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ABSTRACT 
 

The self-association properties of two model compounds of asphaltene, 2,6-bis[2-(pyren-1-

yl)ethyl]pyridine (PyPPy, C41H29N) and 2,6-bis[2-(phenanthren-9-yl)ethyl]pyridine (PhPPh, 

C37H29N), were studied in deuterated chloroform and deuterated methylene chloride. 
1
H NMR 

spectroscopy titration experiments showed that both compounds undergo changes in 

conformation in solution as a function of solvent, concentration, and water concentration.  At 

low concentrations, below 0.1 mM in chloroform, these compounds gave 
1
H NMR chemical 

shifts consistent with intra-molecular interaction, likely due to a folding conformation. At 

concentrations above 10 mM the 
1
H NMR chemical shifts were consistent with inter-molecular 

interactions due to aggregation. Results of spin- lattice relaxation time (T1) measurement and 

diffusion-ordered spectroscopy (DOSY) experiments are consistent with existence of two 

conformations at low and high concentrations.  The addition of water promotes aggregation of 

these model compounds even at low concentrations of 10
-5

 M, likely via hydrogen bonds 

between the pyridyl nitrogens and water. Temperature had no effect on aggregation of the model 

compounds in the range -60°C to +55°C.  
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1. INTRODUCTION 

 

The asphaltene fraction of petroleum includes the  largest, densest, and most 

polar compounds (Sheu, 2002). These compounds tend to aggregate and form a 

colloidal  phase even at low concentrations in crude oil, over a wide range of 

temperatures (Akbarzadeh et al., 2005). Understanding how the asphaltene 

molecules self associate to build aggregates, then form flocs, and finally 

precipitate, is essential in linking the onset of precipitation in heavy oil and 

bitumen processing to the underlying molecular structure and behavior. Operating 

problems such as deposition, precipitation plugging, fouling on heated surfaces 

and catalyst deactivation may all be alleviated by a better understanding of 

asphaltene behavior (Absi-Halabi et al., 1991; Akbarzadeh et al., 2004). Even in 

the reservoir, asphaltenes can block the pores of reservoir rocks (Yudin and 

Anisimov, 2007) and cause a reduction in oil flow (Agrawala and Yarranton, 

2001). 

The asphaltene fraction of an actual crude oil is much too complex to define 

the detailed intermolecular interactions in solution. One approach is to conduct 

well-controlled experiments on defined solutions of components. Dr. Xiaoli Tan 

(X Tan, personal communication, 2011) already investigated a set of homologous 

series of model compounds of asphaltene in deuterated chloroform (Table 1.1) 

and interestingly observed that model compounds without nitrogen inside the 

molecule don’t show aggregation behavior in organic solution. These results 

confirm that association behaviour of model compounds is not only due to 
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aromatic groups, and even in the case of large aromatic groups there is no 

association. 

 

 

Association Behaviour 

in 

1
H NMR titration 

 

NO 

 

NO 

 
NO 

 
NO 

 

 

 

 

YES 

Table 1.1. Results of aggregation behaviour of model compound of 

asphaltenes without nitrogen in deuterated chloroform. 
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Tan et al. (Tan et al., 2008) showed that a model compound containing a 

bipyridine group with two nitrogen atoms gave association in solution, and that 

this association was senstitive to water. Components with a single nitrogen atom 

are more abundant in petroleum, therefore, the objective of this project was to 

investigate pyridine derivatives. In this research, self-association of two model 

compounds of asphaltene, 2,6-bis[2-(pyren-1-yl)ethyl]pyridine (PyPPy, C41H29N) 

and 2,6-bis[2-(phenanthren-9-yl)ethyl]pyridine (PhPPh, C37H29N), were studied in 

deuterated chloroform and methylene chloride using 
1
H NMR spectroscopy 

titration, spin–lattice relaxation time (T1) measurement, and diffusion-ordered 

spectroscopy (DOSY) experiments.  

 

 

 

Scheme 1.1 Chemical structures of (a) 2,6-bis[2-(pyren-1-yl)ethyl]pyridine 

or 2,6-pyrene-pyridine (PyPPy),  (b) 2,6-bis[2-(phenanthren-9-yl)ethyl]pyridine or 

2,6-phenanthrene-pyridine (PhPPh) 

 

The thesis is organized in three chapters, including this introduction and the 

abstract. The first chapter gives background on the relevant literature related to 
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the asphaltenes and self association of this fraction. In this chapter, a brief 

overview of the asphaltenes, including their definition, main properties and effects 

of them on self association of asphaltenes, is presented. In addition, it includes 

background about nuclear magnetic resonance spectroscopy (NMR) as the main 

method which used in this thesis.  

The second chapter contains the materials, methods and conditions were 

chosen to investigate self association of model compounds of asphaltenes. 

The third chapter reports results of self association of PyPPy and PhPPh in 

deuterated chloroform and methylene chloride. The results of the nuclear 

magnetic resonance spectroscopy (NMR) techniques indicate that both 

compounds show intra-molecular interaction or folding conformation at 

concentrations below 0.1 mM and give aggregation by inter-molecular 

interactions above 10 mM. The conformations arising from intra- and inter-

molecular interactions co-exist in the range of 0.1-10 mM. 
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2. Literature background 

2.1. Asphaltene 

 

Petroleum crude oils are complex mixtures of millions of different 

compounds (Hughey et al., 2002). Asphaltenes are the heaviest and most polar 

compounds in crude oils, and are defined as the solubility class which is obtained 

from crude oil by fractionation using solvents (Fossen et al., 2011). As prepared 

in the laboratory by solvent precipitation, asphaltenes are brownish-black 

powdery materials precipitated by addition of light n-alkanes to crude oils or 

bitumens (Speight, 2004). A further specification is that  asphaltenes are soluble 

in aromatic solvents (Speight, 2004). This least-soluble fraction of petroleum is 

also characterized by high aromaticity, molecular weight and polarity (Freund et 

al., 2007). These properties make the asphaltene precipitation from petroleum 

feedstock a complex process that is affected by a number of factors, such as 

solvents, ratio of solvents, time and etc. (Freund et al., 2007). Therefore, with 

different methods of precipitation and solvents, the properties and behaviour of 

asphaltene from a given crude oil will change.  

Asphaltenes have a high amount of metals and heteroatoms, relative to the 

whole crude oil, and are very reactive during processes (Spiecker et al., 2003; 

Gawrys et al., 2006; Speight, 2007). They can decrease activity and also life of 

catalysis. 

In the refinery many different solvents over a range of dilution and 

temperatures may be used for precipitation of asphaltenes for the preparation of 
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asphalts, such as paraffins, isoparaffins, straight run naphtha or other non-

aromatic solvents (Mitchell and Speight, 1973). The research studies in 

laboratories demonstrate that the solvent type, dilution degree, temperature, and 

contact time are the major factors that influence the yield and properties of the 

asphaltenes from a given crude oil (Mitchell and Speight, 1973; Speight, 2006). 

The amount of asphaltenes precipitated by different solvents such as normal 

paraffins, isoparaffins, cycloparaffins, terminal olefins, aromatics, and blends of 

different ratios of benzene and n-pentane correlates linearly with the solubility 

parameter of these solvents and blends (Mitchell and Speight, 1973). The 

solubility parameter is a measure of the solvent power, or the energy of the 

solution, to overcome the association forces of the solute (Hildebrand, 1919; 

Hildebrand et al., 1970). Therefore, aromatic solvents, with their higher dispersion 

forces, have high cohesive energy and the paraffins are less dense and have a 

lower cohesive energy density (Mitchell and Speight, 1973). Although, chemical 

composition of asphaltenes is almost same for different solvent blendssome 

properties of precipitated asphaltenes such as apparent molecular weight are 

different (Alboudwarej et al., 2002). Even when using the same solvent, the yield 

of asphaltenes is affected by the degree of dilution of bitumen or other petroleum 

materials in solvent (Alboudwarej et al., 2002). As the ratio of the precipitating 

solvent increases, keeping other factors constant, the asphaltenes yield increases 

until it reaches a plateau when the solvent ratio is above circa 25 mL/g of 

asphaltenes (Alboudwarej et al., 2002). The type of interactions responsible for 

inducing precipitation is petroleum–dependent and in some crude the polar and 
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H–bonding interactions are more important and in other crudes dispersion forces 

are likely more significant (Gawrys et al., 2006). 

Yield of precipitated asphaltenes increases as the temperature increases due 

to the decrease in the solubility parameter of the low molecular weight solvents, 

such as pentane, as the temperature increases (Mitchell and Speight, 1973).  
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2.2. Properties of the Petroleum Asphaltenes 

 

In this section some properties of asphaltenes that are relevant to the 

aggregation behavior of asphlatenes will be outlined. 

 

 

2.2.1. Elemental Composition 

 

The asphaltenes are composed of C, H, N, S, O, Ni, and V (Siskin et al., 

2006). For example, weight percent of C, H, S, N, and O in the asphaltenes from 

Alberta heavy oils and bitumen are 80.06 -86.61, 6.93 -8.45, 3.47 -8.21, 0.94 -

2.82, and 0.44 -2.61, respectively (Speight, 2006). The Ni and V are more 

concentrated in the VR and the asphaltenes, compared to the rest of the bitumen. 

For example, the concentrations of Ni and V in Athabasca bitumen are 65 and 196 

ppm, respectively, but the n–pentane asphaltenes from this bitumen contained Ni 

and V at 312 and 710 ppm, respectively.  
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2.2.2. Aromaticity 

 

The H/C ratio of the n-C7 (n-heptane) asphaltenes from Alberta heavy oils 

and bitumen are in the range of 0.98–1.26, which is less than the ratio for the 

source oils, ~1.5 H/C, from which these asphaltenes were obtained (Speight, 

2006).  This low H/C ratio is indicative of the high aromaticity of the asphaltenes 

and the carbon aromatic content of asphaltenes that were derived from different 

sources were in the range of 36–50%, and up to 55% for Athabasca n- C7 

asphaltenes (Asprino et al., 2005; Siskin et al., 2006). Silva et al. (Silva & Seidl, 

2004) with using NMR technique reported 58.8- 58.6 percent % of aromatic 

carbons for the asphaltenes obtained from different vacuum residues according to 

the IP-143/96 method (IP Standards for Petroleum and Its Products, 1960). 

 

 Asphaltene 

% of aromatic carbons 58.8 -58.6 

% of saturated carbons 41.2 -41.4 

% of aromatic carbons bonded to alkyl branches 10.4 -9.5 

% of aromatic carbons bonded to hydrogen 15.4 -14.7 

Table 2.1. Properties of asphaltenes obtained by 1H and 13C NMR (Silva & 

Seidl, 2004). 
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2.2.3. Density and Viscosity 

 

The density and viscosity of the asphaltenes is higher than the heavy oils 

and bitumen and show the heavy nature of this fraction and the challenges in 

handling the asphaltenes after separation from the feedstocks and during 

transportation and upgrading processes. For Athabasca bitumen the density of the 

saturates, aromatics, resins, and asphaltenes from is 900, 1003, 1058, and 1192 

kg/m3, respectively (Akbarzadeh et al., 2004).  

The asphaltenes show an extremely viscous nature when they are in the melt 

state, such that the n-C7 Athabasca asphaltenes are almost 100 times more viscous 

than the whole VR (Asprino et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 



11 
 

2.2.4. Molecular Weight 

 

Yarranton et al. (Yarranton, Alboudwarej, & Jakher, 2000) showed that 

MW in toluene is a measure of aggregation and even stronger solvents can fail to 

fully disperse asphaltenes molecules. Generally, for a homologous series of 

compounds, the boiling point increases with increasing the molecular weight 

(Boduszynski, 1987). But for complex mixtures like VR or the asphaltenes this 

rule is not valid as it has been shown that compounds with similar molar masses 

have a broad boiling point range and, on the contrary, a specific and narrow 

boiling point cut consists of a wide range of molar masses (Boduszynski, 1987). A 

wide range of molar masses have been reported for asphaltenes, from 500- 3000 

Da (Groenzin and Mullins, 1999, 2000; Strausz et al., 2002; Groenzin et al., 2003; 

Akbarzadeh et al., 2004; Mullins et al., 2008; Mullins, 2010). The main reason for 

the different results for the molecular weights of the asphaltenes obtained from 

different characterization method, sometimes the same method at different 

conditions, is due to the complexity and associative behavior of the asphaltene 

molecules (Strausz et al., 2008). Also, due to the use of methods that cannot 

possibly give proper average estimates for a complex mixture. For example, for 

Athabasca asphaltenes dissolved in o-dichlorobenzene at 120 °C, vapor pressure 

osmometry (VPO) gave a molar mass of about 4000 g/mol for the aggregated 

asphaltenes (Strausz et al., 2002). On the other hand, reported a VPO value for 

Athabasca asphaltenes reported as 7900 g/mol in toluene, which was associated 

with the self–association of asphaltenes, and therefore the molar mass results 
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depended on both the temperature and the solvent (Akbarzadeh et al., 2004). Also, 

Fluorescence depolarization supported the claim of smaller molecular weights in 

the range of 500–1000 Da (Groenzin and Mullins, 1999, 2000; Groenzin et al., 

2003; Mullins et al., 2008; Mullins, 2010). However, this method was not 

supported by proper control experiments to show the ability of the method to 

measure average molecular weights in complex mixtures of polyfunctional 

molecules such as asphaltenes (Strausz et al., 2008).  

Application of field desorption mass spectroscopy to VR derived 

asphaltenes gave an average molecular weight of 1238 Da, with the range 

extending from ~300–3000 Da (Qian et al., 2007). All of these methods lacked 

appropriate calibration standard methods to verify the ability of the method to 

properly measure molecular weight of complex polyfunctional molecules. The 

main reasons for the uncertainty in measuring the molecular weight are different 

size and composition of asphaltene molecules and the self association behavior of 

asphaltens which affect accuracy of measurements (Strausz et al., 2008). 
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2.2.5. Molecular Structure 

 

The molecular structure of petroleum asphaltenes is the key to 

understanding the origin and behaviour of these components (Pelet et al., 1986; di 

Primio R et al., 2000; Freund et al., 2007). Due to the complexity of the 

asphaltenes, there are still many debates on a representative chemical structure, 

even after reaching a consensus on the approximate range of molecular weights of 

the asphaltenes. The main two structures suggested for the asphaltenes are the 

“archipelago” compounds; consist of alkyl bridged aromatic and cycloalkyl 

groups linked together mainly with alkyl carbon bridges and the “continental” 

compounds which composed of highly alkylated condensed polycyclic aromatic 

compounds (Pelet et al., 1986; Groenzin and Mullins, 2000; Strausz and Lown, 

2003; Mullins, 2010). 

The archipelago model was suggested by Strausz and co–workers after 

observing that large amounts of mono-, di-, tri-, and up to pentacyclic aromatic 

species were released by mild thermolysis of the asphaltenes (Ignasiak et al., 

1977; Rubinstein and Strausz, 1979; Rubinstein et al., 1979). Thermal degradation 

studies of Alberta asphaltenes resulted in identification of  many structural units 

which are consistent to be in alkylated homologous series (Strausz et al., 1992). In 

addition, the selective oxidation of the aromatic rings, using ruthenium ion–

catalyzed oxidation (RICO), by which the aromatic carbons are removed as CO2 

and the saturated carbons are left unchanged, showed the abundance of alkyl 

chains and bridges in the asphaltenes (Strausz et al., 1992; Artok et al., 1999).  
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Karimi et al. (Karimi et al., 2011) obtained quantitative data for the 

existence of bridged structures in the asphaltenes by using thin film pyrolysis. In 

this method the rapid thermal cracking of the asphaltenes at 500 °C generated 

gases, liquid, and coke with over 91% recovery. The use of a thin film minimized 

the secondary reaction of cracked fragments by maximizing the release of 

products into the vapor phase where they were immediately quenched. Analysis 

of the liquid products from this method confirmed the existence of mono– up to 

tetra–, aromatic and naphthenic rings, paraffins, thiophenes, benzothiophenes, 

sulfides, and nitrogen bearing molecules (Karimi et al., 2011). Similar yields of 

cyclic and aromatic fragment groups were obtained from a range of crude oils 

from Canada, China, Mexico, Saudi Arabia, and Venezuela.  

Therefore all of these studies support a structural motif for a significant 

mass fraction of asphaltenes consisting of polycyclic aromatic and aliphatic 

groups connected by short alkyl bridges, like an archipelago of islands. The work 

of Karimi et al., 2011 showed that Strausz’s earlier structural work on Athabasca 

could be generalized to a much wider range of crude oils. 

Figure 2.1 shows a structure of an archipelago model of Sheremata et al. 

(Sheremata et al., 2004).  Although the structures suggested by Sheremata et al. 

(Sheremata et al., 2004) and Strausz et al. (Strausz et al., 1992) have molecular 

weights of 4000–6000 Da, which is higher than the current accepted range in the 

literatures, smaller molecules can be represented as portions of this model while 

preserving the structural aspects of asphaltenes. 
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Figure 2.1. archipelago model of Sheremata et al. (Sheremata et al., 2004) 

with reduced molecular weight to fit the ~500–2000 Da range. 

 

The continental, island, or pericondensed structural model consists of highly 

condensed polyalkylated aromatic compounds, some with fused saturated rings 

(Pfeiffer and Saal, 1940; Dickie and Yen, 1967; Groenzin and Mullins, 2000). 

Figure 2.2 shows one representative island model structures suggested by Mullins 

(Mullins, 2010). 
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Figure 2.2. Island model structure for asphaltenes suggested by Mullins 

(Mullins, 2010). 

 

The arguments for the presence of the condensed alkyl aromatic structures 

depend on either fluorescence spectroscopy (Groenzin and Mullins, 2000), which 

cannot be used to determine “average” or most probable structures in a complex 

mixture of components (Strausz et al., 2008), or mass spectrometry experiments 

that lacked  proper calibration by proper reference compounds. Large ring 

structures, such as vanadyl and nickel porphyrins, are present in the heavy 

fractions of petroleum, but they do not appear to dominate in commonly 

processed heavy oils and bitumens. 

Isolation of single molecules and probing their chemical structure from the 

complex mixture of the asphaltenes is not possible, but all the results from 

accurately calibrated instruments, the quantitative evidence of pendant groups, the 
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structure of kerogen, and the behavior of asphaltenes during processing (Gray, 

2003), support the archipelago motif as the dominant chemical structure of 

asphaltenes. 
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2.2.6. Self–Association 

 

Asphaltenes self associate in solutions over a wide range of concentrations 

and temperatures (Akbarzadeh et al., 2005).  

The associative properties of asphaltenes in solvents and crude oils has been 

studied by many researchers by different methods such as small angle X-ray and 

neutron scattering (SANS) (Sheu et al., 1992; Gawrys et al., 2003; Tanaka et al., 

2003), vapor pressure osmometry (VPO)(Yarranton et al., 2000; Agrawala and 

Yarranton, 2001), isothermal titration calorimetry (ITC) (Merino-Garcia and 

Andersen, 2003), gel permeation chromatography (GPC) (Seidl et al., 2004), high 

quality factor (high-Q) ultrasonics (Andreatta et al., 2005), molecular simulations 

(Murgich and Aray, 1996; Murgich, 2003), and fluorescence depolarization 

(Groenzin and Mullins, 2000).  Nevertheless, understanding the behavior of 

asphaltenes at the molecular level is challenging due to the high polydispersity 

and chemical diversity of this fraction. Due to this complexity, the mechanisms of 

self-association of asphaltenes are not well-understood(Sheu, 2002).  

The stability of asphaltenes depends upon several factors including the 

solvent type, degree of dilution, pressure, and temperature (Buenrostro-Gonzalez 

et al., 2004; Espinat et al., 2004; Shaw and Zou, 2007).  

According to island model (Dickie and Yen, 1967; Mullins, 2010), many 

researchers suggest that the main forces causes the asphaltene molecules to self 

associate together is predominantly  π–π stacking (Dickie and Yen, 1967; Mullins, 

2010). Many references also suggest, however, that strong specific forces, such as 
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polar and stacking interactions involving heteroatoms and aromatic moieties, 

promote asphaltene aggregation while weaker nonspecific dispersion forces 

control asphaltene precipitation (Buckley, 1996, 1999; Gutiérrez et al., 2001; 

Spiecker et al., 2003). 

One effective method to investigate the molecular and self association 

behaviors of asphaltenes is to synthesize and study model compounds of 

asphaltenes that mimic the chemical functional groups and physical characteristics 

of this solubility class (Akbarzadeh et al., 2005; Tan et al., 2008, 2009). 

Investigations of Some polynuclear aromatic hydrocarbons using pyrenyl and 

hexabenzocoronene suggested the importance of the large alkylated polynuclear 

aromatic hydrocarbons and oxygen-containing polar chains for self-association 

(Akbarzadeh et al., 2005; Rakotondradany et al., 2006). Akbarzadeh et.al 

(Akbarzadeh et al., 2005) suggested that polar functional groups will contribute to 

association behavior, even in strong solvents, at elevated temperature. Smaller 

aromatic groups in pyrene and alkyl-bridged dipyrene gave no association. 

Investigation of alkyl hexabenzocoronenes suggest that either larger aromatic 

groups or more alkyl side groups would be required to enhance association in 

solution (Ito et al., 2000), while formation of small bridged structures reduces the 

tendency to associate in solvents (Tchebotareva et al., 2003; Akbarzadeh et al., 

2005).  

Tan et. al (Tan et al., 2008, 2009), observed self association of different 

nitrogen bearing model compounds, according to archipelago model for 

asphaltene, on the basis of nuclear magnetic resonance, steady state fluorescence, 
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vapor pressure osmometry, solubility, and adsorption behavior studies. They 

suggested that this aggregation behavior was attributed to multiple π–π stacking 

interactions involving both pyrene rings and the bipyridine spacer and more 

favorable stacking at low temperatures.  

Durand and coworkers (Durand et al., 2008, 2009, 2010) investigated 

association behavior of asphlatenes using nuclear magnetic resonance (NMR) and 

diffusion-ordered spectroscopy (DOSY). However, these data are full of doubts as 

the proton and carbon spectra and diffusion-ordered spectroscopy for the 

asphaltenes are crowded and overlapped because of the presence of numerous 

aromatic, naphthenic, and aliphatic functions in asphaltenes molecules. Therefore 

these techniques are not suitable to study real asphaltenes.  

Recently, it is demonstrated by Gray et al. (Gray et al., 2011) that the π–π 

stacking is only a contributing factor, rather than the dominant one, in the 

aggregation of asphaltene molecules. Testing a model compound with 13-ring 

condensed aromatics, they showed that the π-π stacking of even very large 

aromatics is too weak in toluene solutions to account for aggregation of 

asphaltenes in highly dilute solution or at elevated temperature (Gray et al., 2011). 

Also, other properties of asphaltenes like strong adhesion to a wide range of 

surfaces (Xing et al., 2010), occlusion of components that are otherwise soluble, 

interactions with resins and surfactants (Wiehe and Jermansen, 2003; Pierre et al., 

2004), formation of films at oil-water interfaces (Kumar et al., 2001; Zhang et al., 

2005; Varadaraj and Brons, 2007) and formation of aggregates that are elastic 

under tension is not consistent with only aromatic stacking by electrostatic or van 
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der Waals forces, called π-π stacking (Gray et al., 2011). Gray et al. (Gray et al., 

2011) argued that the strong association of asphaltene is affected by number of 

associative forces that act together in building a supramolecular assembly of the 

asphaltenes, such as acid–base interaction, hydrogen bonding, axial coordination 

by metal complexes, van der Waals forces, and π–π stacking (figure 2.3). Each of 

these interactions is relatively weak by itself, but according to principal of 

supramolecular chemistry, strongly associated structures arise from the 

cumulative effects of multiple weak interactions(Gray et al., 2011). These forces 

will form stable aggregates, which is consistent with the recent findings on the 

aggregate structure of the asphaltenes as open and flocculated polymer–like 

materials (Agrawala and Yarranton, 2001), and fit with archipelago model for 

asphaltene molecules that have multiple functional groups. 
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Figure 2.3. Representation of a supramolecular assembly suggested by Gray 

et. al (Gray et al., 2011) a representative asphaltene aggregate. Associations 

between molecules are color-coded in: acid-base interactions and hydrogen 

bonding (blue), metal coordination complex (red), a hydrophobic pocket (orange), 

π-π stacking (green)
1
 

 

 

 

 

 

 

                                                           
1

 Reprinted (adapted) with permission from “Gray, M.R., Tykwinski, R.R., 

Stryker, J.M., Tan, X., 2011. Supramolecular Assembly Model for Aggregation of 

Petroleum Asphaltenes. Energy & Fuels 25, 3125-3134”. Copyright (2012) 

American Chemical Society. 
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2.2.6.1. Role of water on aggregation of asphaltenes 

 

Water plays a major role in the aggregation behavior of asphaltenes, 

because of participation in hydrogen-bonding formation (Tan et al., 2009). 

Andersen et al. (Andersen et al., 2001; Khvostichenko and Andersen, 2008) found 

that trace amounts of water in the solvent (<0.015%) had significant effects on the 

aggregation behavior of asphaltenes. Association because of water has been 

observed in asphaltene solutions by calorimetry (Merino-Garcia and Andersen, 

2004) and with nitrogen bearing model compounds (Tan et al., 2009). Tan et al. 

(Tan et al., 2009) suggested that the O-H· · ·N hydrogen bonds between the 

pyridyl nitrogen and water were  responsible for their aggregation at low 

concentrations,  and that water enhanced the stability of aggregates by reinforcing 

π-π interactions via water bridged intermolecular H-bonding between the pyridyl 

nitrogen groups.  
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2.3. NMR spectroscopy 

 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful, molecular 

level technique that can give information on chemical functions and structural 

assemblies (Cardoza et al., 2004). There are many reports about different 

application of different NMR techniques for oil and petroleum fractions 

(Dickinson, 1980; Morris and Johnson, 1992; Pekerar et al., 1999; Merdrignac et 

al., 2006; Durand, Clemancey, Quoineaud, et al., 2008) 

Nuclear magnetic resonance (NMR) uses the magnetic properties of nuclei 

to provide information about molecules (Friebolin, 2005; Levitt, 2008). NMR is a 

non destructive technique which can provide detailed information about structure, 

size, shape and dynamics of molecules (Abragam, 1983; Cardoza et al., 2004; 

Levitt, 2008). Nevertheless, the proton and carbon spectra and diffusion-ordered 

spectroscopy cannot be used for the establishment of a chemical structure of 

asphaltene because these are crowded and overlapped because of the presence of 

numerous aromatic, naphthenic, and aliphatic functions (Durand, Clemancey, 

Lancelin, Verstraete, Espinat, and Quoineaud, 2009a).  As NMR spectroscopy is 

the main technique used in this study, the following section provides the basic 

theories and concepts of NMR spectroscopy. Application of NMR in this thesis is 

been limited to the 1H NMR spectroscopy, diffusion ordered spectroscopy 

(DOSY), spin-lattice or longitudinal relaxation time measurement experiments 

(T1 measurement), and transverse rotating-frame overhauser enhancement 

spectroscopy (2D-TROESY experiments). 
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2.3.1. Magnetic properties of nuclei 

 

All atoms have a positively charged nucleus. These nuclei have magnetic 

properties causing the positive charge to circulate or spin around nucleus. This 

spin can produce a dipole along the axis of rotation. Therefore, nuclei with spin 

have angular momentum which can be explained as the spin quantum number (I) 

(Abragam, 1983; Levitt, 2008). Spin quantum number (I) of nuclei is dependent 

on the number of protons and neutrons, or in other words is dependent to atomic 

and mass number of atoms. Nuclei with both even mass and atomic number will 

have I=0. Nuclei with both odd mass and atomic number will have an integer 

spin, I=1, 2, etc). Nuclei with odd mass number and even atomic number will 

have a half integer spin, I= 1/2, 3/2, etc). 

All nuclei with spin quantum number non equal to zero can produce a NMR 

signal and are considered as NMR visible nuclei. For example, 12C which has 6 

protons and 6 neutrons in its nucleus has no net spin, since all spins are paired. 

Therefore, 12C does not produce any NMR signal. On the other hand, 13C which 

is another isotope of carbon, contains 6 protons and 7 neutrons and therefore has 

an unpaired spin which can produce a NMR signal (Abragam, 1983; Levitt, 

2008). Table 2.1 lists some NMR-visible nuclei with their natural abundance. 
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Isotope 

Spin 

(I) 

Natural abundance 

(%) 

1H 1/2 99.98 

13C 1/2 1.07 

15N 1/2 0.365 

17O 5/2 0.037 

19F 1/2 100 

29Si 3/2 4.7 

31P 1/2 100 

Table 2.2: Some common NMR visible nuclei(Abragam, 1983; Levitt, 

2008). 

 

The magnetic dipole caused by inherent magnetic property of nuclei is 

proportional to spin quantum number(Abragam, 1983; Friebolin, 2005).  

In case of thermal equilibrium and without an external magnetic field, the 

orientations of the nuclear spins are randomly distributed, but with an external 

magnetic field, the nuclear spins align. The possible orientations for nuclear spins 

alignments are described by the magnetic quantum number. 

In case of I= 1/2, the magnetic quantum number is equal to 2, which means 

the nuclei has two different spin states in an applied magnetic field (i.e. +1/2 and -

1/2). In the applied magnetic field, these two spins have different energy values 

which the spin +1/2 or ground state has lower energy than the spin -1/2 or excited 

state.  
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Therefore, higher magnetic field strength will cause a larger energy 

difference between two spin states. 

Also, to produce a NMR signal, a little more nucleus must be present in the 

low energy state or ground state. The tendency of the NMR signal is correlated to 

the net difference in population of nuclei in the ground state and excited state. The 

net number of nuclei in ground state will increase with increasing overall energy 

differences between two spin states which is proportional to external magnetic 

field strength (Abragam, 1983).  
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2.3.2. NMR signal 

 

A NMR signal is the result of adsorption of radio frequency (RF) pulse 

which is equal to energy difference (ΔE) between ground and excited states. If the 

external magnetic field was parallel to z-axis then the RF pulse is along x-axis and 

the signal is detected along y axis. When the RF is at the exact same frequency as 

ΔE, nuclei will be excited to the higher energy spin state from ground energy 

state. When the RF pulse is turned off, nuclei which have been excited to higher 

energy spin state, will slowly return to the ground state and will lose energy 

during this transmission. This process of nuclei going from the high energy state 

to the ground energy state is called relaxation, and the decay in energy called the 

free induction decay (FID) which is the NMR signal (Abragam, 1983). 
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2.3.3. Chemical shift 

 

The positively charged nucleus of molecules is surrounded with an 

arrangement of electrons. The negative charge of electrons will cause a small 

magnetic field which shields the nucleus from the external magnetic field. A small 

variation in resonating frequency of nuclei will be caused by the shielding of 

nucleus. This change in the resonating frequency is expressed as the chemical 

shift. Therefore, the chemical shift a measure of  the difference between external 

magnetic field and the magnetic field which is felt at nucleus (Abragam, 1983). 

Many parameters affect chemical shift, such as electron density, anisotropic-

induced magnetic field effects and electronegativity (Abragam, 1983). More 

electron density of a nucleus will cause more shielding and results in lower 

chemical shift (Friebolin, 2005). Anisotropic-induced magnetic field effects are 

results of induced magnetic fields from circulating electrons around nuclei which 

can results a lower or higher chemical shifts (Friebolin, 2005). For example, the 

circulation of electrons in the aromatic orbitals of a benzene ring will create a 

magnetic field around the hydrogen nuclei which boost the effect of an external 

magnetic field and results in higher chemical shifts. Information about chemical 

and physical properties of nuclei and also its chemical environment can be 

extracted from chemical shift of a NMR signal (Friebolin, 2005). 

The measurement of chemical shift for protons (1H) and 13C is taken 

relative to a reference compound which is usually tetramethylsilane (TMS) with 
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assigned chemical shift to zero. The range of chemical shits for 1H is narrow, 0-

15 ppm, but for 13C it is between 0-200 ppm. 
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2.3.4. Relaxation 

 

Relaxation measurements provide information about bonding, molecular 

motions, size and atomic distances between nuclei (Friebolin, 2005). There are 

two types of relaxation, longitudinal or spin-lattice relaxation and transverse or 

spin-spin relaxation. Longitudinal or spin-lattice relaxation, which is called T1, is 

the time for  nuclei to lose energy to go from the excited state to the relaxed or 

ground state after RF pulsed is turned off which disturbed the equilibrium 

(Friebolin, 2005). Transverse or spin-spin relaxation, which is called T2, results 

from the transfer of energy between high energy state nuclei to nuclei of lower 

energy state which destroys phase coherence (Friebolin, 2005). In liquid state, T1 

is bigger than T2 and they are both dependent on the system (Friebolin, 2005). In 

1H NMR, the relaxation time of 1H is fairly short, on the order of a few seconds 

(Abragam, 1983).  

Some parameters which affect T1 are molecular size, molecular shape, 

number of protons attached to nuclei (Abragam, 1983; Friebolin, 2005; Levitt, 

2008). Usually T1-values decrease when the mobility of molecules decreases 

(Friebolin, 2005). 
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2.3.5. Two dimensional NMR spectroscopy (2D NMR) 

 

2D NMR provides additional information such as nuclear connectivity 

information which cannot be obtained from 1D NMR. There many different 2D 

NMR techniques, and explaining all of them is beyond the scope of this thesis. 

Therefore, only a very brief explanation of two methods that we used in this 

thesis, DOSY and 2D-TROESY, and their advantages is discussed in the 

following sections. 

 

 

2.3.5.1. Diffusion ordered spectroscopy (DOSY) 

 

Diffusion ordered spectroscopy (DOSY) (Morris and Johnson, 1992; 

Johnson, 1999) was devised by Morris and Johnson (Morris and Johnson, 1992) 

as a high-resolution version of the pulsed field gradient stimulated echo nuclear 

magnetic resonance (PFGSE NMR) sequence. DOSY experiments allow 

analytical separation and identification of the mixture components (Durand, 

Clemancey, Lancelin, Verstraete, Espinat, and Quoineaud, 2009a). Also, it 

correlates chemical shifts with molecular diffusion or the mobility of each 

component. Therefore, the spectrum obtained from such an experiment is a two 

dimensional spectrum in which the x-axis is a conventional NMR spectrum 

(chemical shifts), and the y-axis is the diffusion coefficients (Friebolin, 2005). 

Parameters that affect diffusion coefficients include size, molecular weight, shape, 



33 
 

and aggregation status (Durand, Clemancey, Lancelin, Verstraete, Espinat, and 

Quoineaud, 2009a). The size and shape of compounds can be extracted from 

DOSY experiments. 

Recently, DOSY experiments were used for asphaltenes by some 

researchers to provide information about aggregation of this solubility class 

(Cabrita & Berger, 2001; Durand et al., 2009a, 2009b, 2010; Durand, Clemancey, 

Lancelin, et al., 2008; Durand, Clemancey, Quoineaud, et al., 2008). Based on 

different diffusivity of different asphaltenes, Durand et. al (Durand et al., 2010) 

demonstrated that the chemical interactions of different asphaltenes from different 

sources are changed and, hence, they have different chemical structures. 

However, these data are not reliable as asphaltenes materials are a solubility class 

and a complex mixture of thousands of different molecules. Also, asphaltenes 

form nanoaggregates even at low concentrations and even strong solvents such as 

toluene cannot fully disperse asphaltenes aggregates. Therefore, From DOSY, it 

cannot be determined that the different diffusivity of different asphaltenes is 

related to different chemical composition, different size and extent of 

nanoaggregates, or chemical structure of ashplatenes.  
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2.3.5.2. Transverse Rotating-frame Overhauser 

Enhancement Spectroscopy (2D-TROESY) 

 

This technique provides correlations based on through-space interactions of 

protons as opposed to correlations based on coupling interactions (Hwang and 

Shaka, 1992a, 1992b). This technique is usually used to provide structural 

information about the molecules and can provide information about which protons 

interact with each other  (Abragam, 1983; Bross-Walch et al., 2005; Friebolin, 

2005). There is no literature about application of this technique in asphaltene, but 

there many studies suggest that this technique can provide information about the 

protons which have interaction together from same molecule or two different 

molecule interaction of protons (Bradley et al., 1997; Auzély-Velty and Rinaudo, 

2002; Bricout et al., 2012).  
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3. Materials and Methods  

3.1. Materials 

 

Two nitrogen-bearing model compounds for asphaltene were selected as 

highly simplified compounds to represent complex asphaltene species. The 

structures are shown in scheme 3.1. The compound 2,6-bis[2-(pyren-1-

yl)ethyl]pyridine (PyPPy), consisted of two pyrene groups linked together by 

ethyl carbon bridges with a centre pyridine ring (scheme 3.1.a).  The compound 

2,6-bis[2-(phenanthren-9-yl)ethyl]pyridine (PhPPh), consisted of two 

phenanthrene groups linked together by ethyl carbon bridges with a centre 

pyridine ring (scheme 3.1.b). PhPPh was synthesized in the Department of 

Chemistry at University of Alberta by Dr. Stryker's group. PyPPy was synthesized 

in Department of Chemistry and Pharmacy at University of Erlangen-Nuremberg 

by Dr. Tykwinski's group. Briefly, the synthesis of these compounds required 

reaction of 1-ethynylpyrene or 1-ethynylphenanthrene with 2,6-dibromopyridine 

in THF and diisopropylamine to couple the ring groups together. The resulting 

ethyne bridges were then hydrogenated(Alshareef et al., 2011, 2012).  

The purity of these compounds was checked using matrix-assisted laser 

desorption ionization (MALDI) (Jagtap and Ambre, 2005) with α-cyano-4-

hydroxycinnamic (HCCA) as matrix. The impurity level of the model compounds 

was below the range of MALDI detection.  
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Scheme 3.1. Chemical structures of (a) 2,6-bis[2-(pyren-1-yl)ethyl]pyridine 

(PyPPy),  (b) 2,6-bis[2-(phenanthren-9-yl)ethyl]pyridine (PhPPh) 

 

Deuterated methylene chloride (CD2Cl2, 99.9 atom % D) was purchased 

from Sigma-Aldrich. For drying deuterated methylene chloride, we mixed 3Å 

molecular sieves (Caledon Laboratories Ltd, Ontario, CANADA), 20% 

mass/volume (m/v), and let the mixture stand for 48 hours inside a glove box 

(Williams and Lawton, 2010). Using this method, the water content in this 

laboratory-dried CD2Cl2 was below 0.001 wt %, which is below the detection 

limit of the Karl Fisher titration method(Eugen Scholz, 1984).  

 Water-saturated CD2Cl2 was obtained by mixing it in a separatory funnel 

with 50% (v/v) Ultrapure Millipore water (18.2 MΩ.cm) and separating the 

CD2Cl2 phase from the water phase after allowing the mixture to stand for a day. 

The amount of water in the solvent was determined with Karl-Fisher titration to 

be0.125 wt%. 

Anhydrous deuterated chloroform (CDCl3, 99.96 atom%D), sealed in 

ampoules, was purchased from Sigma-Aldrich. The amount of water in the 



37 
 

ampoules was quoted as being below 10 ppm. This solvent was not dried further. 

Tan et al. (Tan et al., 2009) had found previously that this level of moisture did 

not force aggregation in solution. 

Deuterated chloroform (CDCl3, 99.8 atom % D, Sigma-Aldrich) was used to 

make water-saturated deuterated chloroform. The water-saturated CDCl3 was 

obtained by mixing it in a separatory funnel with 50% (v/v) Ultrapure Millipore 

water (18.2 MΩ.cm) and separating the CDCl3 phase from the water phase after 

allowing the mixture to stand for a day. Acid wash deuterated chloroform was 

produce by mixing it in a separatory funnel with 50% (v/v) 1 N solution of HCl in 

Ultrapure Millipore water (18.2 MΩ.cm) and separating the CDCl3 phase after 

allowing the mixture to stand for a day. Base wash deuterated chloroform were 

produced by mixing it in a separatory funnel with 50% (v/v) 1 N solution of KOH 

in Ultrapure Millipore water (18.2 MΩ.cm) and separating the CDCl3 phase after 

allowing the mixture to stand for a day. All of the dried and water saturated 

solvents were sealed and stored in a glove box under inert condition of nitrogen to 

avoid any contamination and moisture effects. 

All of the samples of PyPPy and PhPPh in deuterated chloroform and 

deuterated methylene chloride were prepared freshly just before each experiments 

to avoid effect of moisture or photo-oxidation on the samples. 
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3.2. Nuclear magnetic resonance spectroscopic 

analysis 

 

The proton nuclear magnetic resonance (
1
H NMR) spectroscopic chemical 

shifts of the protons for solutions of PyPPy and PhPPh in dry and water saturated 

CD2Cl2 and CDCl3 solvents were measured at 27 ± 0.1°C on a Varian Inova four-

channel 500 MHz Spectrometer. Some of these measurements were repeated to 

ensure the repeatability of the results, although due to shortage of model 

compounds we could not repeat all of them. The number of scans in these 

experiments varied from 100 to 100000 depending on the concentration of the 

samples. Generally, the number of scans increased as the concentration decreased. 

For processing spectral data from 
1
H NMR spectroscopy experiments, 

MestReNova software version 7.0.2 was used. For comparing spectra, the solvent 

peaks in each case were set as a reference peak. In the case of deuterated 

methylene chloride, CH2Cl2 was set to 5.32 ppm and in case of deuterated 

chloroform; CHCl3 was set to 7.36 ppm. Also, for comparison of results in CDCl3 

and CD2Cl2, the peak due to the internal reference, tetramethylsilane, was set as to 

zero. 

For diffusion-ordered spectroscopy (DOSY) experiments, three 

concentrations of PyPPy in dry CDCl3 solvent were prepared, 1× 10
-2

 M, 5× 10
-4

 

M and 1× 10
-4

 M. The DOSY experiments were carried out on a Varian Inova 

four-channel 600 MHz spectrometer at 25 ± 0.1 °C(Durand et al., 2008). The 

pulse sequence followed Friebolin (2005). 
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T1 measurement experiments were carried out on two concentrations of 

PyPPy in dry CDCl3 solvent, 1 mM and 10 mM. These measurements were done 

at 27 ± 0.1 °C on a Varian Inova four-channel 500 MHz Spectrometer (Desando 

et al., 2010).  

For temperature dependent experiments, 
1
H NMR spectra of  PhPPh in dry 

and water-saturated CDCl3 were collected in a Varian Inova four-channel 400 

MHz NMR instrument at selected temperatures, from -60 °C to +40 °C with +20 

°C intervals and also in +55 °C. 

Transverse Rotating-frame Overhauser Enhancement Spectroscopy, 2D-

TROESY, (Abragam, 1983; Friebolin, 2005) experiments were done on two 

sample of PyPPy in dry CDCl3 and were carried out on a Varian Inova four-

channel 600 MHz spectrometer at 27.7 ± 0.1 °C (Hwang and Shaka, 1992). 

pH dependent experiments were carried out on same concentration of 

PyPPy in acidic, basic and water saturated CDCl3. 1H NMR spectra of these 

samples were collected on a Varian Inova four-channel 500 MHz spectrometer at 

27 ± 0.1 °C. 
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3.3. Matrix-Assisted Laser Desorption Ionization – 

Mass Spectrometer (MALDI) 

 

Matrix-assisted laser desorption ionization – mass spectrometry (MALDI – 

MS) was used for checking the purity of the model compounds (Jagtap and 

Ambre, 2005). This MALDI – MS device was an Applied Biosystems/MDS 

SCIEX 4800 Plus MALDI TOF/TOF Analyzer. Model compounds were mixed 

with α-Cyano-4-hydroxycinnamic (HCCA) as the matrix in solution of 

Tetrahydrofuran (THF) and water. Then 0.5 μL of Samples were put on a 384 

Opti-TOF 123 mm x 81 mm stainless steel plate by Applied Biosystems, which 

was then magnetically affixed to a 1016492B TES plate holder. For the data 

acquisition of ions, the MS Reflector Positive setting was used, with the laser 

intensity set to 3300.  
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4. Results and discussions 

 

In this chapter results of association behaviour of 2,6-bis[2-(pyren-1-

yl)ethyl]pyridine (PyPPy - C41H29N) and 2,6-bis[2-(phenanthren-9-

yl)ethyl]pyridine (PhPPh - C37H29N) as models for asphaltene molecules are 

summarized. 
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4.1. Association behaviour of 2,6-phenanthrene-pyridine 

(PhPPh) 

 

In this section, association behavior of PhPPh in deuterated chloroform and 

deuterated methylene chloride was investigated using 
1
H NMR spectroscopy. 

Also, effects of temperature and water on association of this compound were 

investigated.  

The assignment of carbons for PhPPh is shown in Scheme 4.1. For the 

attached protons, the number of the corresponding carbon is used. For example, 

HC4 designates the two aliphatic protons which are attached to the number 4 

carbon. 

 

 

Scheme 4.1. Carbon assignment for PhPPh (symmetric structure) 
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4.1.1. 
1
H NMR spectroscopy of 2,6-phenanthrene-

pyridine (PhPPh) in dry CDCl3 

 

Six concentrations of PhPPh, from 1 × 10
-2

 to 10
-5

 M, were prepared in 

deuterated chloroform. After that, 
1
H NMR spectra of these samples were 

collected in 500 MHz NMR instruments.  

The 
1
H NMR spectroscopy results of these samples suggested that the 

compound showed signs of aggregation in CDCl3. Chemical shifts of different 

protons are summarized in table 4.1.  For more comparisons, chemical shift of 

different protons in different concentrations are compared together (Figures 4.2 & 

4.4). The spectra of different concentrations are stacked together to show the trend 

for each of the protons (Figures 4,1 & 4. 3). 

 1×10
-2 

(M) 

1×10
-3 

(M) 

5×10
-4 

(M) 

1×10
-4 

(M) 

5×10
-5 

(M) 

1×10
-5 

(M) 

HC4 3.35 3.34/3.82 3.35/3.84 3.84 3.383 3.84 

HC5 3.62 3.62/3.89 3.62/3.9 3.9 3.9 3.9 

HC1 & 

HC3 
6.97 6.97 6.96 6.91 6.91 6.91 

HC2 7.44 7.44 7.44 - - - 

HC7 7.79 7.79 7.78 - - - 

HC14 8.29 8.27 8.27/8.23 8.23 8.23 8.23 

HC10 8.68 8.67 8.66 8.65 8.65 8.65 

HC11 8.77 8.77 8.76 8.76 8.76 8.76 

Table 4.1. 
1
H NMR spectroscopy chemical shift of protons of PhPPh in dry 

CDCl3 (in ppm) 
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Figure 4.1. 
1
H NMR spectroscopy results methylene (CH2) groups of PhPPh 

in CDCl3 over a range of concentrations 
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Figure 4.2. 
1
H NMR spectroscopy chemical shift of HC4 & HC5 as a 

function of concentration  

Impurity 
HC4 HC5 

 

HC4 HC5 
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As shown in Figure 4.2, the chemical shift of HC4 and HC5 moved upfield 

(decreasing chemical shift) with increasing concentration from 1× 10
-5

 M to 1× 

10
-2

 M. The behavior illustrated in Figure 4.2 is a jump in the chemical shift, 

likely due to a change in conformation, rather than a gradual shift. The results 

show a clear multiplicity of signals from the same protons in the chemical 

structure, suggesting the presence of more than one conformation. There is no 

change for chemical shift of protons when the concentration is between 1× 10
-4

 M 

and 1 × 10
-5

 M. At intermediate concentrations of 1× 10
-3 

M and 5× 10
-4 

M, two 

interesting results are observed:  

(1) The line widths of signals are significantly larger than at other measured 

concentrations as shown in Figure 4.2 and 4.3;  

(2) Two different methlyene group signals are detected as shown in Figure 

4.1. 

Also, blank deuterated chloroform was investigated to confirm that the 

peaks at 4.03 and 4.12 ppm are related to impurities from solvent and compound, 

respectively. The impurity from the solvent can be related to a compound such as 

a plasticizer. 
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Figure 4.3. 
1
H NMR spectroscopy results of aromatic protons of PhPPh in 

CDCl3 over a range of concentration 
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Figure 4.4. 
1
H NMR chemical shift of HC14 & HC1+HC3 as a function of 

concentration 
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Also, complex changes of 
1
H NMR chemical shift for protons appeared in 

the aromatic regions of the spectra, for the protons on the phenanthrene and 

pyridine ring groups:  

(1) The signals at 1× 10
-3 

M and 5× 10
-4 

M are broader than at other 

concentrations;  

(2) The HC1 and HC3 from the pyridine ring moved upfield (increasing 

chemical shift of protons) with decreasing concentration. Two groups of signals 

are observed for HC1 and HC3 at 5× 10
-4 

M;  

(3) The signal of HC2 from the pyridine ring first moved downfield with 

decreasing concentration and then likely overlapped with the signals of 

phenanthrene protons with further decrease in concentration , i.e. at 1 × 10
-4 

M or 

lower concentrations the signal of HC2 is not distinct from other protons;  

(4) The signal of HC7 from phenanthrene protons first moves upfield with 

decreasing concentration and then overlaps with signals of other phenanthrene 

protons;  

(5) The signals of HC14 move slightly upfield with decreasing concentration 

and at 5× 10
-4 

M there are two groups of signals; 

(6) The chemical shift of HC6 from phenanthrene moved 0.1 ppm to upfield 

(increasing chemical shift from 7.52 ppm to 7.62 ppm) with decreasing 

concentration.  

When the molecules aggregate in solution, we expect an increase in the 

local density of π electrons from the aromatic rings of nearby molecules. This 

change in electron density would then increase the chemical shift of protons, 
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moving them upfield (Shetty, Fischer, et al., 1996; Shetty, Zhang, et al., 1996; 

Fechtenkötter et al., 1999; Watson et al., 2004; Kastler et al., 2005). Increasing 

concentration would increase the shift by increasing the concentration of the 

aggregated species in proportion to non-aggregated species. However, the actual 

trend for protons HC1, HC3, HC14 and HC6 is opposite to the expected one, 

because they shift downfield with increasing concentration, indicating a reduction 

in local electron density. This trend indicates that other interactions play an 

important role in the change of chemical shift of the protons.  

The most important observation was the presence of two different groups of 

signals coexisting for HC5, HC4, HC14, HC1 and HC3 at medium concentration, 5× 

10
-4 

M. We hypothesize that there are two different molecular conformations of 

PhPPh that give rise to these signals, due to two kinds of interactions in solution. 

As illustrated in Scheme 4.2, one type of interaction is intramolecular, where the 

molecules fold to bring π-electrons from one phenanthrene close to the middle 

pyridine ring and bridging carbons. This conformation of the molecule would be 

favored at low concentrations, where interactions between the molecules are not 

significant. At higher concentrations, intermolecular interactions appear and 

become dominant at the highest concentrations. Both types of interactions would 

be present in middle range of concentrations (See scheme 4.2). In other words, 

molecules of are folded monomer in dilute solutions and form dimers at high 

concentrations.  
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Scheme 4.2. Pathway of molecular conformation with changing 

concentration 

 

According to the results of 
1
H NMR spectroscopy, the main changes for 

chemical shifts belong to the aliphatic protons and pyridinc protons. Therefore, 

phenanthrene protons have a similar environment, or electron density, at both high 

and low concentrations, but the environment of pyridinc and aliphatic protons is 

different between low and high concentrations.  According to the structure of 

folded and aggregated conformations (scheme 4.2), in both cases, phenantrene 

protons have the same environment with facing to another phenathrene ring, 

therefore they have same chemical shift which match with the experimental 

results. However, the electron density around aliphatic and pyridinic protons is 

different between two conformations which cause different chemical shifts. In 

Folded + 
Aggregated 

Conformation 
 

Folded 
Conformation 

 

Aggregated 

Conformation 

Increasing concentration 
Increasing water content  
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case of aggregated conformation (scheme 4.2), aliphatic protons have more 

shielding effect and therefore their chemical shifts move to upfield (Figure 4.1).  

Only some of phenanthrene protons, HC6 and HC14 which are near the aliphatic 

chain, have a small change in chemical shift (below 1ppm). These small changes 

can be related to changing the electron density of aliphatic chain. If someone 

considers that there is no aggregated conformation and there are only folded and 

unfolded conformations, therefore chemical shifts of phenanthrene protons have 

to move, but this effect was not observed. 

The chemical shift in NMR spectroscopy represents the mean value from 

multiple time-averaged species (Martin, 1996), which indicates that the exchange 

between the monomers and aggregated molecules of 2,6- PhPPh in the solution is 

slow on the NMR time scale of circa 1 s. , The observation of  separate signals for 

one proton in the monomers and aggregated molecules in the middle 

concentrations has been reported previously, and indicates exchange times longer 

than seconds. The broadening of the peaks of HC4 and HC5 at 5 x 10
-4

 M (Figure 

4.1) suggests exchange rates in the range of milliseconds to one second (Luo and 

Mao, 1997; Gao and Wong, 1999; Sanna et al., 2006). 
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4.1.2. 
1
H NMR spectroscopy of 2,6-phenanthrene-

pyridine (PhPPh) in water saturated CDCl3 

 

Water can promote aggregation of organic compounds in solution via 

hydrogen bonding (Yan et al., 1999; Andersen et al., 2001; Zhang, Lopetinsky, et 

al., 2005; Zhang, Xu, et al., 2005; Zhang et al., 2007; Tan et al., 2009). To 

investigate the effect of water on self-association of PhPPh, two concentrations, 

1× 10
-3 

and 1× 10
-4 

M, were prepared in water saturated CDCl3 and 
1
H NMR 

spectra of these samples were collected using a 500 MHz NMR instrument. The 

1
H NMR spectra of these two samples are compared with the spectrum at the 

highest concentration tested in dry CDCl3 (Figure 4.5 & 4.6).  

The 
1
H NMR spectroscopy results showed that the chemical shift for 

protons at 1× 10
-3 

and 1× 10
-4 

M in water saturated CDCl3 is identical to the 

behavior at the highest concentration, 1 × 10
-2 

M, in dry CDCl3. Therefore, the 

environment for each proton in water saturated CDCl3 is the same with the 

environment at the highest concentration of solute in CDCl3. Consequently, 

saturating the solvent with water had a similar effect to an increase in solute 

concentration, suggesting that water promoted the aggregation of the compound. 

Given the intermolecular and intramolecular interactions in solution, the 

intermolecular interaction of PhPPh is favourable in the presence of water even at 

very low concentration of solute. Organic molecules were shown to form stable 

complexes with water with forming O-H· · ·N hydrogen bonds and/or O-H· · ·π 
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interactions, as is the case of pyridine, 2,2′-bipyridine (Goldman, 1973; Bredas 

and Street, 1989; Goethals and Platteborze, 1992; Ruelle et al., 1992; Samanta et 

al., 1998; Tan et al., 2009). Therefore, we hypothesise that water molecules 

interact with the pyridyl nitrogen via forming hydrogen bonds, and then water 

molecules form hydrogen bonds with each other and help molecules to form the 

aggregated conformation. Modeling could be used to investigate the hypothesis 

that the intermolecular aggregate with hydrogen bonding to water provides the 

lowest energy state. 

 

 

Figure 4.5. Comparison of 
1
H NMR spectroscopy results 0.001 and 

0.0001M in water saturated CDCl3 and 0.01M in CDCl3 (-CH2 group regions) 

 

HC5 HC4 



53 
 

 

Figure 4.6. Comparison of 
1
H NMR spectroscopy results 0.001 and 

0.0001M in water saturated CDCl3 and 0.01M in CDCl3 (Aromatic region) 
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4.1.3. 
1
H NMR spectroscopy of 2,6-phenanthrene-

pyridine (PhPPh) in dry CD2Cl2 

 

For investigating effects of solvent on self association, we changed the 

solvent from CDCl3  to CD2Cl2. 

Six different concentrations of PhPPh, from 2 × 10
-2

 M to 5 × 10
-5

 M, were 

prepared with dried CD2Cl2 then the 
1
H NMR spectra of these samples were 

collected using a 500 MHz NMR instrument. The assignment of protons for 2,6- 

PhPPh is shown in Scheme 4.1. The chemical shift of protons are summarized in 

table 4.2 and 
1
H NMR spectra of these samples are illustrated in Figures 4.7- 4.9. 

 

Proton Chemical Shift (ppm) 

HC4 3.31 (Triplet peak)
 
 

HC5 3.61 (Triplet peak) 

HC1 & HC3 7.01 (Doublet peak) 

HC2 7.48 (Triplet peak) 

HC6 7.63 (Singlet peak) 

HC7 7.81 (Doublet peak) 

HC10 8.68 (Doublet peak) 

Table 4.2. Chemical shift of protons of PhPPh in dry CD2Cl2 
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Figure 4.7. 
1
H NMR spectroscopy results methyl groups of PhPPh in 

CD2Cl2 over a range of concentrations 

 

Figure 4.8.
 1

H NMR spectroscopy results of aromatic protons of PhPPh in 

CD2Cl2 over a range of concentration 
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HC7 HC8+HC9 

HC2 
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Interestingly, was no change of chemical shift for protons over this range of 

concentration. The chemical shifts for PhPPh in dry CD2Cl2 were the same as the 

results in water saturated CD2Cl2 and the highest concentration of solute in dry 

CDCl3 (Figure 4.9). All protons of PhPPh have the same 
1
H NMR chemical shift 

in all of these three environments; dry CD2Cl2, water saturated CD2Cl2, and dry 

CDCl3.  

  

 

 Figure 4.9. The comparison of the 
1
H NMR spectroscopy results of PhPPh 

in dry CD2Cl2, CDCl3 and water saturated CDCl3 

 

We conclude, therefore, that since PhPPh fully aggregates in the water 

saturated solvents and in the highest concentration in dry CDCl3, it also fully 
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aggregates in this range of concentrations in dry CD2Cl2. More likely the CD2Cl2 

interacts more weakly with the compound than CDCl3, so there is less competition 

for unbinding between the PhPPh molecules. 
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4.1.4- 
1
H NMR spectroscopy of 2,6-phenanthrene-

pyridine (PhPPh) in Water saturated CD2Cl2 

 

1
H NMR spectrum of PhPPh with concentration of 1 × 10

-3
 M in water 

saturated CD2Cl2 were collected in 500 MHz NMR instruments and compared 

with the results in the dry solvent (Figure 4.10). As discussed in section 3.1.2, the 

addition of hydrogen bonding would be expected to enhance complete 

aggregation in water saturated solvents. The lack of any impact of water on the 

chemical shifts in CD2Cl2 confirms that the compound is already fully aggregated.  

 

Figure 4.10. 
1
H NMR spectroscopy results of PhPPh in water saturated and 

dry CD2Cl2 
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4.1.6. Temperature dependent studies of 2,6-

phenanthrene-pyridine (PhPPh) in dry CDCl3 

 

Temperature may play role in association behaviour of PhPPh in organic 

solutions. High temperatures may cause aggregated conformation become less 

stable and convert to folded conformation 

For investigating the effects of temperature on aggregation without the 

effect of water one concentration of PhPPh in CDCl3 were prepared, 10
-3

 M. 
 1

H 

NMR spectra of these samples were collected in 400 MHz NMR instruments in 

selected temperatures, from -60⁰C to +40⁰C with +20⁰C intervals and also in 

+55⁰C. 

 

Figure 4.11. 
1
H NMR spectroscopy results of temperature dependent studies 

of 0.001M of PhPPh in dry CDCl3 (Aromatic regions) 
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HC1+HC3 protons move to downfield with decreasing temperature which 

means the aggregation behaviour caused by lowering temperature is same with 

increasing concentration. HC7 proton moves to upfield with decreasing 

temperature, while and HC11, HC10 and HC14 showed either no shift or minor shift 

as function of temperature. The results show that aggregation of PhPPh was 

temperature dependent and low temperatures are more favourable for aggregation. 

The thermodynamic properties of the interaction from temperature dependent 

experiments are calculated and summarized in table 4.3. For calculating 

equilibrium constant, K, a simple dimerization model was assumed: 

          (1) 

  [  ] [ ]      (2) 

The concentration of aggregated conformation (D2) and folded 

conformation (D) were calculated by integration over signals of HC1 and HC3 

protons which appeared in two regions at each temperature. It has been considered 

that in high temperature, which there is only on signal for HC1 and HC3, there is 

only folded conformation. 

The van't Hoff equation was used to calculate ΔH and then ΔG. 

      

  
 

Δ 

              
′                      (3) 
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293.15 

(K) 

273.15 

(K) 

253.15 

(K) 

233.15 

(K) 

213.15 

(K) 

K (L mol
-1

) 3.58 3.28 3.01 2.6 2.6 

ΔH (KJ mol
-1

) -27.40±2 -27.40±2 -27.40±2 -27.40±2 -27.40±2 

ΔG (KJ mol
-1

 K
-1

) -19.94 -18.38 -16.86 -15.3 -14 

Table 4.3. Thermodynamic properties of aggregation behaviour of PhPPh 

 

Akbarzade et al. (Akbarzadeh et al., 2005) showed that for dipyrenyl 

dodecane dione, pyrenyl dodecanol and pyrenol the enthalpies of association are -

77, -27 and -38 (kJ/mol), respectively. Therefore, our results of enthalpy of 

association of PhPPh are of the same order of magnitude with Akbarzadeh's work. 

Also, Kastler et al. (Kastler et al., 2005) show that for two hexabenzocoronenes 

with different length of attached alky chains, HBC-C14,10 and HBC-C12, 

enthalpies of association are -91.7 and -283(kJ/mol), respectively. These results 

for HBC are expected as they are larger molecules and have a higher enthalpy of 

association. 
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4.1.7. Temperature dependent studies of 2,6-

phenanthrene-pyridine (PhPPh) in water saturated 

CDCl3 

  

Temperature may have some effect on formation of hydrogen bonds, which 

causes more aggregation (section 3.1.2), between PhPPh and water. Therefore, for 

investigating the effects of temperature on the aggregation, one concentration of 

PhPPh in water saturated deuterated chloroform was prepared, 10
-3

 M. After that,
 

1
H NMR spectra of this sample was collected in a 400 MHz NMR instrument in 

selected temperatures, from -60⁰C to +40⁰C with +20⁰C intervals and also in 

+55⁰C (Figure 4.12 & 4.13). 
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Figure 4.12. 
1
H NMR spectroscopy results of temperature dependent studies 

of 0.001M of PhPPh in water saturated CDCl3 (-CH2 group regions) 

 

Figure 4.13. 
1
H NMR spectroscopy results of temperature dependent studies 

of 0.001M of PhPPh in water saturated CDCl3 (Aromatic regions) 
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All of the protons of PhPPh have a same chemical shift or minor change 

(less than 0.1 ppm) in this range of temperature in water saturated CDCl3. The 

results showed that formation of hydrogen bond between water and PhPPh is not 

temperature dependent and aggregated conformation of PhPPh caused by water is 

stable in this range of temperature. 
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4.2 Association behavior of 2,6-pyrene-pyridine (PyPPy) 

 

In section 3.1 association behavior of PyPPy was investigated and we 

hypothesize that there are two different conformations at low and high 

concentrations (Scheme 4.2). At low concentration, intramolecular interaction is 

favorable, while at high concentration intermolecular interaction is dominant. In 

this section, the consistency of this hypothesis was checked with investigation of 

association behavior of PyPPy in deuterated chloroform and deuterated methylene 

chloride using 
1
H NMR titration, DOSY experiments, T1 measurement and 

TROESY experiments. Also, effects of temperature, pH and water on association 

of this compound were investigated. 

The assignment of carbons for 2,6- pyrene-pyridine is shown in Scheme 4.3. 

Each number is used for the corresponding to the protons which attached to that 

carbon. 

 

Scheme 4.3. Carbon assignment for PyPPy (symmetric structure) 
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4.2.1. 
1
H NMR spectroscopy of 2,6-pyrene-pyridine 

(PyPPy) in dry CDCl3 

 

Six concentrations of this compound, from 1.5 × 10
-2

 to 5 × 10
-5

 M, were 

prepared in dry deuterated chloroform. After that, 
1
H NMR spectra of these 

samples were collected in 500 MHz NMR instruments.  

The 
1
H NMR spectroscopy results of these samples suggested compound 

showed signs of aggregation in CDCl3. Chemical shift of different protons are 

summarized in table 4.4 and the 
1
H NMR spectra of the samples are stacked 

together for better comparison (Figure 4.14 and 4.16). Also, chemical shift of 

different protons in different concentrations were compared together (Figures 4.15 

and 4.17). 
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 1.5×10
-2 

1×10
-2

 5×10
-3

 1×10
-3

 5×10
-4

 1×10
-4

 5×10
-5

 

HC4 3.40 3.40 3.389 
3.385/ 

3.922 

3.385/ 

3.932 
3.932 3.93 

HC5 3.861 3.863 3.856 
3.851/ 

4.061 

3.848/ 

4.069 
4.075 4.075 

HC1 

& 

HC3 

6.855 6.855 6.858 
6.854/ 

6.751 

6.857/ 

6.744 
6.747 6.746 

HC2 7.342 7.345 7.347 7.358 
7.395/ 

7.353 
7.403 7.403 

HC14 7.876 7.876 7.874 7.876 7.853 7.845 7.845 

HC13 8.397 8.397 8.396 
8.387/ 

8.375 
8.360 8.352 8.351 

Table 4.4. The chemical shift of protons of PyPPy in dry CDCl3 

 

 

Figure 4.14. 
1
H NMR spectroscopy results methyl groups of PyPPy in 

CDCl3 over a range of concentrations 
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Figure 4.15. 
1
H NMR spectroscopy chemical shift of HC4 & HC5 as a 

function of concentration  

The chemical shift of HC4 and HC5 moved upfield (decreasing chemical 

shift) with increasing concentration from 5× 10
-4

 M to 1.5× 10
-2

 M (Figure 4.14 

and 4.15). There is no change for chemical shift of protons when the 

concentration is lower than 1× 10
-4

 M. At 1× 10
-3 

M and 5× 10
-4 

M, two different 

methylene group signals are present (Figure 4.14). The results show a clear 

multiplicity of signals from the same protons in the chemical structure, 

confirming the presence of more than one conformation. 

Also, blank deuterated chloroform was investigated to confirm that the 

peaks at 4.03 and 4.12 ppm are related to impurities from solvent and compound, 

respectively. The impurity from the solvent can be related to a compound such as 

a plasticizer. 
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Figure 4.16. 
1
H NMR spectroscopy results of aromatic protons of PyPPy in 

CDCl3 over a range of concentration 
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 Figure 4.17. 
1
H NMR chemical shift of HC13, HC1 and HC3 as a function of 

concentration  
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Complex changes of chemical shift for aromatic protons on the pyrene and 

pyridine rings are observed as a function of concentration:  

(1) The signals at 1× 10
-3 

M and 5× 10
-4 

M are broader than at other 

concentrations; 

(2) The HC1 and HC3 from the pyridine ring moved upfield (increasing 

chemical shift of protons) with decreasing concentration and two groups of 

signals are observed for HC1 and HC3 at 5× 10
-4 

M;  

(3) The signal of HC2 from pyridine ring moved downfield with decreasing 

concentration; 

(4) The signal of HC9 from pyrene protons first move downfield with 

decreasing concentration and then are incorporated into signals of HC11 and HC12 

protons;  

(5) The signals of HC14 slightly move upfield with decreasing 

concentration. 

(6) The HC13 move downfield with increasing concentration and two groups 

of signals exist for HC13 at 5× 10
-4 

M. 

As mentioned in section 3.1, when the molecules aggregate in solution, we 

expect an increase in the local density of π electrons from the aromatic rings of 

nearby molecules. This change in electron density would then increase the 

chemical shift of protons, moving them upfield (Shetty, Fischer, et al., 1996; 

Shetty, Zhang, et al., 1996; Fechtenkötter et al., 1999; Watson et al., 2004; Kastler 

et al., 2005). Nonetheless, C14, HC1 and HC3 protons moved to upfield with 
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decreasing concentration which is opposite of the expected one. These results are 

consistent with results of PhPPh, section 3.1.1. In addition, the presence of two 

groups of signals for HC5, HC4, HC13, HC2, HC1 and HC3 protons of PyPPy at 

middle concentrations is similar to the results of PhPPh (Section 3.1.1). Therefore, 

the aggregation mechanism for the two compounds is likely the same (Scheme 

4.2). 
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4.2.2.   
1
H NMR spectroscopy of 2,6-pyrene-pyridine 

(PyPPy) in water saturated CDCl3 

 

As mentioned in section 3.1.2,  water can promote aggregation of organic 

compound in solutions via hydrogen bonding(Yan et al., 1999; Andersen et al., 

2001; Zhang, Lopetinsky, et al., 2005; Zhang, Xu, et al., 2005; Zhang et al., 2007; 

Tan et al., 2009). For investigating effects of water on aggregation of PyPPy , one 

concentration, 1 × 10
-3 

M, were prepared in water saturated CDCl3 and the 
1
H 

NMR spectrum of the sample was collected in 500 MHz NMR instruments. The 

results were compared to results of 1.5× 10
-2

 M in dry CDCl3 (Figure 4.18 and 

4.19). Also, the chemical shift of protons was summarized in table 4.5. 

 

 1×10
-3

(water saturated CDCl3) 

HC4 3.39 

HC5 3.848 

HC1 & HC3 6.863 

HC2 7.345 

HC14 7.873 

HC13 8.395 

Table 4.5. The chemical shift of protons of PyPPy in water saturated CDCl3 
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Figure 4.18. Comparison of 
1
H NMR spectroscopy results 0.001M in water 

saturated CDCl3 and 0.01M in CDCl3 (-CH2 group regions) 

 

Figure 4.19. Comparison of 
1
H NMR results 0.001M in water saturated 

CDCl3 and 0.01M in CDCl3 (Aromatic region) 
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Figure 4.18 and 4.19 show the 
1
H NMR spectroscopy chemical shift for 

protons at 1× 10
-3

 M
 
in water saturated CDCl3 is identical to those at 1.5 × 10

-2 
M 

in dry CDCl3.. Therefore, the environment for each proton in water saturated 

CDCl3 is the same with the environment at the highest concentration of solute in 

CDCl3.  As discussed for PhPPh in section 3.1.2,  the intermolecular interaction of 

PyPPy is favourable in the presence of water even at very low concentration of 

solute. Organic molecules were shown to form stable complexes with water with 

forming O-H· · ·N hydrogen bonds and/or O-H···π interactions, as is the case of 

pyridine, 2,2′-bipyridine(Goldman, 1973; Bredas and Street, 1989; Goethals and 

Platteborze, 1992; Ruelle et al., 1992; Samanta et al., 1998; Tan et al., 2009). 

Therefore, this results confirmed the hypothesis that water molecules interact with 

the pyridyl nitrogen in folded monomers even in low concentrations and promote 

aggregation of molecules of solute via intermolecular interactions. 
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4.2.3.  Effect of pH on aggregation of 2,6-pyrene-pyridine 

(PyPPy)   in CDCl3 

 

Chloroform is naturally a little acidic and PyPPy is basic. For investigating 

whether acidity of the solvent has any effect on aggregation of model compounds 

of asphaltenes, the 
1
H NMR spectra of 1× 10

-3
 M

 
of PyPPy in acid wash, water 

saturated and base wash CDCl3 is compared(Figure 4.20 and 4.21).  

 
1×10

-3
M 

(Water sat. 

CDCl3) 

1×10
-3

M 

(Acidic CDCl3) 

1×10
-3

M 

(Basic CDCl3) 

HC4 3.390 3.400 3.400 

HC5 3.848 3.850 3.850 

HC1 & HC3 6.863 6.860 6.864 

HC2 7.345 7.350 7.347 

HC14 7.873 7.870 7.873 

HC13 8.395 8.390 8.395 

Table 4.6. The chemical shift of protons of PyPPy in acidic, water saturated 

and basic CDCl3 
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Figure 4.20. Comparison of 
1
H NMR spectroscopy results 0.001M in acidic, 

water saturated and basic CDCl3 (aliphatic region) 

 

Figure 4.21. Comparison of 
1
H NMR specroscopy results 0.001M in acidic, 

water saturated and basic CDCl3 (aromatic region) 
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Figures 4.20 and 4.21 show that chemical shift of each protons of PyPPy is 

same in all acidic, water saturated and basic solution. Therefore, pH has no effect 

on aggregation of PyPPy in CDCl3 and water can form hydrogen bonding with the 

solute independent of pH. 
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4.2.5. 2D-TROESY (Transverse Rotating-frame 

Overhauser Enhancement Spectroscopy) experiments on 

2,6-pyrene-pyridine (PyPPy)   in CDCl3 

 

This technique provides correlations based on through-space interactions of 

protons (Hwang and Shaka, 1992a, 1992b). This technique is usually used to 

provide structural information about the molecules and can provide information 

about the protons have interaction together(Abragam, 1983; Bross-Walch et al., 

2005; Friebolin, 2005). Therefore, 2D-TROESY experiments were done for 

PyPPy to identify which protons have interactions with each other from two 

different molecules or between two parts in one molecule. 

Two concentrations of PyPPy in dry CDCl3 were selected for TROESY 

experiments; 1× 10
-3

 and 1.5× 10
-2

 M, and these experiments were done in 500 

MHz instrument. Unfortunately, lower concentrations cannot be applied because 

of low resolutions of results in low concentrations. Results of the TREOSY 

experiments are summarized in table 4.7 and 4.8 and also in figures 4.22 and 4.23. 

Each spot in the spectra show which protons have interaction with each other and 

stronger interactions have denser spots (Hwang and Shaka, 1992a, 1992b; 

Chmurny et al., 1993).  
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Figure 4.22. Results of TROESY experiments on 1.5× 10
-2

 M of PyPPy in 

CDCl3  



80 
 

 

 

Figure 4.23. Results of TROESY experiments on 1× 10
-3

 M of PyPPy in 

CDCl3  
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HC4 HC5 

HC1 

&  

HC3 

HC2 HC14 HC13 HC9 

HC6 

& 

HC7 

HC8 

& 

HC10 

HC4 + - + - + + - - - 

HC5 - + + - + + - - + 

HC1 & 

HC3 
+ + + + - - - - - 

HC2 - - + + - - - - - 

HC14 + + - - + - - + - 

HC13 + + - - - + - + - 

HC9 - - - - - - + - + 

HC6 & 

HC7 
- - - - + + - + - 

HC8 & 

HC10 
- - - - - - + - + 

Table 4.7. Results of interactions between different protons in solution of 

1.5× 10
-2

 M of PyPPy in CDCl3. "+" shows there is interaction between protons 

and "-" means no interaction 
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HC4 HC5 

HC1 

& 

HC3 

HC2 HC14 HC13 HC9 

HC6 

& 

HC7 

HC8 

& 

HC10 

HC4 + - + - + + - + - 

HC5 - + + - + + - + - 

HC1 & 

HC3 
+ + + + - - - - - 

HC2 - - + + - - - - + 

HC14 + + - - + - - + - 

HC13 + + - - - + - + - 

HC9 - - - - - - + - + 

HC6 & 

HC7 
+ + - - + + - + - 

HC8 & 

HC10 
- - - + - - + - + 

Table 4.8. Results of interactions between different protons in solution of 1 

× 10
-3

 M of PyPPy in CDCl3. "+" shows there is interaction between protons and 

"-" means no interaction 

 

Unfortunately, due to low resolution of results because of low 

concentrations we cannot get much information from results of TROESY 

experiments. However, the results suggest that in 1 × 10
-3

 M, interaction between 

different protons in 1 × 10
-3

 M is different with interactions in 1.5× 10
-2

 M. Some 

of interaction which only exist 1 × 10
-3

 M are only possible when a folded 

conformation (scheme 4.2) existed in the solution, i.e. interaction between HC6-

HC7 and HC5 and HC4. Therefore, these results confirm the assignment of the 

signals at low concentration to a folded conformation that enabled these protons 

to interact.  
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4.2.6. T1 (Spin-lattice or longitudinal relaxation time) 

measurement experiments 

 

T1 measurement is one of the methods which has been used to test this 

hypothesis that two different kinds of molecular structures and interactions exist 

at low and high concentrations. Despite the fact that the available experimental 

data for T1 is always less than for chemical shift and coupling constant, several 

relationships between T1 and molecular structures have been discovered and 

discussed(Friebolin, 2005). As it was discussed in literature background section, 

there are some parameters which affect T1 such as molecular size, molecular 

shape, number of protons attached to nuclei and etc. (Abragam, 1983; Friebolin, 

2005; Levitt, 2008). Generally, different molecules have different T1 and in 
1
H 

NMR, the relaxation time of 
1
H is fairly short and in order of a few seconds the 

equilibrium will re-established, after a pulse is introduced to system to measure T1 

(Friebolin, 2005; Levitt, 2008).  Also, it has been said that usually T1 decreases 

when the mobility of molecules decreases (Friebolin, 2005). Therefore, if there 

are different structures of one compound in the solutions, different T1 for the 

compound in those solutions may be obtained, because of the fact that different 

structure may have different mobility and average molecular size.  As a result, T1 

measurement studies were done to test whether there are any differences between 

spine-lattice relaxation times of each proton in different concentrations.  
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Two concentrations of PyPPy in CDCl3 were selected, 1 mM and 10 mM. 

Relaxation time measurement experiment on these samples were done in 500 

MHz NMR instrument and results are summarized in table 4.9. 

 

 

T
1
 for 1 mM 

(Second) 

T
1
 for 10 mM 

(Second) 

HC4 0.58 0.62 

HC5 0.56 0.65 

HC1 & HC3 1.73 1.85 

HC2 1.63 1.83 

HC14 1.62 1.75 

HC9 2.00 1.10 

HC6
 
& HC7 1.73 1.81 

HC8
 
& HC10 1.96 2.07 

Table 4.9. Results of T1 measurements for 1 mM and 10 mM of PyPPy in 

CDCl3 (Unit of T1 is Sec.) 

 

The unit of T1 is in order of second. Therefore, the differences between 

measured T1 for each proton for these two concentrations are significant (Desando 

et al., 2010). Two different measured T1 for each proton in two different 

concentrations confirm existence of two different structures in solution.  

Also, T1 in higher concentration, 10 mM, is greater compared to lower 

concentration, 1 mM. These results suggest the less mobility of folded 

conformation (scheme 4.2) in deuterated chloroform because of its molecular 

structure which produces lower shielding effect compare to aggregated 

conformation. 
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4.2.7. Diffusion-Ordered Spectroscopy (DOSY) 

experiments  

 

NMR diffusion experiment correlates chemical shift with molecular self 

diffusion coefficients of compounds in a mixture.  It can be used to  measure 

diffusion coefficients of different molecules according to shielding effects, caused 

by differences in the structure and composition of the molecule, as well as 

physical properties of the surrounding environment like temperature, viscosity 

and etc. (Abragam, 1983; Morris and Johnson, 1992; Friebolin, 2005; Levitt, 

2008; Durand et al., 2009, 2010). Also, it is expected that DOSY provide valuable 

information concerning the physicochemical properties of molecules because it is 

sensitive to molecular weight and structure (Friebolin, 2005; Durand et al., 2010). 

In addition, self-diffusion coefficient of the solute depends strongly and 

nonlinearly upon all types of interactions; i.e. attractive solvent-solute interactions 

and attractive solute-solute interactions (Biswas et al., 1998). Therefore, if 

different structures of one compound have different shielding effect they will have 

different diffusion coefficients in a solvent, and NMR diffusion experiments can 

be used to test existence of these different structures in a solution. In this part of 

study, DOSY experiments were used to investigate whether there are any 

differences between diffusion coefficients of PyPPy  in CDCl3 with three different 

concentrations, 1× 10
-2

 M, 5× 10
-4

 M and 1× 10
-4

 M. 

For comparison of results of diffusion analysis on both the solvent or 

internal standard, TMS, were done in a single experiment and relative diffusivity 
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calculated (Table 4.10). Relative diffusivity is defined as the ratio of the diffusion 

coefficients of the solute and of the solvent or internal standard (Crutchfield and 

Harris, 2007; Durand et al., 2010). 

 

Drel = Dsolute/Dsolvent      (6)  

 

According to the Stokes-Einstein equation, this approach minimizes the 

impacts of viscosity or temperature variations between different measurements 

(Durand et al., 2010). 

 

 

Relative diffusivity based 

on TMS 

1× 10
-2

 M 0.40 

5× 10
-4

 M 0.38 

1× 10
-4

 M 0.35 

Table 4.10. Results of diffusion coefficient of PyPPy in CDCl3 

 

Results show that diffusion coefficient is higher in high concentrations and 

it decreases with decreasing concentration. Different diffusion coefficients of 

solute means there are different structures and interactions in different 

concentrations. Also, molecules in high concentration have higher diffusivity and 

mobility which is consistent with the results of T1 measurement experiments 

(section 3.2.6). Aggregated molecules have more shielding effect compare to 

folded conformation and can diffuse easier and have higher mobility in CDCl3. 
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In addition, two groups of signals for HC4 and HC5 exist at 5× 10
-4

 M which 

means two different diffusion coefficients for each of HC4 and HC5. This result 

also, confirms that we have two different structure and interaction in high and low 

concentration and in the middle concentration range both of the structures exist 

(Scheme 4.2). 

 

 

Figure 4.24. DOSY experiment on 5× 10
-4

 M of PyPPy in CDCl3 
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4.3. Comparison of results of 
1
H NMR spectroscopy of 

2,6-phenanthrene-pyridine (PhPPh) and 2,6-pyrene-

pyridine (PyPPy)  

 

For comparison of results of 
1
H NMR spectroscopy of both compounds, the 

percent of aggregated conformation of each compound as function of 

concentration were calculated. For this approach, the ratios of integration over 

aliphatic protons in two regions of low and high concentration were calculated, 

with considering aggregated conformation in high concentration. PyPPy has 

larger π system and van der Waals surface area. However, the results show that at 

a same concentration, PhPPh has more tendency to form aggregated conformation 

(Figure 4.25). This result might be because of higher tendency of pyrene groups in 

PyPPy to form intramolecular interactions together via π-π stacking in folded 

conformation of this molecule. As a result, folded conformation of PyPPy could 

be more stable compared to the folded conformation of PhPPh.  Therefore, PyPPy 

has higher onset of aggregation compared to PhPPh in these solvents. 
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Figure 4.25. Percent of intermolecular conformation for PhPPh and PyPPy 

as a function of concentration  
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4.4. Summary and Implications  
 

Both of 2,6-bis[2-(pyren-1-yl)ethyl]pyridine (PyPPy - C41H29N) and 2,6-

bis[2-(phenanthren-9-yl)ethyl]pyridine (PhPPh - C37H29N) showed association 

behavior in deuterated chloroform and deuterated methylene chloride. These two 

compounds are models that mimic some chemical and physical behaviour of 

asphaltenes. The evidence for the  existence of two conformations are: 

1. Presence of two different groups of signals in coexisting for HC5, 

HC4, HC1 and HC3 at medium concentrations in 
1
H NMR 

spectroscopy. 

2. Different diffusion coefficient and spin-lattice relaxation time 

between low and high concentrations. 

3. Coexistence of two groups of signals in diffusion ordered 

spectroscopy (DOSY) for aliphatic protons at medium 

concentrations. 

These model compounds likely have folded conformation in dilute solutions 

and aggregated conformation in high concentrations (scheme 4.4). Intramolecular 

interactions to give a folded conformation are dominant in low concentrations; 

intermolecular interactions are dominant in high concentrations; and both 

conformations are present in the middle range of concentrations.  

The evidence that these conformations are the most likely are: 
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1. Main changes in chemical shift in 
1
H NMR spectroscopy are of 

aliphatic and pyridinic protons, which give shifts consistent with less 

shielding by nearby aromatic rings as the concentration is increased. 

A folded conformation at low concentration would give more 

shielding than a more planar stacked-aggregated conformation. 

2. Small changes (below 1ppm) were observed in the chemical shifts of 

phenanthrene/pyrene protons in the 
1
H NMR spectra as a function of 

concentration, which means they have same electron density at low 

and high concentrations. This result indicates that the large aromatic 

rings are always proximate to nearby aromatic rings, at all 

concentrations. In contrast, an unfolded, non-aggregated 

conformation would give shifts in the phenanthrene or pyrene 

protons relative to both the folded and the aggregated conformation. 

Although an open conformation would be expected to occur in 

equilibrium with the aggregated state, there was no evidence for a 

third conformation.  

3. The results of DOSY and T1 measurements are consistent with the 

existence of an aggregated conformation, which is more shielded 

compared to the folded conformation, at high concentrations. The 

same results confirmed the existence of a folded conformation at low 

concentrations which has low shielding effect and therefore low 

mobility. 
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Scheme 4.4. (a) Folded conformation in low concentrations (intramolecular 

aggregation). (b)  Aggregated conformation in high concentrations 

(intermolecular interaction) 

 

Tan et al. (Tan et al., 2009) investigated self association of a pyrene 

derivative of bypyridine , 4,4′-bis(2-pyren-1-yl-ethyl)-2,2′-bipyridine (PBP). They 

reported changes in chemical shifts of protons of PBP consistent with increasing 

shielding with increasing concentrations, consistent with increased association 

behaviour for PBP. They observed increased shielding, i.e. upfield shifts, for all of 

the protons. The largest shifts were observed for the protons on the pyridine ring, 

rather than the methylene (CH2) protons as observed in this study. The results of 

Tan et al. were consistent with open, unfolded conformation at low concentration 

and aggregated conformation at high concentration. In the case of PBP, folding 

conformations are not possible due to the length of the two pyridine rings bridged 
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between the pyrene rings, which increase the distance between pyrene groups in 

PBP compared to PyPPy. Therefore, pyrene groups in PBP cannot fold to face 

together and form a stable structure. 

Trace amounts of water result in the aggregation of both compounds, even 

at low concentrations. Therefore, role of water to promote aggregation of 

asphaltenes via forming hydrogen bonding is confirmed. Moreover, lower 

temperatures are more favorable for aggregation of these compounds and pH has 

no effects on aggregation of this compound. The association properties of these 

two compounds confirmed that in addition to π-π interactions, other interactions 

play an important role in aggregation of asphaltenes such as hydrogen bonding 

with water. These results are consistent with recent work of Gray et al. (Gray et 

al., 2011).  

The asphaltene fraction of an actual crude oil is much too complex a 

mixture to separate molecular species for direct investigation of the modes of 

intermolecular interactions in solution.  Therefore, the observation of complex 

aggregation behaviour of model compounds is important to mechanisms of self-

association of asphaltenes in solution. In the present study, aggregation was 

promoted by both the pyrene groups and hydrogen bonding of water to the 

pyridine rings, supporting the principle of supramolecular chemistry that multiple 

positive interactions promote aggregation. The same structures with benzene rings 

instead of pyridine did not exhibit aggregation in solution in chloroform (X Tan, 

personal communication, 2011). Given the significance of complex bridged 

structures in asphaltenes, the present study suggests that not only is intermolecular 
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association important in understanding asphaltene behavior, but also 

intramolecular interactions such as folding. The existence of a range of 

conformations may also be important in the slow rearrangement of asphaltenes on 

solid surfaces, observed in AFM studies, and at oil-water interfaces in water-in-oil 

emulsions to give rigid interfacial films. 

The data from this study provides an excellent method to validate 

computational modeling methods. Modeling the 
1
H NMR spectra of the two 

conformations and the concentration for transition between them provides a 

significant test of the ability to quantitatively model solution behavior. The role of 

water in the solvent phase provides an even more stringent test of association 

modeling. The possibility of different intra- and inter-molecular interactions even 

in simple models suggests that modeling the aggregation behavior requires 

consideration of a range of possible alternate conformations of the molecules. 

Clearly, modeling bridged flexible species is much more challenging than simple 

alkyl aromatics because of the dramatically increased number of interactions and 

degrees of freedom.  
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4.5. Recommendations for future studies 

 

Interaction of different functional groups together can be studied by 

investigation of binary mixtures of model compounds using methods such as 

Fourier transform infrared spectroscopy (FTIR) in addition to 
1
H NMR 

spectroscopy as in the present study. The addition of the acid-base interaction 

would be expected to give stronger interaction than observed on the present work. 

The pyridine-bearing compounds from this study can as act as the base 

compounds, and a carboxylic acid on a large aromatic group such as anthracene 

could provide the complementary structure. . 

With the present pair of nitrogen compounds, water titration experiments 

can be done to determine the critical concentration of water for promoting 

aggregation.  

Model compounds with longer alkyl bridge can be used to investigate effect 

of the length of the alkyl bridges between the aromatic ring l groups. Also, more 

bridge structures can be used to investigate their effects on aggregation, for 

example, more complex bridged structures may give internal folding as well as 

intermolecular aggregation.  
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