Hz, 2H), 7.69 (s, 2H), 7.73-7.53 (m, 8H), 

3.06 (t, J = 7.3 Hz, CH2-Ar, 4H), 1.74-1.68 (m, CH2-CH2-Ar, 4H), 1.27-1.24 (m, CH2-CH2-

CH2-Ar, 4H). 13C NMR (101 MHz, Chloroform-d) 132.6, 131.8, 131.3, 130.6, 129.4, 127.9, 

127.6, 127.0, 126.9, 126.9, 126.4, 125.6, 123.0, 122.6, 35.5, 28.8, 28.4. IR ṽmax/cm-1 3005 and 

2824 (Ar C-H), 698 (C-S). MS (MALDI-Dithranol) m/z 502.4 ([M]+, 100%). HR m/z (HESI)+ 

C34H30S2 calcd for 502.1783, found 502.1773. 
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1,2-Bis-(2-(pyren-1-ylthio)ethoxy)ethane (33) 

Procedure A: Synthesised from 1-bromopyrene (1.0 g, 3.56 mmol) and 3,6-dioxa-1,8-

octanedithiol (0.193 mL, 1.19 mmol) to afford the title compound as an amorphous  colourless 

solid (0.41 g, 20%). 

MP 113-115 °C. 1H NMR (400 MHz, Benzene-d6) ∂ 8.88 (d, J = 9.3 Hz, 2H) , 8.02 (d, J = 8.0 

Hz, 2H), 7.87-7.83 (m, 6H), 7.75 (d, J = 9.0 Hz, 4H), 7.70 (m, 4H), 3.42 (t, J = 7.3 Hz, 4H), 

3.42 (s, O-CH2-CH2-O, 4H), 3.03 (t, J = 7.3 Hz, 4H) ppm. 13C NMR (101 MHz, Benzene-d6) 

∂ 131.8, 131.4, 131.2, 130.9, 130.6, 129.8, 127.2, 126.0, 125.4, 125.3, 125.2, 124.9, 124.8, 

124.8, 35.6, 33.4, 25.8. N.B. 14 Aromatic carbons detected rather than 16, this is assumed to 

be due to overlap. IR ṽmax/cm-1 3085 and 2901 (Ar C-H), 1303 (Ar C=C), 1046 (C-O), 598 (C-

S). MS (MALDI-Dithranol) m/z 582.6 ([M]+, 70%). 

 

 

6-(Pyren-1-ylthio)hexane-1-thiol (35) 

Modified Procedure A: Synthesised from 1-bromopyrene (500 mg, 1.78 mmol) and 1,6-

hexanedithiol (2.72 mL, 17.8 mmol) dissolved in DMF (25 mL) and heated to reflux for 16 h. 

The crude material was purified by column chromatography on silica gel (10% 

toluene/hexanes) to afford the title compound as yellow coloured needles (193 mg, 31%). 
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MP 82-83 °C. 1H NMR (400 MHz, Benzene-d6) ∂ 8.95 (d, J = 9.3 Hz, 1H), 8.06 (d, J = 8.1 

Hz, 1H), 7.95 (d. J = 9.3 Hz, 1H), 7.91 (d, J = 7.7 Hz, 2H), 7.86 (d, J = 8.1 Hz, 1H), 7.79 (d, J 

= 9.2 Hz, 1H), 7.77 (d, J = 9.2 Hz, 1H), 7.73 (t, J = 7.2 Hz, 1H), 2.82 (t, J = 7.6 Hz, CH2-S-Ar, 

2H), 2.06 (q, J = 7.5 Hz, CH2-SH, 2H), 1.50–0.86 (m, 8H). 13C NMR (101 MHz, Benzene-d6) 

∂ 132.1, 131.9, 131.5, 131.3, 130.5, 129.1, 128.2, 127.8, 127.7, 126.7, 125.7, 125.7, 125.6, 

125.4, 125.0, 124.9, 35.5, 34.4, 29.7, 28.7, 28.4, 24.9. MS (MALDI-TCNQ) m/z 351.8 ([M]+, 

50%). Structure determination confirmed by X-ray crystallography.   

 

 

1,8-Di(pyren-1-yl)octane (38) 

Anhydrous THF (250 mL)was added to a flame-dried reaction vessel charged with 1-

bromopyrene (3.0 g, 10.67 mmol) and the resulting solution cooled to -78 °C under an 

atmosphere of nitrogen. tert-Butyl lithium solution (12.5 mL of a 1.7 M solution in hexanes; 

21.4 mmol) was then added, dropwise, over a period of 0.5 h and the mixture stirred for a 

further 0.5 h at this temperature. 1,8-Dibromooctane (1.31 g, 4.80 mmol) was then added 

dropwise and the reaction temperature maintained at for 1 h before being allowed to reach room 

temperature and stirred overnight. The reaction was then quenched by the addition of ice-cold 

water (500 mL) and extracted with toluene. The combined organic extracts were dried 

(MgSO4), concentrated in vacuo and the residue purified by column chromatography (silica 

gel; gradient 5-30% DCM/hexanes).  Recrystallization of this material from heptane/toluene 

afforded the title compound as a colourless solid (475 mg, 11%).  

MP 137-141 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.28 (d, J = 9.0 Hz, 2H), 8.16 (dd, J = 

7.5 Hz, 4H), 8.13-8.06 (m, 4H), 8.06-7.95 (m, 6H), 7.86 (d, J = 7.8 Hz, 2H), 3.33 (t, J = 7.5 

Hz, CH2-Ar, 4H), 1.86 (quin, J = 7.5 Hz, CH2-CH2-Ar, 4H), 1.54-1.38 (m, 8H). 13C NMR (101 

MHz, Chloroform-d) ∂ 137.3, 131.4, 130.9, 129.7, 128.6, 127.6, 127.3, 127.1, 126.5, 125.7, 
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125.1, 124.8, 124.6, 123.5, 33.6 (CH2-Ar), 31.92, 29.8, 29.5. N.B. 14 Aromatic carbons 

detected rather than 16, this is assumed to be due to overlap. MS [APCI+] m/z 514.3 ([M]+, 

100%). HR m/z (APCI+) C40H34 + H calcd for 515.2733, found 515.2737. Structure 

determination confirmed by X-ray crystallography.   
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4.2.2. PERYLENE SCAFFOLD MOLECULES 

 

1-Nitroperylene (27) and 3-Nitroperylene (28) 

Prepared from an adaption of a literature synthesis.157 

Perylene (10.0 g, 39.7 mmol) was dissolved in 1,4-dioxane (1.50 L) heated to 70 °C. Water (20 

mL) was then added, followed by dropwise fuming nitric acid (10 mL, ρ = 1.50 g/L) and the 

solution stirred for 3 h. The reaction was then quenched by addition of sat. NaHCO3 solution 

(200 mL) and the organics extracted with toluene (3 x 1 L) and the combined extracts 

concentrated in vacuo. The crude product purified by column chromatography and the products 

eluted with a gradient solvent system (20-50% DCM/hexanes), to consecutively afford 1-

nitroperylene (1.62 g, 17 %) as bright red crystals and 3-nitroperylene (4.21 g, 21%) as a dark 

red amorphous solid.  

1-Nitroperylene 27:  

MP 205-211 °C (Lit.194 210 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 8.29 (d, J = 7.8 Hz, 

1H), 8.26 (d, J = 7.5 Hz, 1H), 7.85 (d, J = 7.0 Hz, 1H), 7.81 (dt, J = 8.5 Hz, 2H), 7.75 (d, J = 

7.8 Hz, 1H), 7.73 (d, J = 8.5 Hz, 1H), 7.64 (t, J = 7.8 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.57 

(d, J = 8.8 Hz, 1H), 7.46 (t, J = 7.8 Hz, 1H).   13C NMR (101 MHz, Chloroform-d) ∂ 134.8, 

134.2, 132.4, 130.1, 129.7, 129.2, 128.8, 128.6, 128.5, 128.0, 127.4, 126.8, 126.6, 126.5, 125.7, 

124.5, 122.2, 122.0, 121.5. MS (GCMS) m/z 297.0 ([M]+, 60%). Characterisation data was in 

agreement with that in the literature.195 

3-Nitroperylene 28: 

MP 210-215 °C. (Lit.196 208-210 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 8.26 (d, J = 7.5 

Hz, 1H), 8.23 (d , J = 7.5 Hz, 1H), 7.84 (d, J = 7.8 Hz, 1H), 7.80 (dt, J = 9.0 Hz, 2H), 7.73 (d, 

J = 8.0 Hz, 1H), 7.71 (d, J = 8.8 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.56 (t, J = 7.8 Hz, 1H), 7.54 

(d, J = 8.8 Hz, 1H), 7.45 (t, J = 8.0 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) ∂ 146.4, 
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134.8, 134.2, 132.3, 130.1, 129.7, 129.2, 128.8, 128.5, 128.4, 128.0, 127.3, 126.7, 126.6, 126.5, 

125.7, 124.5, 122.1, 122.0, 121.5. MS (GCMS) m/z 297.1 ([M]+, 100%).  
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1-Aminoperylene (43) and 3-Aminoperylene (43b) 

A mixture of isomers in 1-nitroperylene (400 mg, 1.35 mmol) and 3-nitroperylene (300 mg, 

1.01 mmol) were dissolved in THF (100 mL) and the solution sparged with Ar. Pd/C (10% Pd, 

100 mg) was then added and the solution charged with H2. The mixture was stirred for 1 d and 

the organics collected as the eluent of filtration through Celite© using DCM. The crude products 

were then purified by column chromatography on silica gel (gradient 10-20% DCM/hexanes) 

to afford 1-aminoperylene (339 mg, 94%) and 3-aminoperylene (243 mg, 90%) as consecutive 

fractions.  

1-Aminoperylene: 

MP 190-196 °C (Lit.197 195-196 °C). 1H NMR (400 MHz, DMSO-d6) ∂ 8.42 (d, J = 7.5 Hz, 

1H), 8.16 (t, J = 6.5 Hz, 2H), 7.69 (d, J = 8.0 Hz, 1H), 7.64-7.53 (m, 3H), 7.52-7.43 (m, 2H), 

7.27 (t, J = 7.8 Hz, 1H), 7.17 (d, J = 8.8 Hz, 1H), 6.04 (s, N-H, 2H). 13C NMR (101 MHz, 

DMSO-d6) ∂ 143.0, 134.8, 132.2, 131.8, 130.6, 130.2, 129.8, 129.2, 128.8, 127.8, 126.8, 126.5, 

126.3, 125.5, 123.4, 121.8, 121.4, 121.2, 119.1, 113.0. MS (GCMS) m/z 267.4 ([M]+, 100%). 

3-Aminoperylene: 

MP 205-208 °C (Lit.196 208-210 °C). 1H NMR ∂ (400 MHz, DMSO-d6) 8.28 (d, J = 7.5 Hz, 

1H), 8.22 (d, J = 7.5 Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H), 8.00 (d, J = 7.3 Hz, 1H), 7.96 (d, J = 

8.3 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.48-7.35 (m, 3H), 6.76 (d, J = 

8.3 Hz, 1H), 6.11 (s, N-H, 2H). 13C NMR (101 MHz, Chloroform-d) ∂ 144.4, 142.1, 138.4, 

134.9, 131.9, 131.6, 129.5, 127.7, 126.7, 126.4, 125.8, 125.6, 124.2, 121.4, 120.7, 120.6, 119.8, 

118.1, 110.9. N.B. 19 Aromatic carbons detected rather than 20, this is assumed to be due to 

overlap. MS (GCMS) m/z 267.8 ([M]+, 100%). 
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N-(perylen-1-yl)tetradecanamide (44) 

To a solution of 1-aminoperylene (1.0 g, 3.74 mmol) was dissolved in THF (100 mL) was 

added pyridine (1.50 mL, 18.70 mmol). The solution was cooled to 0 °C and myristoyl chloride 

(2.24 mL, 8.24 mmol) was added dropwise. The reaction was stirred for 1 h and quenched upon 

addition of HCl (100 mL, 2 M). The organics were extracted with DCM and washed with water, 

then dried (MgSO4). The crude product was then triturated with DCM/methanol to afford the 

title compound as a yellow coloured solid (1.4 g, 83%).  

MP 152-154 °C. 1H NMR (400 MHz, DMSO-d6, 110 °C) ∂ 10.11 (s, 1H), 8.61 (d, J = 7.5 Hz, 

1H), 8.34 (d, J = 6.5 Hz, 2H), 7.80-7.74 (m, 1H), 7.62-7.45 (m, 4H), 2.41 (t, J = 7.3 Hz, O=C-

CH2, 2H), 1.68 (quin, J = 6.0 Hz, O=C-CH2-CH2, 2H), 1.44-1.14 (m, 16H), 0.85 (t, J = 7.0 Hz, 

3H). 13C NMR (101 MHz, DMSO-d6, 110 °C) ∂ 172.1 (C=O), 133.9, 131.2, 129.9, 129.2, 

128.2, 128.0, 127.0, 126.7, 126.6, 125.3, 121.6 120.8, 31.6, 29.5-29.3 (7C), 29.2, 29.0, 25.3, 

22.4, 14.1.  N.B. 12 Aromatic carbons detected rather than 20, this is assumed to be due to 

overlap. IR ṽmax/cm-1 3391 (N-H), 2914 and 2846 (Ar C-H), 1656 (C=O), 723 (Ar C=C). MS 

(MALDI-Dithranol) 500.6 ([M+H]+, 100%). HRMS m/z (ASAP+) C34H39NO + H calcd for 

478.3104, found 478.3091. 
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2-Tridecylphenanthro[1,10,9,8-klmna]phenanthridine (31) 

N-(perylen-1-yl)dodecanamide (1.0 g, 2.22 mmol) and phosphorous pentoxide (1.16 g, 14.09 

mmol) were dissolved in phosphoryl chloride (50 mL) and the solution heated to 100 °C 

overnight. The reaction mixture was then poured into water and the organics extracted with 

chloroform and concentrated in vacuo.  The crude products were then triturated with 

DCM/methanol to afford the title compound as a yellow coloured solid (0.75 g, 78%).  

MP 178-183 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.84 (dd, J = 7.8, 7.5 Hz, 2H), 8.31 (d, 

J = 8.8 Hz, 1H), 8.25 (d, J = 9.0 Hz, 1H), 8.20 (d, J = 9.0 Hz, 1H), 8.17 (d, J = 7.8 Hz, 1H), 

8.09 (d, J = 7.8 Hz, 1H), 8.05-7.98 (m, 2H), 7.95 (t, J = 7.8 Hz, 1H), 3.61 (t, J = 8.0 Hz, N=C-

CH2, 2H), 2.03 (quin, J = 7.8 Hz, N=C-CH2-CH2, 2H), 1.71-1.54 (m, 2H), 1.50-1.18 (m, 14H), 

0.88 (t, J = 6.8, 3H). 13C NMR (101 MHz, Chloroform-d) ∂ 143.4, 133.0, 131.3, 131.1, 129.9, 

129.7, 128.4, 128.0, 127.9, 127.8, 127.2, 126.3, 124.6, 124.6, 123.5, 121.3, 121.1, 120.9, 117.0, 

36.6 (CH2-Ar), 31.9 (CH2-CH2-Ar), 30.9, 30.1, 29.7-29.5 (6C), 29.4, 22.7, 14.1. N.B. 19 

Aromatic carbons detected rather than 21, this is assumed to be due to overlap. IR ṽmax/cm-1 

2922 and 2851 (Ar C-H), 1741 (C=N), 730 (C=C). HRMS m/z (ASAP+) C34H38N + H calcd 

for 460.2999, found 460.2995. 
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N-([1,1’-biphenyl]-2-yl)tetradecanamide (41) 

Prepared from an adaption of a literature synthesis.198 

(1,1’-Biphenyl)-2-amine (1.0 g, 5.91 mmol) was dissolved in DCM (50 mL) and pyridine (2 

mL, 13.6 mmol) added. The solution was cooled to 0 °C and myristoyl chloride (2.5 mL, 9.20 

mmol) added dropwise. The reaction was stirred for 1 h and quenched upon addition of HCl 

(100 mL, 2 M). The organics were extracted with ethyl acetate and washed with water, then 

concentrated in vacuo. The crude product was then purified by column chromatography on 

silica gel (5% EtOAc/hexanes) to give the title compound as a colourless solid (1.68 g, 81%).  

MP 62-66 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.22 (d, J = 8.0 Hz, 1H), 7.39-7.32 (m, 

2H), 7.34 (d, J = 7.1 Hz, 1H), 7.29-7.26 (m, 3H), 7.18-7.14 (m, 1H), 7.12-7.06 (m, 1H) 2.09 (t, 

J = 7.6 Hz, 2H), 1.51-1.47 (m, 2H), 1.25-1.11 (m, 16H), 0.80 (t, J = 6.5 Hz, 3H). 13C NMR 

(101 MHz, Chloroform-d) ∂ 179.4 (C=O), 139.2, 139.0, 129.2, 127.9, 127.7, 126.5, 125.2, 

125.0, 124.8, 124.0, 38.1, 26.6, 26.2, 26.0, 25.5, 22.4, 14.7. N.B. 10 Aromatic carbons detected 

rather than 12, this is assumed to be due to overlap. MS (GCMS) m/z 378.4 ([M-H]-, 80%). 

Characterisation data was in agreement with that in the literature.199  
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6-Tridecylphenanthridine (42) 

N-([1,1’-biphenyl]-2-yl)dodecanamide (300 mg, 0.82 mmol) and phosphorous pentoxide (1.16 

g, 4.09 mmol) were dissolved in phosphoryl chloride (10 mL) and the solution heated to 100 

°C overnight. The reaction mixture was then poured into water and the organics extracted with 

EtOAc and concentrated in vacuo to afford the title compound as a colourless solid (273 mg, 

97%) with no need for further purification.  

MP 54-58 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.66 (d, J = 8.5 Hz, 1H), 8.56 (d, J = 8.2 

Hz, 1H), 8.27 (d, J = 8.2 Hz, 1H), 8.14 (d, J = 7.9 Hz, 1H), 7.85 (t, J = 7.9 Hz, 1H), 7.76-7.68 

(m, 2H), 7.63 (t, J = 8.2 Hz, 1H), 3.38 (t, J = 7.8 Hz, CH2-Ar, 2H), 1.93 (quin, J = 7.8 Hz, CH2-

CH2-Ar, 2H), 1.54 (quin, J = 7.9 Hz, CH2-CH2-CH2-Ar, 2H), 1.40 (quin, J = 6.9 Hz, CH2-CH2-

CH2-CH2-Ar, 2H), 1.35-1.20 (m, 14H), 0.89 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) ∂ 161.2, 145.2, 135.6, 130.2, 128.5, 128.2, 128.0, 127.5, 124.2, 123.5, 123.0, 

121.8, 121.6, 35.8, 30.1, 29.7-29.4 (7C), 29.3, 29.0, 22.4, 14.5. MS (GCMS) m/z 361.3 (M+, 

100%). Characterisation data was in agreement with that in the literature.199  
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1H-Phenanthro[1,10,9,8-cdefg]carbazole (30)  

1-Nitroperylene (1.0 g, 3.37 mmol) was dissolved in triethylphosphite (25 mL) and heated to 

140 °C for 3 h. Upon cooling to rt the solids removed by filtration and washed with methanol 

to afford the title compound as a yellow coloured solid (741 mg, 83%). 

MP 245-250 °C. 1H NMR (400 MHz, DMSO-d6) ∂ 12.2 (s, N-H, 1H), 8.74 (d, J = 8.7 Hz, 

2H), 8.17 (d, J = 8.2 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 7.94 (d, J = 7.9 Hz, 2H), 7.81 (t, J = 7.8 

Hz, 2H). 13C NMR (101 MHz, DMSO-d6) ∂ 138.1, 132.4, 131.8, 128.0, 127.8, 127.0, 124.8, 

123.2, 123.0, 120.5. MS (GCMS) m/z 264.1 ([M-H]-, 100%). Characterisation data was in 

agreement with that in the literature.195  
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1-(Tert-butyldimethylsilyl)-1H-phenanthro[1,10,9,8-cdefg]carbazole (47) 

To a flame-dried flask was added 1H-phenanthro[1,10,9,8-cdefg]carbazole (100 mg, 0.377 

mmol), TBDMSCl (85 mg, 0.57 mmol), THF  (50 mL) and the solution was sparged with Ar. 

Sodium hydride (60% dispersion in mineral oil, 41 mg, 0.57 mmol) was then added and the 

solution stirred for 1 h. The mixture was then poured into ice-water and the crude organics 

extracted with toluene. The organic extracts were concentrated in vacuo to afford the title 

compound as a yellow coloured solid with no need of further purification (142 mg, 99%) 

MP 180-184 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.61 (d, J = 7.6 Hz, 2H), 8.09 (d, J = 

7.9 Hz, 2H), 7.92 (d, J = 8.8 Hz, 2H), 7.86 (d, J = 8.8 Hz, 2H), 7.80 (d, J = 7.6 Hz, 2H), 1.02 

(s, 9H), 0.95 (s, 6H). 13C NMR (101 MHz, Chloroform-d) ∂ 139.3, 133.1, 131.4, 127.5, 127.4, 

125.9, 123.4, 122.9, 119.7, 28.7, 22.6. N.B. 9 Aromatic carbons detected rather than 10, this is 

assumed to be due to overlap. 2 alkyl carbons detected rather than 3, this is assumed to be due 

to overlap.  MS (GCMS) m/z 397.1 ([M]+, 100%). IR ṽmax/cm-1 2922 and 2851 (Ar C-H), 1199 

(C-N), 651 (Ar C=C). MS (MALDI-TCNQ) m/z 379.0 ([M]+, 100%). HR m/z (HESI)+ 

C26H26N2Si + H calcd for 380.1829, found 380.1818. 
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Synthesis of Brominated Phenanthrocarbazoles 

General procedure C: Mono- and dibromination of phenanthrocarbazoles using NBS  

To a solution of the phenanthrocarbazole derivative (1 eq.) in sparged DMF (60 mL/g) was 

added a solution of NBS (1.05/2.10 eq. as specified) and the mixture stirred for 2 h at rt. The 

organics were then diluted with toluene, washed with water, then dried (MgSO4). The crude 

products were then triturated with THF/heptane to yield the desired material. 

 

3-Bromo-1H-phenanthro[1,10,9,8-cdefg]carbazole (45) 

Procedure C: 1H-Phenanthro[1,10,9,8-cdefg]carbazole (400 mg, 1.51 mmol) was reacted with 

NBS (282 mg, 1.58 mmol) in DMF (25 mL) to afford an inseparable mixture of unreacted 

starting material (63 mg, 15%), the desired mono-brominated  (519 mg, 77%) and di-

brominated products (66 mg 10%). Yields estimated from interpretation of 1H NMR.  

1H NMR (400 MHz, DMSO-d6) ∂ 12.31 (s, N-H, 1H), 8.88 (d, J = 7.5 Hz, 1H), 8.83 (d, J = 

7.5 Hz, 1H), 8.37 (s, 1H), 8.26 (d, J = 8.0 Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H), 7.98 (m, 3H), 7.87 

(t, J = 7.8 Hz, 1H) – assigned by abstraction of those resonances that are associated with the 

alternate bromination products. 13C NMR (101 MHz, DMSO-d6) ∂ 131.6, 130.6, 130.6, 129.6, 

128.7, 127.6, 126.3, 126.1, 125.4, 124.9, 124.6, 124.5, 124.3, 122.4, 122.0, 119.8, 117.0, 116.8, 

116.2. N.B. 19 Aromatic carbons detected rather than 20, this is assumed to be due to overlap. 

MS (MALDI-TCNQ) m/z 342.1 ([M(79Br)-H]-, 20%). 
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3,10-Dibromo-1H-phenanthro[1,10,9,8-cdefg]carbazole (46) 

Procedure C: 1H-Phenanthro[1,10,9,8-cdefg]carbazole (420 mg, 1.58 mmol) was reacted with 

NBS (578 mg, 3.24 mmol) in DMF (25 mL) to exclusively afford the title compound as a 

yellow coloured solid  (669 mg, 98%).  

MP 152-156 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 12.38 (s, N-H, 1H), 8.93 (d, J = 7.8 

Hz, 2H), 8.38 (s, 2H), 8.31 (d, J = 8.3 Hz, 2H), 8.00 (t, J = 8.0 Hz, 2H). 13C NMR (101 MHz, 

Chloroform-d) ∂ 131.1, 129.9, 127.6, 126.6, 125.2, 124.1, 123.1, 119.9, 117.7, 116.5. IR 

ṽmax/cm-1 2917 and 2850 (Ar C-H), 565 (C-Br). Structure determination confirmed by X-ray 

crystallography. MS (MALDI-TCNQ) m/z 423.1 ([M(79Br + 81Br)]+, 100%). HRMS m/z 

(APCI+) C20H10N(79Br2) calcd for 421.9166, found 421.9180. 
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3-Bromoperylene (46b) 

Procedure C: Perylene (2.0 g, 7.93 mmol) was reacted with NBS (1.41 g, 7.92 mmol) in DMF 

(120 mL) and the mixture stirred for 2 d to afford the title compound (90% pure by 1H NMR) 

as a yellow solid (1.64 g, 62% yield).  

1H NMR (400 MHz, Chloroform-d) ∂ 8.20 (d, J = 7.5 Hz, 1H), 8.16 (d, J = 7.8 Hz, 1H), 8.10 

(d, J = 7.5 Hz, 1H), 8.07 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 

7.70 (m, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.50-742 (m, 2H). 13C NMR (101 MHz, Chloroform-d) 

∂ 134.6, 133.1, 131.6, 131.2, 130.7, 130.6, 129.9, 128.3, 128.2, 127.7, 127.0, 126.7, 126.6, 

122.5, 121.0, 120.8, 120.5, 120.4. N.B. 18 Aromatic carbons detected rather than 20, this is 

assumed to be due to overlap. MS m/z (MALDI-TCNQ) 330.0 ([M(79Br)]+, 100%), 332.0 

([M(81Br)]+, 100%). Characterisation data was in agreement with that in the literature.200  
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3,10-Di(dodec-1-yn-1-yl)-1H-phenanthro[1,10,9,8-cdefg]carbazole (48) 

3,10-Dibromo-1H-phenanthro[1,10,9,8-cdefg]carbazole (2.0 g, 4.75 mmol), and copper iodide 

(91.4 mg, 0.48 mmol) were dissolved in a mixture of triethylamine (40 mL) and THF (60 mL) 

and the solution sparged with Ar. Pd(PPh3)4 (554.7 mg, 0.48 mmol) and dodecyne (1.02 mL, 

4.75 mmol) were then added and the solution heated to 66 °C. Dodecyne (1.02 mL, 4.75 mmol) 

was continually added every 1 h for 5 h and the reaction quenched on pouring into water. The 

organics were extracted with toluene and washed with water, then dried. The crude products 

were purified by column chromatography on silica gel (gradient 10-25% toluene/hexanes) to 

afford the title compound as fine light yellow coloured crystals (1.15 g, 42%). 

MP 91-94 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.83 (broad s, N-H, 1H), 8.70-8.64 (m, 

2H), 8.47-8.43 (m, 2H), 7.97 (s, 2H), 7.89 (t, J = 7.8 Hz, 2H), 2.66-2.62  (m, CH2-C≡C, 4H) , 

1.79 (quin, J = 7.3 Hz, CH2-CH2-C≡C, 4H), 1.61 (quin, J = 7.0 Hz, CH2-CH2-CH2-C≡C, 4H), 

1.38-130 (m, 28H), 0.88 (t, J = 7.0 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) ∂ 130.4, 

129.9, 125.3, 124.4, 124.0, 121.3, 117.9, 80.1 (C≡C), 31.9, 29.7, 29.4, 29.3-29.2 (4C), 22.7, 

20.0, 14.1. N.B. 7 Aromatic carbons detected rather than 10, this is assumed to be due to 

overlap. IR ṽmax/cm-1 3695 (N-H), 2983 and 2843 (Ar C-H), 2010 (C≡C). MS (MALDI-

TCNQ) m/z 593.6 ([M]+, 100%). HRMS m/z (ASAP+) C44H51N calcd for 593.4016, found 

593.4004. 
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3,10-Didodecyl-4,5,6,7,8,9-hexahydro-1H-phenanthro[1,10,9,8-cdefg]carbazole (49) 

3,10-Di(dodec-1-yn-1-yl)-1H-phenanthro[1,10,9,8-cdefg]carbazole (1.15 g, 1.94 mmol) was 

dissolved in THF (100 mL) and the solution sparged with Ar. Pd/C (10% Pd, 100 mg) was then 

added and the solution charged with H2. The mixture was stirred for 2 d and the organics 

collected as the eluent of filtration through Celite©. The crude products were then purified by 

column chromatography on silica gel (gradient 5-20% DCM/hexanes) to afford the title 

compound as green coloured crystals (177 mg, 15%).  

MP 114-118 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.78 (s, N-H, 1H), 7.23 (s, 2H), 3.12 

(dt, J = 5.7, 5.6 Hz, Ar-CH2-CH2,-CH2-Ar, 8H), 2.94 (t, J = 8.2 Hz, CH2-Ar, 4H), 2.27 (quin, 

J = 6.0 Hz, Ar-CH2-CH2,-CH2-Ar, 4H), 1.69 (quin, J = 7.6 Hz, CH2- Ar, 4H), 1.46-1.21 (m, 

36H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) ∂ 151.5, 137.7, 129.2, 

128.2, 124.7, 119.6, 106.2 (ArC-H), 40.5, 40.1, 39.7, 34.2, 32.0, 31.9, 30.0, 29.7, 29.6, 29.3, 

26.2, 25.5, 24.8, 22.7, 14.1. IR ṽmax/cm-1 3342 (broad N-H), 2916 and 2848 (Ar C-H), 1199 

(C-N), 753 (Ar C=C). MS (MALDI-Dithranol) m/z 607.6 ([M]+, 85%). HRMS m/z (ASAP+) 

C44H66N calcd for 608.5190 found 608.5190. Structure determination confirmed by X-ray 

crystallography. 
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Peryleno[1,12-bcd]thiophene (29) 

Prepared by adaption of a literature synthesis.157 

1-Nitroperylene (400 mg, 1.35 mmol) and sulphur powder (430 mg, 13.50 mmol) were 

dissolved in NMP (50 mL) and the solution heated to 180 °C for 1 d.  The reaction was 

quenched upon addition to HCl (200 mL, 2M) and the organics extracted with toluene. The 

combined organic extracts were then washed with water (2 x 100 mL) and dried (MgSO4). The 

crude products were then purified by column chromatography on silica gel (gradient 5-20% 

DCM/hexanes) to yield the desired material as yellow solid (50 mg, 13%).  

MP 270-280 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.59 (d, J = 7.5 Hz, 2H), 8.10 (dd, J = 

8.8 Hz, 2H), 8.07 (d, J = 8.0 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.83 (t, J = 7.8 Hz, 2H). 13C 

NMR (101 MHz, Chloroform-d) ∂ 134.0, 130.9, 130.6, 126.2, 126.1, 125.9, 125.7, 121.8, 

120.7. N.B. 9 Aromatic carbons detected rather than 10, this is assumed to be due to overlap. 

MS (GCMS) m/z 281.2 ([M-H]-, 100%). Characterisation data was in agreement with that in 

the literature.157  
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4.2.3. HEXABENZOCORONENE SYNTHESIS 

 

1-(4-Bromophenyl)dodecan-1-one (56) 

A mixture of bromobenzene (24.4 mL, 0.23 mol) and DCM (500 mL) was sparged with Ar and 

cooled to 0 °C. Aluminium chloride (30.0 g, 0.23 mol) was added and the suspension stirred 

for 15 min. To the reaction mixture was added lauroyl chloride (52.1 mL, 0.23 mol) over 1 h. 

The reaction was the was stirred for 6 d then quenched with ice water (200 mL) and HCl (200 

mL, 2M). The crude product was purified by column chromatography on silica gel (5% 

DCM/hexanes) and the eluent recrystallised from ethanol to afford the title compound as 

colourless crystals (46.8 g, 60%).  

MP 60-64 °C (Lit.201 63-63 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 7.84 (d, J = 8.5 Hz, 

2H), 7.62 (d, J = 8.8 Hz, 2H), 2.92 (t, J = 7.3 Hz, CH2-C=O, 2H), 1.72 (quin, J = 7.3 Hz, CH2-

CH2-C=O, 2H), 1.44-1.19 (m, 16H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) ∂ 199.6 (C=O), 135.9, 132.1, 129.9, 128.3, 38.7, 32.0, 29.9, 29.7, 29.6, 24.4, 

23.0, 14.4. MS (GCMS) m/z 338.4 ([M]+, 100%). Characterisation data was in agreement with 

that in the literature.202  
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1-Bromo-4-dodecylbenzene (57) 

1-(4-Bromophenyl)dodecan-1-one (2.80 g, 8.28 mmol), hydrazine monohydrate (0.82 mL, 

64%) and potassium hydroxide (1.40 g, 24.8 mmol) were dissolved in triethylene glycol (50 

mL) and heated to 110 °C for 2 h. The reaction temperature was then increased to 220 °C and 

the water removed by distillation for 30 min. The reaction mixture was then quenched with 2M 

HCl/ice water (500 ml). The combined organic extracts were diluted with DCM and washed 

with water (200 mL) then dried (MgSO4). The crude products were then purified by column 

chromatography (hexanes) to afford the title compound as a colourless oil (1.93 g, 72%).  

1H NMR (400 MHz, Chloroform-d) ∂ 7.39 (d, J = 8.3 Hz, 2H), 7.06 (d, J = 8.3 Hz, 2H), 2.55 

(t, J = 7.5 Hz, CH2-Ar, 2H), 1.58 (quin, J = 7.3 Hz, CH2-CH2-Ar, 2H), 1.36-1.19 (m, 18H), 

0.89 (t, J = 6.5 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) ∂ 142.0, 131.3, 130.2, 119.2, 

35.5, 31.9, 29.7, 29.6, 29.5, 29.4, 29.2, 22.7, 14.2. MS (GCMS) m/z 324.2 ([M]+, 60%). 

Characterisation data was in agreement with that in the literature.202    
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1,2-Bis-(4-dodecylphenyl)ethyne (54) 

Prepared by adaption of a literature synthesis.203 

But-2-ynedioic acid (1.68 g, 14.69 mmol), 1,8-diazabicyclo[5.4.0]undec-7-ene (4.34 mL, 

30.85 mmol) and 1-bromo-4-dodecylbenzene (10.0 mL, 30.85 mmol) were dissolved in DMSO 

(100 mL) and the system sparged with Ar. Pd(PPh3)2Cl2 (0.51 g, 0.73 mmol) and 1,4-bis-

(diphenylphosphino)butane (0.63 g, 1.47 mmol) were then added and the reaction mixture 

heated to 110 °C for 5 h. The reaction was then quenched with saturated ammonium chloride 

solution and the organics extracted with diethyl ether. The organic layer was then washed with 

water and then dried (MgSO4). The crude material was purified by column chromatography on 

silica gel (hexanes) and the eluent recrystallised from ethanol to give the title compound as 

yellow coloured crystals. (4.99 g, 66%).  

MP 58-61 °C (Lit204 58-59 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 7.44 (d, J = 8.0 Hz, 4H), 

7.16 (d, J = 8.3 Hz, 4H), 2.16 (t, J = 7.8 Hz, CH2-Ar, 4H), 1.60 (m, 4H), 1.37-1.20 (m, 36H), 

0.89 (t, J = 7.0 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) ∂ 143.1, 131.5, 128.5, 120.6, 

88.9 (C≡C), 35.9, 31.9, 31.3, 29.9, 29.6, 29.3, 29.1, 22.7, 14.2. MS (MALDI-Dithranol) m/z 

514.6 ([M]+, 100%). Characterisation data was in agreement with that in the literature.203  
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1-Hexyl-4-((4-pentylphenyl)ethynyl)benzene (52) 

Copper iodide (44.0 mg, 0.23 mmol) was added to tetrahydrofuran (10 mL) and trimethylamine 

(10 mL) and the solution sparged with Ar. 1-Ethynyl-4-pentylbenzene (0.50 mL, 3.28 mmol) 

and 1-iodo-4-hexylbenzene (0.67 mL, 3.44 mmol) were then added followed by Pd(PPh3)4 (265 

mg, 0.23 mmol) and the reaction heated to 66 °C for 16 h. The reaction mixture was filtered 

through Celite® and the eluent washed with water (200 mL), then brine (200 mL). The crude 

products were then concentrated in vacuo purified by chromatography on silica gel (hexanes) 

to afford the title compound as a colourless solid (806 mg, 74 %).  

MP 87-89 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.44 (d, J = 8.1 Hz, 4H), 7.16 (d, J = 8.0 

Hz, 4H), 2.61 (t, J = 7.5 Hz, CH2-Ar, 4H), 1.62 (m, CH2-CH2-Ar, 4H), 1.32 (m, 10H), 0.90 (m, 

6H). 13C NMR (101 MHz, Chloroform-d) ∂ 143.6, 131.4, 128.4, 120.6, 88.9 (C≡C), 35.9 (CH2-

Ar), 31.7, 31.4, 31.2, 31.2, 30.9, 28.9, 22.6, 22.5, 14.1, 14.0. MS (GCMS) m/z 332.30 ([M]+, 

100%). Characterisation data was in agreement with that in the literature.205  
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General Procedure D: Diels-Alder Cycloaddition to Generate Dialkyl 

Hexaphenylbenzene Derivatives 

Diphenylalkynes (1.2 eq.) were combined with tetraphenylcyclopentadieneone (TPCPD) (1 

eq.) and tetradecane and heated to 250 °C for 4 h. The crude material was loaded directly onto 

silica gel and purified by column chromatography. 

 

1,2-Bis-(4-dodecylbenzene)-3,4,5,6-tetraphenylbenzene (61) 

Procedure D: 1,2-Bis-(4-dodecylphenyl)ethyne (1.50 g, 2.91 mmol) and TPCPD (924 mg, 

2.42 mmol) were dissolved in tetradecane  (10 mL) and heated to 250 °C for 4 h. The reaction 

mixture was loaded directly onto silica gel and chromatographed (20% DCM/hexanes) to give 

the title compound as a colourless solid (2.18 g, 86%).  

MP 224-228 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 6.91-6.80 (m, 20H), 6.68 (d, J = 8.3 

Hz, 4H), 6.63 (d, J = 8.3 Hz, 4H), 2.34 (t, J = 7.5 Hz, CH2-Ar, 4H), 1.39 (quin, J = 7.5 Hz, 

CH2-CH2-Ar, 4H), 1.34-1.01 (m, 36H), 0.89 (t, J = 7.0 Hz, 6H). 13C NMR (101 MHz, 

Chloroform-d) ∂ 140.8, 140.7, 140.6, 140.3, 140.0, 139.3, 137.8, 131.5, 131.2, 126.6, 126.5, 

125.1, 125.0, 35.3 (CH2-Ar), 32.0 (CH2-CH2-Ar), 31.2, 29.9, 29.8, 29.6, 29.4, 28.8, 22.7, 14.3. 

N.B. 13 Aromatic carbons detected rather than 15, this is assumed to be due to overlap. MS 

(MALDI-Dithranol) m/z 872.3 ([M+H]+, 100%). Characterisation data was in agreement with 

that in the literature.206 
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4-Hexyl-4’’-pentyl-3’,4’,5’,6’-tetraphenyl-1,1’:2’,1’’-terphenyl (60) 

Procedure D: 1-Hexyl-4-((4-pentylphenyl)ethynyl)benzene (0.50 g, 1.50 mmol) and TPCPD 

(476 mg, 1.25 mmol) was dissolved in tetradecane (5 mL) and heated to 250 °C for 4 h. The 

reaction mixture was loaded directly onto silica gel and chromatographed (30% DCM/hexanes) 

to give the title compound as a colourless solid (703 mg, 82%).  

MP 189-193 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 6.84 (m, 20H), 6.69 (d, J = 8.3 Hz, 

4H), 6.64 (d, J = 8.3 Hz, 4H), 2.35 (t, J = 7.3 Hz, CH2-Ar, 4H), 1.40 (m, CH2-CH2-Ar, 4H), 

1.23 (m, 6H), 1.09 (m, 4H), 0.85 (m, 6H). 13C NMR (101 MHz, Chloroform-d) ∂ 140.8, 140.7, 

140.5, 140.3, 140.0, 139.3, 137.9, 137.5, 137.2, 131.5, 126.5, 125.0, 35.1, 31.7, 30.9, 29.4, 

22.6, 14.5. N.B. 13 Aromatic carbons detected rather than 15, this is assumed to be due to 

overlap. MS (MALDI-Dithranol) m/z 712.0 ([M+Na]+, 100%). 
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Hexakis(4-dodecylphenyl)benzene (50) 

1,2-Bis-(4-dodecylphenyl)ethyne (1.00 g, 1.94 mmol) was dissolved in tetradecane (10 mL) 

and sparged with Ar. Cobalt carbonyl (65.0 mg, 0.19 mmol) was then added and the mixture 

heated to 250 °C for 4 h. The reaction mixture was cooled and the crude product loaded directly 

onto a silica plug and the organics extracted (10% DCM/hexanes). The resultant oil was then 

dissolved in diethyl ether (50 mL) and triturated with hot methanol (250 mL). The precipitated 

solids were then filtered and washed with methanol (3 x 50 mL) to give the title compound as 

a colourless powder (590 mg, 59%).  

MP 79-84 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 6.67 (d, J = 8.2 Hz, 12H), 6.62 (d, J = 

8.2 Hz, 12H), 2.34 (t, J = 7.6 Hz, CH2-Ar, 12H), 1.40 (quin, J = 7.6 Hz, CH2-CH2-Ar, 12H), 

1.35-1.06 (m, C-H, 108H) 0.89 (t, J = 6.9 Hz, 18H). 13C NMR (101 MHz, Chloroform-d) ∂ 

140.3, 138.3, 131.4, 126.4, 126.3, 35.3, 31.9, 31.2, 30.1, 29.8, 29.6, 29.5, 29.3, 29.2, 28.9, 22.7, 

14.1. MS (MALDI-Dithranol) m/z 1545.4 ([M+H]+, 100%). Characterisation data was in 

agreement with that in the literature.207 
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General Procedures E and F: Intramolecular oxidative cyclodehydrogenation of 

hexaphenylbenzenes (HPB)  

General procedure E – an adaptation of a literature synthesis.150  

HPB (1 eq.) was dissolved in DCM and the solution sparged with Ar an ice/water bath. To this 

solution, FeCl3 (30 eq.) in nitromethane was added dropwise. The mixture was stirred for 12 h 

before being quenched with MeOH (30 mL). The organics were then diluted with toluene and 

washed with water. The crude material was then loaded onto silica gel and washed with 30% 

DCM/hexanes and then extracted with hot toluene. The filtrate was then dissolved in DCM and 

triturated with hot methanol. The precipitated solids were then filtered and washed with hot 

methanol. 

General procedure F – an adaptation of a literature synthesis.208 

HPB (1 eq.) was dissolved in ice-cooled DCM and sparged with Ar. DDQ (8 eq.) was then 

added followed by the dropwise addition of triflic acid (8 eq.). The reaction was stirred for 6 h 

then quenched with saturated NaHCO3 solution. The organics were then diluted with CHCl3, 

washed with water, then dried. The crude material was loaded onto silica gel and washed with 

30% DCM/hexanes, then extracted with hot toluene. The filtrate was diluted with DCM and 

triturated with hot methanol. The precipitated solids were filtered and washed with hot 

methanol. 

 

Hexabenzocoronene (62) 

Procedure E: Hexaphenylbenzene (100 mg, 0.19 mmol) was reacted with ferric chloride 

(930mg, 5.74 mmol) in nitrobenzene (5 mL) to yield the desired material as yellow coloured 

solid (8 mg, 10%).  
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Procedure F: Hexaphenylbenzene (100 mg, 0.19 mmol) was reacted with DDQ (152 mg, 0.67 

mmol) and triflic acid (58 μL, 0.67 mmol) to yield the desired material as an off-white coloured 

solid (44 mg, 45%).  

The poor solubility of this compound in deuterated solvents precludes analysis by NMR. MP 

>400 °C (Lit209 >600°C). MS (MALDI-Dithranol) m/z 523.1 ([M+H]+, 100%). 

Characterisation data was in agreement with that in the literature.  

 

2-Hexyl-5-pentylhexabenzo[bc,ef,hi,kl,no,qr]coronene (63) 

Procedure E: 4-Hexyl-4’’-pentyl-3’,4’,5’,6’-tetraphenyl-1,1’:2’,1’’-terphenyl (100 mg, 0.15 

mmol) was reacted with ferric chloride (715 mg, 4.41 mmol) to yield the desired material as 

yellow coloured solid (7 mg, 7%).  

Procedure F: 2-Hexyl-5-pentylhexabenzo[bc,ef,hi,kl,no,qr]coronene (100 mg, 0.15 mmol) 

was reacted with DDQ (263.3 mg, 1.16 mmol) to yield the desired material as a colourless solid 

(38 mg, 39%). 

The poor solubility of this compound in deuterated solvents precludes analysis by NMR. MP 

215-221 °C. MS (MALDI-Dithranol) m/z 677.1 ([M+H]+, 100%). 
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2,5-Didodecylhexabenzo[bc,ef,hi,kl,no,qr]coronene (64) 

Procedure E: 1,2-Bis-(4-dodecylbenzene)-3,4,5,6-tetraphenylbenzene (100 mg, 0.12 mmol) 

was reacted with FeCl3 (550 mg, 3.60 mmol) to yield the desired material as yellow coloured 

solid (11 mg, 11%).  

Procedure F: 1,2-Bis-(4-dodecylbenzene)-3,4,5,6-tetraphenylbenzene (1 g, 1.15 mmol) was 

reacted with DDQ (1.69 g, 8.97 mmol) to yield the desired material as a colourless solid (316 

mg, 32%). 

The poor solubility of this compound in deuterated solvents precludes analysis by NMR. MP 

174-178 °C. (MALDI-Dithranol) m/z 859.1 ([M+H]+, 100%). Characterisation data was in 

agreement with that in the literature.206 

 

2,5,8,11,14,17-Hexadodecyldexabenzo[bc,ef,hi,kl,no,qr]coronene (51) 

Procedure E: Hexakis(4-dodecylphenyl)benzene (500 mg, 0.32 mmol) was reacted with ferric 

chloride (715 mg, 4.411 mmol) to yield the desired material as yellow coloured solid (31 mg, 

6%).  
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Procedure F: Hexakis(4-dodecylphenyl)benzene (695 mg, 0.454 mmol) was reacted with 

DDQ (670 mg, 2.948 mmol) to yield the desired material as a yellow coloured solid (271 mg, 

35%).  

MP 195-201 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 8.44 (s, 12H), 3.03 (t, J = 7.6 Hz, CH2-

Ar, 12H), 1.64 (quin, J = 7.6 Hz, CH2-CH2-Ar, 12H), 1.52-1.19 (m, 108H) 0.88 (t, J = 6.9 Hz, 

18H). The poor solubility of this compound in deuterated solvents precludes analysis by 13C 

NMR. MS (MALDI-Dithranol) m/z 1533.0 ([M+H]+, 100%). Characterisation data was in 

agreement with that in the literature.210 
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4.2.4. SYNTHESIS OF TRIBENZOPENTAPHENES: PRECURSORS AND DERIVATIVES 

 

 

 1,3-Bis-(4-bromophenyl)propan-2-one (68)  

4-Bromophenylacetic acid (50.0 g, 0.23 mol), dicyclohexylcarbodiimide (15.0 g, 1.03 mol) and 

DMAP (12.50 g, 1.03 mol) were dissolved in DCM (1 L) and the solution sparged with Ar. 

The reaction mixture was stirred for 24 h at rt. Major by-product dicyclohexylurea was 

removed via vacuum filtration and the filtrate concentrated in vacuo. The crude product was 

then recrystallised from ethanol/water to give the desired product as white crystals (64.6 g, 

77%).  

MP 118-124 °C (Lit.211 116-118 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 7.46 (d, J = 8.5 

Hz, 4H), 7.03 (4H, d, J = 8.5 Hz, 4H), 3.69 (4H, s, CH2-Ar, 4H). 13C NMR (101 MHz, 

Chloroform-d) ∂ 204.2 (C=O), 132.6, 131.9, 131.2, 121.3 (C-Br), 48.5 (CH2-Ar). MS 

(MALDI-Dithranol) m/z 366.9 ([M+H]+, 100%). Characterisation in agreement with that in the 

literature.212 
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2,2-Bis-(4-bromobenzyl)-1,3-dioxolane (72) 

1,3-Bis-(4-bromophenyl)propan-2-one (5.0 g, 13.68 mmol), ethylene glycol (0.92 mL, 16.41 

mmol) and para-toluenesulfonic acid monohydrate (260 mg, 1.37 mmol) were dissolved in 

toluene (50 mL) and the solution sparged with Ar. The reaction mixture was heated at reflux 

for 16 h. The solvent was removed in vacuo and the crude material purified by recrystallisation 

from ethanol/water to give the title compound as colourless crystals (5.41 g, 96%).  

MP 108-112 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.40 (d, J = 8.3 Hz, 4H), 7.14 (d, J = 

8.5 Hz, 4H), 3.45 (s, CH2-Ar, 4H), 2.88 (s, O-CH2-CH2-O, 4H). 13C NMR (101 MHz, 

Chloroform-d) ∂ 135.4, 132.5, 131.1, 120.5 (C-Br), 110.2 (C-O2), 65.5 (O-CH2-CH2-O), 44.0 

(CH2-Ar). MS (MALDI-Dithranol) m/z 410.0 ([M(79Br + 79Br]+, 100%). Characterisation data 

was in agreement with that in the literature.213  
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2,2-Bis-(4-dodecylbenzyl)-1,3-dioxolane (73) 

Prepared by an adaptation of a literature synthesis.214   

To a solution of magnesium (1.20 g, 49.0 mmol) in THF (25 mL) was added dropwise 4-

octylbromobenzene (4.67 mL, 19.52 mmol). The mixture was stirred at 60 °C for 1 h to afford 

a solution of 4-dodecylphenyl magnesium bromide. To a homogeneous solution of 2,2-bis-(4-

bromobenzyl)-1,3-dioxolane (1.0 g, 2.44 mmol) and Pd(dppf)Cl2 (215 mg, 0.29 mmol) in THF 

(25 mL) was added dropwise 4-dodecylphenyl magnesium bromide in THF fresh prepared in 

describing above at 0 °C. The reaction mixture was heated to reflux for 2 h then quenched with 

methanol (50 mL). The organics were extracted with DCM and washed with water. The crude 

products were concentrated in vacuo then purified by chromatography on silica gel (5% 

DCM/Hexanes) to give the title compound as a colourless solid (937 mg, 65%).  

MP 64-69 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.19 (d, J = 8.0 Hz, 4H), 7.09 (d, J = 8.0 

Hz, 4H), 3.45 (s, CO2-CH2-Ar, 4H), 2.91 (s, CH2-O, 4H), 2.57 (t, J = 7.8 Hz, CH2-CH2-Ar, 

4H), 1.59 (4H, quin, J = 7.0 Hz, CH2-CH2-Ar, 4H), 1.38-1.14 (m, 36H), 0.89 (t, J = 7.0 Hz, 

6H). 13C NMR (101 MHz, Chloroform-d) ∂ 141.0, 133.8, 130.5, 127.9, 111.0 (C-O2), 65.4 

(CH2-O), 44.2 (CO2-CH2-Ar)), 35.7 (CH2-CH2-Ar), 32.0, 31.6, 29.8-29.3 (8C), 22.8, 14.2. IR 

ṽmax/cm-1 2952 and 2847 (Ar C-H), 1514 (Ar C=C), 1040 (C-O). MS [APCI+] m/z 591.6 ([M]+, 

100%). HR m/z (ASAP)+ C41H67O2 calcd for 591.5136, found 591.5124. 
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1,3-Bis-(4-dodecylphenyl)propan-2-one (74) 

Prepared by an adaptation of a literature synthesis.215 

2,2-Bis-(4-dodecylbenzyl)-1,3-dioxolane (10.0 g, 16.90 mmol) was stirred in sulphuric acid 

(30 mL, 18.4 M) at 0 °C for 5 min. The reaction was quenched by slow addition to saturated 

NaHCO3 solution (200 mL). The solids were removed by filtration and washed with methanol 

(2 x 100 mL). The crude product was then extracted with DCM (200 mL) and triturated with 

hot methanol (300 mL). The title compound was then collected by filtration as a colourless 

solid (8.96 g, 97%).  

MP 71-74 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.13 (d, J = 8.0 Hz, 4H), 7.06 (d, J = 8.3 

Hz, 4H), 3.68 (s, O=C-CH2-Ar, 4H), 2.57 (t, J = 8.0 Hz, CH2-CH2-Ar, 4H), 1.59 (m, CH2-CH2-

Ar, 4H), 1.36-1.18 (m, 36H), 0.89 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) ∂ 

206.5 (C=O), 141.6, 131.2, 129.4, 128.8, 48.7 (O=C-CH2-Ar), 35.6 (CH2-CH2-Ar), 32.0, 31.9, 

29.9-29.2 (7C), 22.7, 14.2. MS [APCI+] m/z 546.8 ([M]+, 100%). Characterisation data was in 

agreement with that in the literature.216    
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General procedure G: Aldol Reaction of Functionalised Bis-phenylpropanone 

Derivatives with Benzil 

To an Ar sparged volume of ethanol was added 1,3-bis-(4-dodecylphenyl)propan-2-one (1 eq.), 

benzil (1.05 eq) and KOH (0.1 eq.). The reaction mixture was heated to reflux overnight then 

cooled to 0 °C. The precipitated solids were then collected via filtration and washed with 

chilled ethanol. Prepared by adaption of a literature synthesis.216 

 

2,5-Bis-(4-bromophenyl)-3,4-diphenylcylopenta-2,4-dien-1-one (69) 

Procedure G: 1,3-Bis-(4-bromophenyl)propan-2-one (1.0 g, 2.78 mmol) was reacted with 

benzil (615 mg, 2.92 mmol) and potassium hydroxide added (15 mg, 0.28 mmol) to yield the 

title compound as purple coloured crystals (1.12 g, 74%).  

MP 245-251 °C (Lit.179 247 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 7.38 (d, J = 8.5 Hz, 

4H), 7.31-7.25 (m, 2H), 7.20 (t, J = 7.0 Hz, 4H), 7.11 (d, J = 8.8 Hz, 4H), 6.91 (d, J = 8.5 Hz, 

4H). 13C NMR (101 MHz, Chloroform-d) ∂ 199.5 (C=O), 155.0, 132.6, 131.6, 131.3, 129.5, 

129.2, 128.9, 128.2, 124.4, 122.0. MS (MALDI-TCNQ) 541.1 ([M(79Br + 81Br)-H]+, 80%). 
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2,5-Bis-(4-dodecylphenyl)-3,4-diphenylcyclopenta-2,4-dien-1-one (75) 

Procedure G: 1,3-Bis-(4-dodecylphenyl)propan-2-one (8.5 g, 15.55 mmol) was reacted with 

benzil (3.43 g, 16.33 mmol) and potassium hydroxide added (100 mg, 1.73 mmol) to yield the 

isolated product as purple coloured crystals (8.30 g, 74%).  

MP 104-106 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.23 (d, J = 7.3 Hz, 2H), 7.17 (m 2H), 

7.05 (d, J = 8.3 Hz), 6.94 (m, 4H), 2.55 (t, J = 7.5 Hz, CH2-CH2-Ar, 4H), 1.59 (quin, J = 7.0 

Hz, CH2-CH2-Ar, 4H), 1.36-1.21 (m, 36H), 0.89 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, 

Chloroform-d) ∂ 154.0, 142.4, 131.2, 129.9, 129.3, 128.3, 128.1, 128.0, 127.9, 125.1, 35.8, 

32.0, 31.3, 29.8, 29.6, 29.4, 29.2, 29.1, 22.6, 14.1. MS (MALDI-Dithranol) 720.9 ([M]+, 

100%). Characterisation data was in agreement with that in the literature.217 

 

 

 

 

 

 

 

 

 

 

 



135 

 

Synthesis of Tetraphenylbenzene Derivatives 

General Procedure H - Diels-Alder [4+2] Cycloadditions of CPD Derivatives 

Tetradecane (5 mL) was added to CPD (1 eq.) and alkyne (1.1 eq.). The reaction mixture was 

then heated to 250 °C for 4 h. Once cooled, the solution was loaded directly onto silica gel and 

purified by column chromatography. Prepared by adaption of a literature synthesis.179 

 

4-Bromo-4’-(4-bromophenyl)-5’-dodecyl-3’-phenyl-1,1’:2’,1’’-terphenyl (70) 

Procedure H: 2,5-Bis-(4-bromophenyl)-3,4-diphenylcylopenta-2,4-dien-1-one (750 mg, 1.38 

mmol) was reacted with 1-tetradecyne (380 μL, 1.45 mmol) and chromatographed (20% 

DCM/hexanes) to afford the title compound as fine grey coloured crystals (790 mg, 81%).  

MP 144-149 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.35 (s, 1H), 7.31-7.25 (m, 5H), 7.00 

(d, J = 8.3 Hz, 2H), 6.95-6.89 (m, 4H), 6.86 (m, 3H), 6.79 (m, 2H), 6.72 (m, 2H), 2.48 (t, J = 

8.0 Hz, CH2-Ar, 2H), 1.53 (m, CH2-CH2-Ar, 2H), 1.37-1.13 (m, 18H), 0.91 (t, J = 6.8 Hz, 3H) 

13C NMR (101 MHz, Chloroform-d) ∂ 141.6, 140.9, 140.3, 140.0, 139.6, 139.5, 139.2, 137.5, 

132.0, 131.5, 131.1, 130.7, 130.5, 129.9, 129.7, 127.1, 126.7, 125.7, 125.5, 120.5, 120.2, 33.7, 

31.9, 31.3, 29.7, 29.6, 29.5, 29.4, 29.3, 22.7, 14.1. IR ṽmax/cm-1 2919 and 2850 (Ar C-H), 1742 

(C=O), 1434 (Ar C=C), 667 (C-Br). MS (MALDI-TCNQ) 708.7 ([M(79Br + 81Br)]+, 25%). HR 

m/z (ASAP)+ C42H45
79Br2 calcd for 707.1883, found 707.1886. 
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4,5’-Didodecyl-4’-(4-dodecylphenyl)-3’-phenyl-1,1’:2’,1’’-terphenyl (71) 

Procedure H: 2,5-Bis-(4-dodecylphenyl)-3,4-diphenylcyclopenta-2,4-dien-1-one (2.0 g, 2.78 

mmol) was reacted with 1-tetradecyne (1.36 mL, 5.55 mmol) and chromatographed (5% 

DCM/hexanes) to afford the title compound as a colourless oil. (1.83 g, 74%).  

1H NMR (400 MHz, Chloroform-d) ∂ 7.45 (s, 1H), 7.10 (d, J = 8.2 Hz, 2H), 7.02 (d, J = 8.2 

Hz, 2H), 6.98 (s, 4H), 6.93 (m, 3H), 6.89-6.77 (m, 7H), 2.57 (m, CH2-Ar, 6H), 1.60 (m, 6H), 

1.48-1.13 (m, 54H), 0.92 (m, 9H). 13C NMR (101 MHz, Chloroform-d) ∂ 141.3, 140.6, 140.3, 

140.2, 140.1, 139.9, 139.2, 137.2, 137.1, 131.5, 131.1, 130.1, 129.8, 129.6, 127.3, 127.0, 126.5, 

126.1, 125.0, 124.7, 41.2, 35.9, 35.2, 33.7, 31.8, 31.3, 31.0, 29.7, 28.5, 27.5, 22.5, 20.2, 19.2, 

18.5, 14.07, 13.9, 11.14. MS (MALDI-Dithranol) 886.9 ([M)]+, 70%). HR m/z (ASAP)+ C66H95 

calcd for 887.7428, found 887.7405. 
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4-Dodecyl-4’-(4-dodecylphenyl)-3’-phenyl-5’-propyl-1,1’:2’,1’’-terphenyl (78) and 4’-Butyl-

4’’-dodecyl-5’-(4-dodecylphenyl)-6’-phenyl-[1,1’:2’,1’-terphenyl]-3’-carboxylic acid (77) 

Procedure H: 2,5-Bis-(4-dodecylphenyl)-3,4-diphenylcyclopenta-2,4-dien-1-one (3.0 g, 4.16 

mmol) was reacted with hex-2-ynoic acid (930 mg, 8.33 mmol) and the crude products purified 

by column chromatography on silica gel (15% DCM/hexanes) to afford 5’-butyl-4-dodecyl-4’-

(4-dodecylphenyl)-3’-phenyl-1,1’:2’,1’’-terphenyl as a colourless oil (1.86 g, 55%) and 4’-

butyl-4’’-dodecyl-5’-(4-dodecylphenyl)-6’-phenyl-[1,1’:2’,1’-terphenyl]-3’-carboxylic acid 

as a yellow coloured solid (1.01 g, 30%) in consecutive fractions.        

4-Dodecyl-4’-(4-dodecylphenyl)-3’-phenyl-5’-propyl-1,1’:2’,1’’-terphenyl: 

1H NMR (400 MHz, Chloroform-d) ∂ 7.06 (d, J = 8.3 Hz, 2H), 6.99 (d, J = 8.3 Hz, 2H), 6.95 

(s, 4H), 6.91-6.85 (m, 3H), 6.83-6.79 (m, 5H), 6.75-6.70 (m, 2H), 2.54-2.50 (m, CH2-Ar, 6H), 

1.71-1.65 (m, 6H), 1.40-1.09 (m, 38H), 0.91-0.84 (m, 9H). 13C NMR (101 MHz, Chloroform-

d) ∂ 141.6, 140.78, 140.6, 140.5, 140.4, 140.2, 140.0, 139.4, 137.5, 137.4, 131.7, 131.3, 130.3, 

130.0, 129.7, 127.6, 127.3, 126.7, 126.4, 125.2, 124.9, 41.4, 36.1, 36.0, 35.5, 35.5, 34.1, 31.9, 

31.6, 31.3, 31.2, 29.7, 29.6, 29.5, 29.4, 29.3, 29.1, 29.0, 27.7, 24.4, 22.7, 22.7, 22.6, 22.3, 20.5, 

19.5, 18.8, 14.3, 14.1, 11.4. MS (MALDI-TCNQ) 761.2 ([M+H)]+, 100%). HRMS m/z 

(HESI)+ C55H77 calcd for 761.6020, found 761.5999. 

4’-Butyl-4’’-dodecyl-5’-(4-dodecylphenyl)-6’-phenyl-[1,1’:2’,1’-terphenyl]-3’-carboxylic 

acid:  

MP 156-161 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.28 (s, 1H), 7.04 (d, J = 8.2 Hz, 2H), 

6.96 (s, 4H), 6.92 (d, J = 8.2 Hz, 2H), 6.86-6.78 (m, 6H), 6.77-6.71 (m, 4H), 2.52 (m, CH2-Ar, 

6H), 1.53 (m, 6H), 1.36-1.13 (m, 38H), 0.90 (t, J = 6.9 Hz, 6H), 0.73 (t, J = 7.6 Hz, 3H).  13C 

NMR (101 MHz, Chloroform-d) ∂ 173.0 (C=O), 142.9, 141.2, 141.1, 140.6, 140.2, 139.6, 
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139.0, 137.8, 136.8, 136.7, 136.3, 133.1, 131.3, 130.9, 130.2, 130.1, 127.3, 127.3, 126.5, 126.4, 

125.3, 125.2, 35.5, 35.4, 34.2, 31.9, 31.1, 31.1, 29.7, 29.7, 29.7, 29.6, 29.5, 29.4, 29.1, 28.9, 

24.6, 22.7, 14.6, 14.1. IR ṽmax/cm-1 2919 and 2849 (Ar C-H), 1704 (C=O), 1409 (Ar C=C). MS 

(MALDI-TCNQ) 804.6 ([M)]+, 100%). 

 

 

9-(3’,6’-Diphenyl-[1,1’:2’,1’-terphenyl]-4’-yl)nonanoic acid (65) 

Procedure H: TPCPD (500 mg, 1.30 mmol) was reacted with undec-10-ynoic acid (250 mg, 

1.43 mmol) and the crude products purified by column chromatography on silica gel (gradient 

system 15-50% DCM/hexanes) to afford the title compound as colourless solid (530 mg, 76%).  

MP 174 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 7.41 (s, 1H), 7.21-7.02 (m, 10H), 6.92-6.74 

(m, 10H), 2.50 (t, J = 8.0 Hz, 2H), 2.33 (t, J = 7.5 Hz, 2H), 1.67-1.48 (m, 4H), 1.38-1.12 (m, 

4H), 0.91 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) ∂ 179.2 (C=O), 142.2, 141.4, 

140.6, 140.5, 140.3, 140.1, 137.5, 131.7, 131.3, 130.5, 130.0, 127.5, 127.2, 126.8, 126.5, 126.1, 

126.0, 125.4, 125.1, 33.9, 33.4, 31.3, 31.0, 29.6, 29.1, 24.7. IR ṽmax/cm-1 3695 (broad O-H), 

2951 and 2826 (Ar C-H), 1685 (C=O), 1345 (Ar C=C). MS [MALDI-TCNQ] 539.4 ([M+H]+, 

100%). HRMS m/z (ASAP)+ C39H39O2 calcd for 539.2945, found 539.2933. 
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9-(3’,6’-Bis-(4-dodecylphenyl)-[1,1’:2’,1’’-terphenyl]-4’-yl)nonanoic acid (76) 

Procedure H: 2,5-Bis-(4-dodecylphenyl)-3,4-diphenylcyclopenta-2,4-dien-1-one (450 mg, 

0.62 mmol) was reacted with undec-10-ynoic acid  (119 mg, 0.66 mmol) and the crude products 

purified by column chromatography on silica gel (gradient system 15-50% DCM/hexanes) to 

afford the title compound as an orange coloured oil (461 mg, 85%).  

1H NMR (400 MHz, Chloroform-d) ∂ 7.41 (s, 1H), 7.06 (d, J = 8.2 Hz, 2H), 6.98 (d, J = 8.3 

Hz, 2H), 6.95 (s, 4H), 6.90 (m, 3H), 6.83 (m, 5H), 6.76 (m, 2H), 2.53 (m, CH2-Ar, 6H), 2.35 

(t, CH2-C=O, 2H), 1.67-1.49 (m, 8H), 1.38-1.15 (m, 45H), 0.91 (t, J = 6.8 Hz, 6H). 13C NMR 

(101 MHz, Chloroform-d) ∂ 179.7 (C=O), 141.5, 140.8, 140.6, 140.5, 140.1, 139.4, 137.5-

137.3, 131.7, 131.3, 130.2, 129.9, 129.8, 127.5, 127.2, 126.7, 126.3, 125.2, 124.9, 35.5, 35.4, 

34.0, 33.8, 31.9, 31.3, 31.2, 29.8, 29.2, 29.1, 28.8, 24.6, 22.6, 14.12. IR ṽmax/cm-1 3695 (broad 

O-H), 2951 and 2826 (Ar C-H), 1685 (C=O), 1345 (Ar C=C). MS [MALDI-Dithranol] 874.9 

([M]+, 100%). HRMS m/z (ASAP)+ C63H87O2 calcd for 875.6701, found 875.6690. 
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9-(3,12-Didodecyltribenzo[fg,ij,rst]pentaphen-15-ylnonanoic acid (79) 

To a sparged, 0 °C solution of 76 (600 mg, 0.69 mmol) in DCM (50 mL) was added DDQ (545 

mg, 2.80 mmol) and the mixture stirred for 15 min. Triflic acid (210 μL, 2.80 mmol) was then 

added and the reaction allowed to warm to rt over 6 h, then quenched by the addition of sat. 

NaHCO3 solution (100 mL). The organic layer was separated, washed with water (2 x 100 mL), 

dried (MgSO4), then concentrated in vacuo. The crude product was concentrated in vacuo and 

purified by column chromatography on silica gel then (3% methanol/DCM). Concentration of 

these extracts in vacuo and further purification by fractional recrystallisation (DCM/methanol) 

afforded the title compound as a microcrystalline, colourless solid (53 mg, 9%).  

MP 186-189 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 10.46 (broad s, HO-C=O, 1H) 8.93-

8.85 (m, 5H), 8.75 (d, J = 8.5 Hz, 2H), 8.59-8.53 (m, 2H), 8.47 (d, J = 8.3 Hz, 1H), 8.00 (t, J 

= 7.8 Hz, 1H) , 7.99 (t, J = 8.0 Hz, 1H) ,7.57 (d, J = 8.3 Hz, 1H), 7.46 (d, J = 8.3 Hz, 1H), 3.63 

(t, J = 8.0 Hz, CH2-C=O, 2H), 2.90 (t, J = 7.8 Hz, CH2-Ar, 4H), 2.34 (t, J = 7.3 Hz, CH2-Ar, 

2H), 2.09-2.00 (m, 2H), 1.86-1.79 (m, 4H), 1.66-1.60 (m, 3H), 1.55-1.16 (m, 44H), 0.88 (t, J 

= 6.5 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) ∂ 179.7 (C=O), 141.5, 140.8, 140.6, 140.5, 

140.1, 139.4, 137.5, 137.3, 131.7, 131.3, 130.2, 129.9, 129.8, 127.5, 127.2, 126.7, 126.3, 125.2, 

124.9, 35.5, 35.4, 34.0, 33.8, 31.9, 31.3, 31.2, 29.8, 29.2, 29.1, 28.8, 24.6, 22.6, 14.1. IR 

ṽmax/cm-1 2918 and 2848 (Ar C-H), 1705 (C=O). MS (MALDI-TCNQ) m/z 868.8 ([M]+, 80%). 

HRMS m/z (ASAP-) C63H79O2 calcd for 867.6086, found 867.6067.   
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4.2.5. GEOLOGICALLY-INSPIRED ASPHALTENE MODEL PRECURSORS 

 

4-Cholesten-3-one (81) 

Cholesterol (1.00 g, 2.58 mmol) and then aluminium isopropoxide (1.06 g, 5.19 mmol) was 

added to acetone (50 mL) which had previously been sparged with argon. The reaction mixture 

was then heated to 80 °C for 72 h. On cooling to ambient temperature the reaction mixture was 

filtered through Celite© with the aid of DCM and the filtrate washed with water and then brine. 

The combined organic extracts were dried (MgSO4) and concentrated in vacuo. 

Recrystallisation of the residue from methanol afforded the title compound as a colourless solid 

(0.77 g, 78%).  

MP 84-85 °C (Lit.218 82-84 °C). 1H NMR (500 MHz, Chloroform-d) ∂ 5.73 (s, C4H, 1H), 2.47 

(dd, J = 17.7, 4.8 Hz, C2H, 1H), 2.41 (dd, J = 14.3, 5.2 Hz, C1H, 1H), 1.65-0.95 (m, 22H), 0.93 

(d, J = 6.6 Hz, 3H), 0.89 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H), 0.73 (s, 3H). 13C NMR 

(101 MHz, Chloroform-d) ∂ 173.5 (C5), 124.6 (C4), 117.8 (C3). MS (APCI) m/z 385.5 

([M+H]+, 100%). Characterisation data was in agreement with that in the literature.219 
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4β,5-Epoxy-5β-cholest-3-one (82b) and 4α,5-Epoxy-5α-cholest-3-one (82a) 

Cholest-4-en-3-one (1 g, 2.60 mmol) was dissolved in methanol (20 mL) and the solution 

cooled to 0 °C. Hydrogen peroxide (0.78 mL, 30%) was added dropwise and the solution stirred 

for 15 min. Sodium hydroxide solution (0.22 mL, 10%) was then added dropwise. The reaction 

was then allowed to reach room temperature and stirred for 48 h. The reaction mixture was 

diluted with water (100 mL) and the organics extracted with ethyl acetate (100 mL). The 

combined organic extracts were dried (MgSO4). The crude product was then purified by 

chromatography on silica gel (5% EtOAc/Hexane) to give 4β,5-Epoxy-5β-cholest-3-one (0.51 

g, 51%) and 4α,5-Epoxy-5α-cholest-3-one (0.04 g, 4 %) consecutively as colourless solids.  

4β,5-Epoxy-5β-cholest-3-one, 82b:  

1H NMR (500 MHz, Chloroform-d) ∂ 2.98 (s, C4H, 1H), 2.19 (m, 3H), 2.02 (dt, J = 12.6 Hz, 

3.47, C2H,  1H), 1.85 (m, 3H), 1.65-0.95 (m, 22H), 1.16 (s, 3H), 0.91 (d, J = 6.6 Hz, 3H), 0.70 

(s, 3H). 

4α,5-Epoxy-5α-cholest-3-one, 82a: 

MP 118-120 °C. 1H NMR (500 MHz, Chloroform-d) ∂ 3.02 (s, C4H, 1H), 2.26-2.20 (m, 3H), 

2.08 (dt, J = 12.6, 3.5 Hz, C2H, 1H), 1.94-1.88 (m, 3H), 1.67-0.96 (m, 22H), 1.18 (s, 3H), 0.94 

(d, J = 6.6 Hz, 3H), 0.71 (s, 3H).  

4β,5β-epoxide  and 4α,5α-epoxide: 

MP 118-120 °C (Lit.220 119-121 °C). 13C NMR (101 MHz, Chloroform-d) ∂ 200.9 (C3), 72.9 

(C5), 64.8 (C4). MS (APCI) m/z 487.4 ([M+Na]+, 100%). 

Characterisation data was in agreement with that in the literature.188 
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4-Bromocholest-4-en-3-one (83) 

Prepared by an adaptation of a literature synthesis188 

To a solution of 4α,5-epoxy-5α-cholest-3-one (50 mg, 0.125 mmol) in acetone (5 mL), pre-

cooled in an ice/water bath, aqueous hydrogen bromide solution (16%, 0.125 mL) was added 

dropwise and the solution stirred for 4 h. The reaction mixture was then diluted with EtOAc 

(100 mL) and washed with water (100 mL). The organics were then dried (MgSO4)  and 

purified by column chromatography on silica gel (5% EtOAc/hexanes) to afford the title 

compound as a yellow coloured solid (24 mg, 41%).  

MP 113-116 °C (Lit.188 112-114 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 3.27 (dt, J = 15.1, 

2.8 Hz, C2H, 1H), 2.26 (td, J = 14.8, 5.4 Hz, 1H), 2.05-0.97 (m, 24H), 1.22 (s, 3H), 0.91 (d, J 

= 6.6 Hz, 3H), 0.90-0.84 (m, 9H), 0.72 (s, 3H). 13C NMR (101 MHz, Chloroform-d) 190.7 

(C3), 168.3 (C4), 121.7 (C5). MS (MALDI-Dithranol) m/z 463.2 ([M+H]+, 100%). 

Characterisation data was in agreement with that in the literature.186 
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4,4,5,5-Tetramethyl-2-(pyren-1-yl)-1,3,2-dioxaborolane (84) 

1-Bromopyrene (500.0 mg, 1.778 mmol), bis(pinnacolato)diboron (629.9 mg, 1.778 mmol), 

KOAc (383.8 mg, 0.132 mmol) and THF (20 mL) were added to a reaction vial and the reaction 

mixture sparged with argon. Pd(dppf)Cl2 (96.6 mg, 0.132 mmol) was then added and the vessel 

sealed. The solution was heated to reflux for 4 h, then cooled. Insoluble material was removed  

by filtration through Celite© (50% DCM/hexanes) and the filtrate concentrated in 

vacuo.Chromatography of the residue (20% EtOAc/hexanes) afforded the title compound (420 

mg, 71%), as a colourless solid, followed by a minor quantity of 1,1’-bipyrene as a minor by-

product (40 mg, 16%).     

4,4,5,5-Tetramethyl-2-(pyren-1-yl)-1,3,2-dioxaborolane:  

MP 204-210 °C. 1H NMR (400 MHz, Chloroform-d) ∂ 9.11 (d, J = 9.29 Hz, 1H), 7.53 (d, J = 

7.5 Hz, 1H), 8.26-7.99 (m, 7H), 1.52 (s, 12H). 13C NMR (101 MHz, Chloroform-d) 136.5, 

133.9, 133.5, 131.2, 130.8, 128.7, 128.1, 127.8, 127.5, 127.4, 125.7, 125.4, 125.2, 124.9, 124.7, 

124.1, 83.2, 24.8. MS (MALDI-Dithranol) m/z 246.1 ([M]+, 40%). Characterisation data was 

in agreement with that in the literature.221   

1,1’-Bipyrene (85): 

MP 325-331 °C (Lit.222 327-328 °C). 1H NMR (400 MHz, Chloroform-d) ∂ 8.37 (d, J = 7.57 

Hz, 2H), 8.30-8.16 (m, 10H), 8.04 (t, J = 7.24 Hz, 2H), 7.87 (d, J = 7.53 Hz, 2H), 7.67 (d, J = 

7.57 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) 136.7, 135.8, 135.1, 134.6, 134.0, 133.3, 

132.1, 130.7, 128.6, 124.5. MS (MALDI-Dithranol) m/z 402.4 ([M]+, 65%). Characterisation 

data was in agreement with that in the literature.223  
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5. APPENDIX 

 

5.1. ICAM 15 WORK PACKAGES  

 

Work Package 1 (WP1) – Reference Materials and Properties 

Pure compounds representing asphaltenes in terms of molecular shape, size, functionality and 

aggregation/adhesion behaviours are to be specifically prepared and characterised. Novel 

molecular cores are to be synthesised and derivatised to provide an array of new model 

materials which are expected to be excellent asphaltene models. These molecular cores’ 

function utility allows the inclusion of all chemical groups of interest to the programme. They 

can be readily modified to give a range of large molecular weights, variable solubility and site 

specific polarity. 

Work Package 2 (WP2) – Understanding Deposition of Carbonaceous Materials in Fluids 

and at the Solid/Liquid Interface 

This experimental work aims to gain a key understanding of the nature of carbonaceous 

nucleation, aggregate growth and deposition from observation at both laboratory and near-

operation conditions of temperature and pressure. It will cover the interaction of model 

compounds/model fluids and crude oils with metal, metal oxide and metal sulphide surfaces. 

This will build upon the understanding of intermolecular interactions and consider 

carbonaceous deposits at the solid-fluid interface. These deposits can either; (a) nucleate in 

bulk fluids and deposit at the solid-fluid interface; or (b) nucleate and grow at the interface; or 

(c) both. To understand the mechanisms of deposition at the metal-fluid interface a number of 

approaches will be pursued. The nature of interactions and binding energy between 

carbonaceous compounds and various surfaces will be examined with scanning probe 

microscopy, light spectroscopies, calorimetry, neutron (SANS, NR), X-ray scattering, sum 

frequency generation spectroscopy (SFG) and langmuir adsorption isotherms. A quartz crystal 

microbalance (QCM) will be employed to investigate how surface condition, flow rate, 

pressure, and temperature affect deposition rate. The distribution of deposit growth will be 

studied using high resolution imaging methods. Ex-situ chemical methods using a multi-

technique forensic approach aim to identify relevant chemical parameters in the formation of 

carbonaceous deposits using a ‘top-down’ deconstruction approach.  
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A designated pressure cell for QCM will be designed and commissioned that will allow 

investigation of adsorption kinetics, adsorption amount and the viscoelastic property of the 

adsorbed layers at pressure and temperatures and on surfaces relevant to BP operations. The 

influence and effectiveness of surface active additives and dispersants will also be investigated. 

Model compounds prepared will be analysed. The effect of surface oxide and sulphide will be 

examined in parallel, where the effect of surface polarity, wettability and surface texture of 

deposition will be studied. Deposition will take place on model surfaces including metal 

surfaces gold, iron, titanium, nickel and chromium, and on oxide surfaces, such as aluminium 

oxide, zirconium oxide, and textured oxide surfaces. 

Work Package 2.2 (WP 2.2) - Molecular Interactions between Carbonaceous Materials 

and Surfaces 

These experiments focus on carbonaceous material adsorption at interfaces. Sum frequency 

generation (SFG), calorimetry and neutron reflectivity (NR) is used to monitor adsorption, the 

adsorbed layer structure (single molecules or aggregates), molecular orientation and behaviour 

with time. The nature of the chemical group binding to the surface will be investigated, 

requiring band identification of SFG, Reflection-Absorption IR Spectroscopy (RAIRS), 

Attenuated Total Reflectance (ATR) spectroscopy and related spectroscopic methods. The 

strength of binding to surfaces is obtained both by adsorption isotherms at different temperature 

and by direct measurement of enthalpies of adsorption (exchange) using calorimetry. The 

mechanism and effectiveness of potential deposition inhibitors are to be investigated. 

Work Package 2.3 (WP 2.3) - Surface and Deposit Characterisation at the Nanoscale 

Deposition of real asphaltenes and model molecules upon surfaces are to be analysed through 

Optical Microscopy, scanning electron microscopy (SEM), environmental scanning electron 

microscopy (ESEM), transmission electron microscopy (TEM) and scanning probe microscopy 

(both atom-force microscopy (AFM) and scanning tunnelling microscopy (STM)). High-

resolution images of the deposits and surfaces gain morphological information and will assess 

the efficacy of surface modification in influencing deposit formation. This will be performed 

for a variety of different surface conditions in a ‘post-mortem’ approach. FE-SEM and Titan 

aberration-corrected TEM is also utilised. The output from this part of the programme together 

with the detailed chemical analysis in work packages feeds into the novel surfaces programme 

to inform it of relevant surface design parameters. 
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Work Package 2.4 (WP 2.4) - Chemical Compositional Analysis of Deposits Formed in 

Flow Cells 

Focuses on analytical techniques that provide most information about the chemical 

composition of surface deposits. The work will focus on field samples and deposits of pure 

compounds prepared by WS1. Applying a multi-technique forensic approach, this work will 

aim to identify relevant chemical parameters in the formation of carbonaceous deposits using 

a ‘top-down’ deconstruction, thereby linking also with work performed in work streams WS1 

and WS3. Analytical techniques include Raman, X-ray diffraction, fluorescence/luminescence 

and UV-vis techniques, surface analysis techniques (XPS, NEXAFS, SIMS) as well as optical 

and electron microscopies. 2D imaging, radiography, tomographic imaging or trace element 

analysis are also considered. 

With a conclusion drawn upon the most successful analytical techniques in providing 

information about the chemical state of deposits and interfaces, these practices will be applied 

in-situ in small scale laboratory simulation experiments and examine the chemical nature of 

deposits formed on metal coupons, and moving/oscillating elements due to exposure to selected 

field liquids (oils) and model liquids as a function of flow and pressure. Transfer cells set up 

to permit quasi in-situ surface analysis use environmental cells coupled to the analysis 

chambers to maintain the integrity and solvation of deposits. This work will link closely to 

work performed in WP1 and inform the ‘bottom-up’ approach with model systems of 

comparatively lower complexity, providing a constructive ‘reality check’ on the relevance of 

parameters investigated.  

Work Package 3 (WP 3) – Novel Surfaces Preparation and Surface Characterisation 

A fundamental understanding and modelling of fluid-surface interaction through fabrication of 

surfaces with specific functionalities and morphologies that enable systematic inquiry of 

surface interaction. Surfaces with specific polarity, potential or hydrophobicity/philicity will 

be created on typical structural alloy coupons and customised substrates for integration into the 

QCM studies detailed in WS2. While the rate of deposition will be monitored via QCM, the 

specific topology of deposits and the influence of surface structure and chemistry will be 

analysed via in-situ scanning probe microscopies. Insight gained from these characterisation 

efforts, including characterisation of binding energies between deposits and various surfaces 

will be used to develop novel protective coating concepts for up-stream components.  
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Materials and surfaces displaying functionalities/textures of interest will be identified and 

fabricated and characterised. Novel and industrial surfaces of relevance to the problem of 

carbonaceous deposits will be analysed by AFM. High-resolution real-time imaging will 

observe the liquid-solid interface to observe the influence of surface morphology upon deposit 

growth. Real asphaltenes and model compounds from WP1 are to be used. A liquid flow cell 

will also be used to investigate the effects of temperature impacts this phenomena.   

Work Package 4 (WP 4) - Molecular Modelling of Asphaltene Aggregation and 

Deposition on Surfaces 

WP 4 will explore the fundamental molecular-level aspects of asphaltene aggregation and 

deposition of surfaces where the molecular structure/composition, size and energy differences 

with respect to the solvent are the driving force for self-assembly and, in some cases, posterior 

precipitation from crude oils and build-up on surfaces. The modelling will span detailed 

atomistic-level to coarse grained approach that allows the study of large collectives of 

molecules and mixtures that will allow for the study of deposition mechanism onto surfaces.  

A representative synthetic reservoir fluid will be studied by means of molecular simulations 

spanning multiple length and timescales of both the fluid phase aggregation and the impact of 

surfaces forces on the ultimate deposition. The pressure and temperature condition will 

correspond to the situation of interest for reservoirs (high pressure, moderate temperature). The 

effect of relevant surfaces (carbon steel, iron sulphide) will be considered and focus on the 

mesoscopic scale (coarse grained modelling) to understand the kinetics of carbonaceous 

deposit formation.  
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5.2. 1H AND 
13C SPECTRA OF KEY COMPOUNDS 

 

1,6-Bis-(pyren-1-ylthio)hexane (32) 
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1,8-Di(pyren-1-yl)octane (38) 
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2,5-Bis-(4-dodecylphenyl)-3,4-diphenylcyclopenta-2,4-dien-1-one (75) 
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9-(3,12-didodecyltribenzo[fg,ij,rst]pentaphenyl-15-yl)nonanoic acid (79) 
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3,10-Dibromo-1H-phenanthro[1,10,9,8-cdefg]carbazole (46) 
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2-Undecylphenanthro[1,10,9,8-klmna]phenanthridine (31) 
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3,10-Didodecyl-4,5,6,7,8,9-hexahydro-1H-phenanthro[1,10,9,8-cdefg]carbazole (49) 
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5.3. CRYSTALLOGRAPHIC AND STRUCTURAL REFINEMENT DATA 

5.3.1. 1,6-BIS-(PHENANTHREN-9-YLTHIO)HEXANE 

 

 

 

 

Identification code S5026R 

Empirical formula C41H38S2 

Formula weight 594.83 

Temperature/K 150 

Crystal system monoclinic 

Space group P21/c 

a/Å 7.6663(2) 

b/Å 22.5943(5) 

c/Å 18.0159(4) 

α/° 90 

β/° 93.760(2) 

γ/° 90 

Volume/Å3 3113.90(13) 

Z 4 

ρcalcg/cm3 1.269 

μ/mm-1 0.200 

F(000) 1264.0 

Crystal size/mm3 0.5 × 0.5 × 0.34 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.258 to 60.326 

Index ranges -10 ≤ h ≤ 10, -31 ≤ k ≤ 31, -24 ≤ l ≤ 25 

Reflections collected 46303 

Independent reflections 8131 [Rint = 0.0350, Rsigma = 0.0299] 
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Data/restraints/parameters 8131/99/414 

Goodness-of-fit on F2 1.032 

Final R indexes [I>=2σ (I)] R1 = 0.0503, wR2 = 0.1241 

Final R indexes [all data] R1 = 0.0654, wR2 = 0.1315 

Largest diff. peak/hole / e Å-3 0.50/-0.62 
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5.3.2. 1,6-BIS-(PYREN-1-YLTHIO)HEXANE 

 

 

 

Identification code S4058QA 

Empirical formula C38H30S2 

Formula weight 550.74 

Temperature/K 100(2) 

Space group Pna21 

a/Å 10.5445(3) 

b/Å 6.5897(2) 

c/Å 38.6840(11) 

α/° 90.00 

β/° 90.00 

γ/° 90.00 

Volume/Å3 2687.96(14) 

Z 4 

ρcalcg/cm3 1.361 

μ/mm-1 1.990 

F(000) 1160.0 

Crystal size/mm3 0.26 × 0.17 × 0.09 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 4.56 to 144.42 

Index ranges -12 ≤ h ≤ 12, -8 ≤ k ≤ 7, -41 ≤ l ≤ 47 

Reflections collected 10965 

Independent reflections 4441 [Rint = 0.0344] 

Data/restraints/parameters 4441/13/362 

Goodness-of-fit on F2 1.049 

Final R indexes [I>=2σ (I)] R1 = 0.0617, wR2 = 0.1510 

Final R indexes [all data] R1 = 0.0641, wR2 = 0.1541 
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Largest diff. peak/hole / e Å-3 2.53/-0.39 

Flack parameter 0.28(3) 
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5.3.3. 1,2-BIS-(2-(PYREN-1-YLTHIO)ETHOXY)ETHANE 

 

 

 

 

Identification code S4113NA 

Empirical formula C38H30O2S2 

Formula weight 582.74 

Temperature/K 180(2) 

Space group P21/c 

a/Å 22.7430(13) 

b/Å 6.9451(5) 

c/Å 9.0284(5) 

α/° 90.00 

β/° 96.876(4) 

γ/° 90.00 

Volume/Å3 1415.80(15) 

Z 2 

ρcalcg/cm3 1.367 

μ/mm-1 1.975 

F(000) 612.0 

Crystal size/mm3 0.18 × 0.16 × 0.07 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 3.92 to 144.28 

Index ranges -26 ≤ h ≤ 28, -5 ≤ k ≤ 8, -11 ≤ l ≤ 10 

Reflections collected 7424 

Independent reflections 2728 [Rint = 0.0247] 

Data/restraints/parameters 2728/0/190 

Goodness-of-fit on F2 1.043 
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Final R indexes [I>=2σ (I)] R1 = 0.0341, wR2 = 0.0902 

Final R indexes [all data] R1 = 0.0397, wR2 = 0.0941 

Largest diff. peak/hole / e Å-3 0.40/-0.18 
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5.3.4. 6-(PYREN-1-YLTHIO)HEXANE-1-THIOL 

 

 

 

Identification code S4097MA 

Empirical formula C22H22S2 

Formula weight 350.52 

Temperature/K 100(2) 

Space group P-1 

a/Å 7.5036(8) 

b/Å 7.6007(7) 

c/Å 17.7695(17) 

α/° 93.842(4) 

β/° 90.257(5) 

γ/° 117.905(4) 

Volume/Å3 892.85(15) 

Z 2 

ρcalcg/cm3 1.304 

μ/mm-1 2.673 

F(000) 372.0 

Crystal size/mm3 0.28 × 0.11 × 0.03 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 13.22 to 144.68 

Index ranges -9 ≤ h ≤ 8, -9 ≤ k ≤ 9, -21 ≤ l ≤ 21 

Reflections collected 9239 

Independent reflections 3382 [Rint = 0.0299] 

Data/restraints/parameters 3382/0/221 

Goodness-of-fit on F2 1.097 

Final R indexes [I>=2σ (I)] R1 = 0.0321, wR2 = 0.0906 

Final R indexes [all data] R1 = 0.0359, wR2 = 0.0991 
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Largest diff. peak/hole / e Å-3 0.33/-0.35 
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5.3.5. 1,8-DI(PYREN-1-YL)OCTANE 

 

 

 

Identification code S5028l 

Empirical formula C40H34 

Formula weight 514.67 

Temperature/K 100.03(10) 

Crystal system Monoclinic 

Space group P21/c 

a/Å 8.8074(6) 

b/Å 32.371(3) 

c/Å 9.5281(6) 

α/° 90 

β/° 90.974(6) 

γ/° 90 

Volume/Å3 2716.1(3) 

Z 4 

ρcalcg/cm3 1.259 

μ/mm-1 0.071 

F(000) 1096.0 

Crystal size/mm3 0.08 × 0.043 × 0.014 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.456 to 57.112 

Index ranges -11 ≤ h ≤ 11, -42 ≤ k ≤ 35, -7 ≤ l ≤ 12 

Reflections collected 15263 

Independent reflections 6169 [Rint = 0.0622, Rsigma = 0.1129] 

Data/restraints/parameters 6169/0/361 

Goodness-of-fit on F2 0.913 

Final R indexes [I>=2σ (I)] R1 = 0.0552, wR2 = 0.1082 



165 

 

Final R indexes [all data] R1 = 0.1616, wR2 = 0.1402 

Largest diff. peak/hole / e Å-3 0.19/-0.19 
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5.3.6. 1-NITROPERYLENE 

 

Identification code S4879A 

Empirical formula C20H11NO2 

Formula weight 297.30 

Temperature/K 149.9(3) 

Crystal system monoclinic 

Space group P21/c 

a/Å 5.1980(4) 

b/Å 14.7881(11) 

c/Å 17.4042(15) 

α/° 90 

β/° 96.864(9) 

γ/° 90 

Volume/Å3 1328.24(19) 

Z 4 

ρcalcg/cm3 1.487 

μ/mm-1 0.097 

F(000) 616.0 

Crystal size/mm3 0.76 × 0.099 × 0.066 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 7.254 to 52.742 

Index ranges -6 ≤ h ≤ 6, -18 ≤ k ≤ 18, -21 ≤ l ≤ 21 

Reflections collected 9689 

Independent reflections 2720 [Rint = 0.0603, Rsigma = 0.0669] 

Data/restraints/parameters 2720/0/208 

Goodness-of-fit on F2 1.044 
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Final R indexes [I>=2σ (I)] R1 = 0.0653, wR2 = 0.1495 

Final R indexes [all data] R1 = 0.0977, wR2 = 0.1711 

Largest diff. peak/hole / e Å-3 0.55/-0.25 
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5.3.7. 3,10-DIBROMO-1H-PHENANTHRO[1,10,9,8-CDEFG]CARBAZOLE 

 

 

Identification code S5025l 

Empirical formula C20H9Br2N 

Formula weight 423.10 

Temperature/K 150 

Crystal system orthorhombic 

Space group P212121 

a/Å 3.9370(2) 

b/Å 15.3357(8) 

c/Å 22.7044(16) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1370.82(14) 

Z 4 

ρcalcg/cm3 2.050 

μ/mm-1 5.910 

F(000) 824.0 

Crystal size/mm3 0.3 × 0.08 × 0.07 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.464 to 57.196 

Index ranges -5 ≤ h ≤ 5, -20 ≤ k ≤ 20, -30 ≤ l ≤ 27 

Reflections collected 8170 

Independent reflections 3145 [Rint = 0.0513, Rsigma = 0.0732] 
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Data/restraints/parameters 3145/0/208 

Goodness-of-fit on F2 1.025 

Final R indexes [I>=2σ (I)] R1 = 0.0391, wR2 = 0.0667 

Final R indexes [all data] R1 = 0.0513, wR2 = 0.0693 

Largest diff. peak/hole / e Å-3 0.48/-0.63 

Flack parameter 0.019(12) 
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5.3.8.  3,10-DIDODECYL-4,5,6,7,8,9-HEXAHYDRO-1H-PHENANTHRO[1,10,9,8-

CDEFG]CARBAZOLE 

 

Identification code S4936l 

Empirical formula C44H65N 

Formula weight 607.97 

Temperature/K 200.01(10) 

Crystal system Monoclinic 

Space group P21 

a/Å 9.1892(5) 

b/Å 8.0498(4) 

c/Å 25.0877(16) 

α/° 90 

β/° 99.006(6) 

γ/° 90 

Volume/Å3 1832.89(18) 

Z 2 

ρcalcg/cm3 1.102 

μ/mm-1 0.455 

F(000) 672.0 

Crystal size/mm3 0.1 × 0.1 × 0.02 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 7.136 to 144.662 

Index ranges -11 ≤ h ≤ 11, -9 ≤ k ≤ 9, -30 ≤ l ≤ 27 

Reflections collected 19044 

Independent reflections 7019 [Rint = 0.0647, Rsigma = 0.0788] 

Data/restraints/parameters 7019/3/421 

Goodness-of-fit on F2 0.979 

Final R indexes [I>=2σ (I)] R1 = 0.0506, wR2 = 0.1233 
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Final R indexes [all data] R1 = 0.0844, wR2 = 0.1437 

Largest diff. peak/hole / e Å-3 0.13/-0.15 

Flack parameter -0.4(9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



172 

 

6. REFERENCES 

(1)  McCabe, E. M.Chem Report, University of Manchester, 2017. 

(2)  Huc, A. Y. Heavy Crude Oils: From Geology to Upgrading; Editions Technip, 2011. 

(3)  Kolobov, A. V.; Tominaga, J. Two-Dimensional Transition-Metal Dichalcogenides; 

Springer Series in Materials Science; Springer International Publishing: Cham, 2016; 

Vol. 239. 

(4)  Aadony, B.; Looyeh, R. Fundamentals of Solid Mechanics. Pet. Rock Mech. 2011, 1–

12. 

(5)  Schenk, C. J.; Cook, T. A.; Charpentier, R. R.; Pollastro, R. M.; Klett, T. R.; Tennyson, 

M. E.; Kirschbaum, M. A.; Brownfield, M. E.; Pitman, J. K. An Estimate of Recoverable 

Heavy Oil Resources of the Orinoco Oil Belt, Venezuela. 2009. 

(6)  Agrawal, P. India’s Petroleum Demand: Estimations and Projections. Appl. Econ. 2015, 

47, 1199–1212. 

(7)  Buenrostro-Gonzalez, E.; Groenzin, H.; Lira-Galeana, C.; Mullins, O. C. The 

Overriding Chemical Principles That Define Asphaltenes. Energy and Fuels 2001, 15, 

972–978. 

(8)  Coletti, F.; Joshi, H. M.; Macchietto, S.; Hewitt, G. F. Introduction. In Crude Oil 

Fouling; Elsevier, 2015; pp 1–22. 

(9)  Sinnathambi, C. M.; Nor, N. M. Relationship between SARA Fractions and Crude Oil 

Fouling. J. Appl. Sci. 2012, 12, 2479–2483. 

(10)  Schantz, S. S.; Stephenson, W. K. Asphaltene Deposition: Development and Application 

of Polymeric Asphaltene Dispersants. In SPE Annual Technical Conference and 

Exhibition; Society of Petroleum Engineers: Dallas, TX, 1991. 

(11)  Villard, Y.; Fajardo, F.; Milne, A. Enhanced Oil Recovery Using Innovative Asphaltene 

Inhibitors in East Venezuela. In SPE International Conference and Exhibition on 

Formation Damage Control; Society of Petroleum Engineers: Lafayette, Louisiana, 

2016. 

(12)  Kelland, M. Production Chemicals for the Oil and Gas Industry, 2nd ed.; CRC Press: 



173 

 

Baton Rouge, 2014. 

(13)  Montoya, T.; Coral, D.; Franco, C. A.; Nassar, N. N.; Cortés, F. B. A Novel Solid–

Liquid Equilibrium Model for Describing the Adsorption of Associating Asphaltene 

Molecules onto Solid Surfaces Based on the “Chemical Theory.” Energy and Fuels 

2014, 28, 4963–4975. 

(14)  Abdallah, W. A.; Taylor, S. D. Surface Characterization of Adsorbed Asphaltene on a 

Stainless Steel Surface. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. 

with Mater. Atoms 2007, 258, 213–217. 

(15)  Al-Jabari, M.; Husien, M. Review of Adsorption of Asphaltenes onto Surfaces and Its 

Application in Heavy Oil Recovery/Upgrading and Environmental Protection. In 3rd 

International Congress of Chemistry and Environment ICCE; 2007. 

(16)  Dickie, J. P.; Yen, T. F. Macrostructures of the Asphaltic Fractions by Various 

Instrumental Methods. Anal. Chem. 1967, 39, 1847–1852. 

(17)  Mullins, O. C. The Modified Yen Model †. Energy and Fuels 2010, 24, 2179–2207. 

(18)  Mullins, O. C.; Sabbah, H.; Eyssautier, J.; Pomerantz, A. E.; Barré, L.; Andrews, A. B.; 

Ruiz-Morales, Y.; Mostowfi, F.; McFarlane, R.; Goual, L.; et al. Advances in 

Asphaltene Science and the Yen–Mullins Model. Energy and Fuels 2012, 26, 3986–

4003. 

(19)  Sjöblom, J.; Simon, S.; Xu, Z. Model Molecules Mimicking Asphaltenes. Adv. Colloid 

Interface Sci. 2015, 218, 1–16. 

(20)  Xiong, Y.; Cao, T.; Chen, Q.; Li, Z.; Yang, Y.; Xu, S.; Yuan, S.; Sjöblom, J.; Xu, Z. 

Adsorption of a Polyaromatic Compound on Silica Surfaces from Organic Solvents 

Studied by Molecular Dynamics Simulation and AFM Imaging. J. Phys. Chem. C 2017, 

121, 5020–5028. 

(21)  Tissot, B. P.; Welte, D. T. Petroleum Formation and Occurrence, 2nd ed.; Springer-

Verlag: Berlin, 1984. 

(22)  Bjorlykke, K. Petroleum Geoscience: From Sedimentary Environments to Rock Physics; 

Springer International Publishing, 2010. 



174 

 

(23)  Galwey, A. Some Chemical and Mechanistic Aspects of Petroleum Formation. Trans. 

R. Soc. South Africa 2015, 70, 9–24. 

(24)  Nan, Z. D.; Xiang X-C; Zeng, H. L.; Zhang, H. T.; Sun, Y. Thermo-Kinetic Investigation 

of Optimum Growth Temperature of Petroleum Bacteria. J. Therm. Anal. Calorim. 

2001, 63, 291–296. 

(25)  Rocks, P.; Stresses, E. Petroleum Rock Mechanics; Elsevier, 2011. 

(26)  Drummond, C.; Israelachvili, J. Fundamental Studies of Crude Oil–surface Water 

Interactions and Its Relationship to Reservoir Wettability. J. Pet. Sci. Eng. 2004, 45, 61–

81. 

(27)  Speight, J. G. Thermal Methods of Recovery. In Heavy Oil Production Processes; 

Elsevier, 2013; pp 93–130. 

(28)  Pourabdollah, K.; Mokhtari, B. The VAPEX Process, from Beginning up to Date. Fuel 

2013, 107, 1–33. 

(29)  Mullins, O. C.; Sheu, E. Y.; Hammami, A.; Marshall, A. G. Asphaltenes, Heavy Oils, 

and Petroleomics; Springer, 2007; Vol. 8. 

(30)  Knight, A. Enhanced Oil Recovery: Methods, Economic Benefits and Impacts on the 

Environment; Nova Science Pub. Inc., 2015. 

(31)  Tiratsoo, J. Pigging Research. In Pipeline Pigging and Inspection Technology; Elsevier, 

Ed.; Elsevier, 1999; pp 449–459. 

(32)  Jones, D. S. J. S. Handbook of Petroleum Processing. In Handbook of Petroleum 

Processing; Springer Netherlands: Dordrecht, 2008; pp 47–109. 

(33)  Mozdianfard, M. R.; Behranvand, E. Fouling at Post Desalter and Preflash Drum Heat 

Exchangers of CDU Preheat Train. Appl. Therm. Eng. 2015, 89, 783–794. 

(34)  Coletti, F.; Macchietto, S. Refinery Pre-Heat Train Network Simulation Undergoing 

Fouling: Assessment of Energy Efficiency and Carbon Emissions. Heat Transf. Eng. 

2011, 32, 228–236. 

(35)  Jones, D. S. J. S. Handbook of Petroleum Processing. In Handbook of Petroleum 

Processing; Springer Netherlands: Dordrecht, 2008; pp 111–187. 



175 

 

(36)  Ludwig, E. E. Applied Process Design for Chemical and Petrochemical Plants; Gulf 

Pub. Co, 1995. 

(37)  Speight, J. G. Fouling in Refineries; Elsevier: Oxford, 2015. 

(38)  Palmer, K. A.; Hale, W. T.; Such, K. D.; Shea, B. R.; Bollas, G. M. Optimal Design of 

Tests for Heat Exchanger Fouling Identification. Appl. Therm. Eng. 2016, 95, 382–393. 

(39)  Bott, T. R. Fouling of Heat Exchangers; Elsevier, 1995. 

(40)  Demirbas, A.; Alidrisi, H.; Balubaid, M. A. API Gravity, Sulfur Content, and 

Desulfurization of Crude Oil. Pet. Sci. Technol. 2015, 33, 93–101. 

(41)  Fahim, M. A.; Alsahhaf, T. A.; Elkilani, A. S. Fundamentals of Petroleum Refining; 

Elsevier, 2010. 

(42)  Fan, T.; Wang, J.; Buckley, J. S. Evaluating Crude Oils by SARA Analysis. In SPE/DOE 

Improved Oil Recovery Symposium; Society of Petroleum Engineers: Tulsa, Oklahoma, 

2002. 

(43)  Santos, R. G.; Loh, W.; Bannwart, A. C.; Trevisan, O. V. An Overview of Heavy Oil 

Properties and Its Recovery and Transportation Methods. Brazilian J. Chem. Eng. 2014, 

31, 571–590. 

(44)  Khaksar, L.; Shirokoff, J. Effect of Elemental Sulfur and Sulfide on the Corrosion 

Behavior of Cr-Mo Low Alloy Steel for Tubing and Tubular Components in Oil and 

Gas Industry. Materials (Basel). 2017, 10, 430. 

(45)  Parisotto, G.; Ferrão, M. F.; Müller, A. L. H.; Müller, E. I.; Santos, M. F. P.; Guimarães, 
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