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Abstract 
 

The solution behavior of several polymeric oil additives has been characterized by using 

fluorescence. First, the chemical composition of the polyisobutylene-based dispersants was 

determined by using the inherent fluorescence of the succinimide moiety of the 

polyisobutylene succinimide (PIBSI) dispersants and its efficient quenching by secondary 

amines. A series of PIBSI dispersants were synthesized by reacting one molar equivalent (meq) 

of polyisobutylene succinic anhydride (PIBSA) with two meqs of hexamethylenediamine, 

diethylenetriamine, triethylenetetramine, tetraethylenepentamine, and pentaethylenehexamine 

to yield the corresponding bis-PIBSI (b-PIBSI) dispersants. Intermolecular association of the 

dispersants in the solid state or in solution prevented the determination of the chemical 

composition of the b-PIBSI dispersants with traditional methods such as 1H NMR and FTIR. 

Therefore, two procedures were developed to estimate the amine content of the b-PIBSI 

dispersants based on gel permeation chromatography (GPC) and fluorescence quenching. The 

fluorescence study showed a decrease in the fluorescence of the succinimide groups with 

increasing number of secondary amines present in the polyamine linker. A similar method was 

then applied to determine the level of modification of the b-PIBSI dispersants after they were reacted 

with ethylene carbonate (EC) to generate modified b-PIBSI dispersants (Mb-PIBSI). The fact that the 

succinimide fluorescence of the Mb-PIBSI dispersants was quenched much more efficiently by 

secondary amines than by the urethane groups that resulted from the EC modification of the amines 

was employed to quantify the level of EC modification of the Mb-PIBSI dispersants. Moreover 

fluorescence was used to determine and compare the binding isotherms of a series of b-PIBSI and Mb-

PIBSI dispersants as they adsorbed onto the surface of carbon black particles.  
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 Second, the molar fraction of intermolecular associations (finter) between ethylene-propylene 

(EP) copolymers was quantitatively determined by using pyrene excimer formation. In these 

experiments, a series of EP copolymers was maleated to yield EP-MA and then fluorescently 

labeled with 1-pyrenemethylamine and 2-(2-naphthyl)ethylamine to yield Py-EP and Np-EP, 

respectively. Fluorescence resonance energy transfer (FRET) experiments between Np-EP and 

Py-EP provided qualitative evidence of the existence of intermolecular association. A 

quantitative measure of finter was obtained by measuring the fluorescence intensity ratio of 

excimer-to-monomer (IE/IM) of the Py-EP solutions. The results showed that finter remained 

constant for amorphous Py-EP samples and increased for semicrystalline Py-EP samples upon 

decreasing the temperature as would have been expected from their chemical composition. 

This method was then applied to quantitatively measure finter between EP copolymers in 

solution in the presence of wax typically found in engine oils. The solution behaviour of four 

Py-EP copolymers in the presence of wax was characterized. The results showed that the 

interaction of wax with ethylene sequences in the EP copolymers increased macromolecular 

associations in solution as reflected by an increase in finter. In the case of the semicrystalline 

samples at lower temperatures, however, the formation of microcrystals induced strong 

polymer-polymer interactions that resulted in the formation of microcrystals and the 

dissociation of the wax from the polymers.  

Together the results presented in this thesis suggest that fluorescence provides reliable 

information on the chemical composition and behaviour of polymeric oil additives, an 

information that was otherwise difficult to extract from traditional characterization methods. 
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This thesis describes how fluorescence can be applied to characterize fluorescently labeled 

polymers employed as engine oil additives. The first part of this chapter provides an 

introduction on oil additives focusing mostly on oil dispersants, pour point depressants (PPDs), 

and viscosity index improvers (VIIs) as well as a brief description of some of the experimental 

techniques used to characterize their properties. The second part of this chapter presents the 

fundamentals of fluorescence, some of the interesting features of the fluorescence spectra of 

pyrene-labeled macromolecules, a description of the different models used in the analysis of 

the fluorescence decays acquired with pyrene-labeled polymers, and the application of these 

concepts to study the behavior of fluorescently labeled macromolecules used as oil additives. 

The final section presents the thesis objectives and outlines the organization of this thesis. 

 Oil Additives 

The main purpose of an engine oil is to create a lubricating layer between the moving parts of 

engines. Since a base oil alone cannot meet all requirements of an engine oil, performance-

enhancing additives are purposely added to the oil formulation to improve engine efficiency 

and durability.1,2 These additives include dispersants, detergents, viscosity index improvers 

(VIIs), pour point depressants (PPDs), antiwear agents, and antioxidants.1 Oil additives vary in 

quantity depending on the specific requirements of an engine oil. The composition of a typical 

engine oil is shown in Table 1.1. 
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Table 1.1.  Concentration of the main additives used in engine oil formulations (Salino and 

Volpi, 1978).1 

Material Weight (%) Material Weight (%) 

Base Oil 71.5-96.2 Antioxidant/Wear 0.1-2.0 

Metallic Detergent 2-10 Viscosity Index Improver 0.1-3.0 

Ashless Dispersant 1-9 Pour Point Depressant 0.1-1.5 

  

 Dispersants represent the most important family of chemical additives found in engine 

oils and they have been used since the 1950s.3-5 They work by dispersing oil-insoluble 

combustion by-products such as soot and sludge generated during the normal operation of the 

engine. Without dispersants, soot and sludge formation causes wear and filter plugging. Like 

dispersants, detergents have been used since the 1940ôs by the engine oil industry.4 Detergents 

are polar organometallic oil soluble bases which can cling on-to the surface of particles.  They 

are composed of an oil-soluble tail, called the substrate, and a negatively charged head group 

associated with a metal counterion. They serve two principal functions. First, they lift any 

deposits off the different surfaces of the engine due to their strong affinity toward these deposits 

while their oil-soluble tail maintains them in solution. Secondly, detergents neutralize any acids 

formed during oil combustion by chemically reacting with the acids in order to form harmless 

neutralized chemicals, thus reducing corrosion.6 

 Besides the deposits left on engine surfaces and the acids generated in the oil, another 

major chemical that is detrimental to the performance of oil is wax. The problem with any 

lubricating oil containing wax is that the wax crystallizes at very low temperatures, thus 

preventing the oil from flowing. Adding PPDs to the oil improves the low temperature 

properties of the oil by disrupting or preventing the formation of the waxy crystalline 
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network.7,8 VIIs are another type of oil additives which are incorporated into the oil to reduce 

the inherent drop in viscosity that is observed with increasing temperature.1 Without VIIs, the 

oil would be too thin at high temperatures to properly coat the engine parts, which would result 

in a loss of lubrication. At low temperatures, the oil would be too viscous to flow, thus failing 

to provide the protective lubrication necessary for the frictionless motion of the engine parts. 

In summary, VIIs are designed to counteract the reduction in oil viscosity observed at high 

engine temperatures without excessively increasing the viscosity of the oil at lower 

temperatures.  

 The presence of chemicals that deposit onto the engine surfaces or generate acids is 

usually the result of oxidation of the oil hydrocarbons from exposure to oxygen at high 

temperatures. Adding antioxidants has been shown to decrease the oxidation rate and prevent 

soot/sludge formation.1 Finally, a last family of important oil additives consists of antiwear 

agents which form a protective coating on the metal surfaces of the engine parts and can have 

an antioxidant effect on the oil as well.1 Organosulfur and organophosphorus compounds, such 

as organic polysulfides, phosphates, dithiophosphates, and dithiocarbamates are the most 

commonly used antiwear agents.1,6 Among the long list of oil additives presented so far, PPDs, 

VIIs, and oil dispersants are the only additives that are polymeric in nature and they are 

discussed in more detail hereafter. 

1.1.1 Pour Point Depressants (PPDs) 

Two major problems are encountered with lubricating oils at very low temperatures. First, 

below a certain temperature, the engine oil can no longer flow freely. This temperature is known 

as the pour point. Secondly, any lubricating oils containing a small amount of wax forms 

crystalline networks at very low temperatures, which prevents the oil flow.8,9 Even though most 
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of the wax is removed during base oil refining, a small amount of wax is required to remain in 

the oil to achieve the desired oil viscosity. These waxes are composed of asphaltenes which 

vary in molecular weight and chemical composition. Asphaltenes have a heterogeneous 

molecular structure with a distribution of aromatic nuclei. They readily aggregate to form 

colloidal particles, a process that increases the oil viscosity and the probability for wax 

crystallization.10 In most cases, an engine generates sufficient shear to disrupt the wax network 

and allow the oil to flow. However, wax aggregation decreases the engine durability and 

lifetime, and is an important problem for cold start-up. PPDs are oil additives that ensure the 

free flow of oil and prevent the formation of waxy crystalline networks at low temperatures.7-9 

Adding small amounts of PPDs can lower the pour point temperature by up to 30 oC. The 

addition of PPDs does not prohibit crystallization but simply redirects the crystal growth 

patterns in a manner that results in the formation of smaller wax crystals.11 For example, alkyl-

substituted aromatic PPDs adsorb onto wax crystals to inhibit their growth while PPDs having 

a comb structure are designed to co-crystallize with wax crystals.7 PPDs enable a smoother car 

start-up, decrease engine wear, and increase engine life.  

 There are a number of factors that must be considered when selecting a polymer to be 

used as a PPD. The primary requirement is that the polymer must be soluble in an engine oil 

over a wide range of temperatures that covers normal engine operation. Since the polymer 

solubility and its interactions with the oil and other oil additives are affected by temperature, 

the added polymer must remain compatible with the other species in the oil over the desired 

temperature range. The selected polymers also need to withstand the violent mechanical shear 

they are subjected to in the engine.11,12 For example, high molecular weight polymers are more 

effective as PPDs but they are also less soluble. Furthermore, the shear generated by an engine 
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will cleave high molecular weight polymers resulting in the formation of lower molecular 

weight molecules. This means that when formulating a given PPD for a particular application, 

selection of a polymer having an appropriate molecular weight is necessary to ensure that the 

oil remains stable, even after going through numerous extreme temperature cycles.8 

 Different PPDs may be necessary for a same application as product specifications 

change over time. A list of the best known PPDs include: ethylene-based polyolefins with alkyl 

side chains,7 vinyl-acetate copolymers,11 poly(alkylphenol formaldehyde sulphonate)s,13 hexa-

triethanolamine oleate esters,10 poly(alkyl methacrylate)s,8 and copolymers of olefins and 

maleic anhydride that were post-modified with alcohols or alkyl amines to yield ester, amide, 

or succinimide functionalities.14 Viscosity measurements, cross-polarized light microscopy, 

and differential scanning calorimetery (DSC) can be used to investigate the efficiency of 

PPDs.10,11,12 

1.1.2 Oil Dispersants 

Dispersants are designed to improve engine performance, decrease fuel consumption, and 

decrease pollution emission. The dispersants are used to disperse the oil-insoluble combustion 

by-products that circulate back into the engine oil and ensure that the oil flows freely. Sludge 

and soot are two of the most obvious by-products. Engine soot or ultrafine particles (UFPs) 

contain mostly carbon, and may contain hydrogen, oxygen, and traces of nitrogen, sulfur, and 

metals.15 These particles, which are typically formed by the incomplete oxidation of fuel during 

ignition, are smaller than 100 nm in diameter and used to be released into the air with the 

exhaust gases.16 Since releasing UFPs from engines into the air causes air pollution, 

governmental regulations were issued that aimed to reduce UFP emission.17 To this end, car 

manufacturers circulate the exhaust gas back into the oil, a procedure that results in higher 
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concentrations of UFPs in the oil. In turn, increased UFP concentrations lead to UFP 

aggregation and increase in the viscosity of the oil. UFP aggregation is induced by the polar 

groups that are generated on their surface during engine operation. In apolar oil, UFPs aggregate 

into large particles (LPs, dLP = ~1 µm) to minimize their surface exposure to the oil. LPs can 

cause sludge formation resulting in oil blockage and engine failure. Therefore, dispersants are 

added to the engine oil to prevent UFP aggregation and in turn sludge formation.4 

 Dispersants are typically composed of a polar head group and an oil-soluble apolar tail. 

Metallic and ashless dispersants are two types of commonly used oil additives.4 The polar core 

of the dispersant is expected to adsorb onto the surface of the UFPs whereas the apolar tail 

stabilizes the particles in the oil. Dispersants can reduce UFPs aggregation via a steric or 

electrostatic mechanisms. Metal-containing dispersants have a good dispersancy capacity but 

the presence of metals can lead to the production of insoluble solids during engine operation. 

These solid precipitates actually add to the sludge problem. The other type of dispersant is 

referred to as ashless dispersants. Unlike metallic dispersants, ashless dispersants do not leave 

any ashes or deposits in the engine. The most common types of ashless dispersants are Mannich 

type, succinate ester, and succinimide dispersants (Figure 1.1).4 
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Figure 1.1. Chemical structure of A) Mannich type, B) succinate ester, and C) succinimide 

dispersants. 

 

 Mannich type dispersants (Figure 1.1A) are synthesized in the presence of alkylphenol, 

formaldehyde, and a polyamine.4 The second group of ashless dispersants known as succinic 

esters are produced by the reaction of polyisobutylene terminated at one end with a succinic 

anhydride moiety (PIBSA) with alcohol (Figure 1.1B). The last and most common group of 

dispersants are the succinimide dispersants (Figure 1.1C). They were initially developed by Le 

Suer and Stuart in 1966.18  The preparation of a polyisobutylene succinimide dispersant (PIBSI) 

begins by using cationic polymerization to generate a short PIB terminated by a double bond19 

followed by an Alder-ene reaction between the terminal double bond and maleic anhydride at 

high temperature to yield PIBSA. PIBSA can further react with a polyamine in a 1:1 or 1:2 

polyamine:PIBSA ratio to produce mono-PIBSI (m-PIBSI) and bis-PIBSI (b-PIBSI) 

dispersants, respectively.20,21,22  

A) 

B) 

C) 
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 In the case of PIBSI dispersants, increasing the number of secondary amines in the 

polyamine core results in stronger binding onto UFPs, but decreases the compatibility of PIBSI 

dispersants with other oil additives and engine parts. For example, engine seals play an 

important role in engine design because they prevent oil leakage. Fluoroelastomers are 

commonly used as engine seals, due to their good thermal stability and oxidation resistance. 

However, these materials are sensitive to the basicity of the oil due to dehydrofluorination.4 

The amines used to prepare the PIBSI dispersants make the oil more basic and consequently 

increase the probability of engine seal degradation. The basicity of the oil can be reduced 

through post-modification of the PIBSI-dispersants with ethylene carbonate or boric acid.23,24 

This discussion illustrates how the incorporation of oil dispersants into an engine oil 

formulation requires that numerous factors be carefully considered to allow optimal engine 

cleanliness while providing acceptable seal compatibility. 

1.1.3 Viscosity Index Improvers 

VIIs have been added to motor oils since the 1940s to reduce the decrease in viscosity 

experienced by a liquid subject to an increase in temperature. VIIs are polymers with high 

molecular weight, typically in the 50,000 to 500,000 g.mol-1 range.1,25 Without VIIs, the oil 

would be too thin at high temperature to properly coat the moving parts of the engine which 

would no longer be lubricated. At low temperatures, the oil would be too viscous to flow, which 

would prevent the motion of the engine parts. VIIs are designed to counteract the reduction in 

oil viscosity observed at high engine temperatures without excessively increasing the viscosity 

of the oil at lower temperatures. VIIs play an important role in increasing the oil performance 

by improving engine parts cleanliness and seal durability and better controlling deposits 

formation on engine surfaces and viscosity increase due to soot formation. 
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 Semicrystalline polyolefins have been shown to be efficient VIIs. Crystalline sequences 

within a VII crystallize at low temperature and form dense crystalline microdomains resulting 

in polymer coils having small hydrodynamic volumes (Vh). Increasing the temperature melts 

the crystalline microdomains, allows the polymers to swell, and results in a higher Vh for the 

polymer coils. Since the viscosity of the solution depends on the volume fraction of the solution 

that is occupied by the polymer coils, expansion of the polymer coils leads to a viscosity 

increase as shown in Figure 1.2. Therefore, the decrease in engine oil viscosity with increasing 

temperature is moderated by the expansion of the polymer coil following the melting of the 

crystalline microdomains. The main consequence of these counteracting phenomena is that, the 

addition of a VII to an oil ensures that the engine oil viscosity does not change significantly as 

a function of temperature during the operation of the engine. Synthetic polymers, such as alkyl 

methacrylate copolymers, olefin copolymers, and hydrogenated styrene-diene copolymers have 

been used as VIIs.1,2,26 

 

 
Figure 1.2. Expected change in oil viscosity in the absence and presence of VIIs. 



 

 11 

 Characterization of oil additives 

The oil industry has been using different polymers as engine oil additives to make their oils 

perform consistently all year round under low and high temperature conditions. However, when 

these polymers are exposed to the extreme chemical and physical stresses encountered in an 

engine, chain cleavage can occur, causing partial or total loss of their functions. The durability 

of these polymeric additives depends on internal parameters such as the chemical structure and 

molar ratio of the co-monomers used to prepare a polyolefin, as well as on external factors such 

as engine type and operation temperature, to name but a few. 

For example, the thickening experienced by a solution of VII or PPD increases with the 

molecular weight of the polymer. However higher molecular weight polymers are more 

sensitive to shear thinning and chain cleavage. Both effects result in a loss of lubrication at high 

temperature which causes higher friction and consequently greater damage to the engine, a not 

so desirable outcome. Consequently the optimal chain length for a polyolefin used as a VII or 

PPD requires balancing the detrimental effect of chain scission and shear thinning with the 

desirable effect of increased viscosity.   

 Depending on the application, the oil additives may need to be evaluated for their ability 

to provide dispersancy and oxidation stability, maintain a relatively constant oil viscosity at low 

and high temperatures, minimize chain cleavage under high shear and in the presence of other 

oil additives, and form lubricating films having a proper thickness. Over the years, several 

techniques have been applied to assess the effectiveness of these synthetic polymers as oil 

additives. These techniques include viscosity, cross-polarized light microscopy, light scattering 

(LS), carbon nuclear magnetic resonance (13C NMR), Fourier transform infrared spectroscopy 

(FTIR), gel permeation chromatography (GPC), differential scanning calorimetry (DSC), and 
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fluorescence measurements.1 Among all these characterization techniques, only fluorescence 

can be used to characterize the oil additives at the molecular level over a broad range of 

concentrations and temperatures. The fluorescence-based techniques employed to study 

macromolecules in solution are now described. 

1.2.1 Fluorescence Study on Solutions of Fluorescently Labeled Polymers (FLPs) 

Many of the techniques introduced so far have been used to characterize polymer chains in 

solution and the solid-state at the macroscopic and microscopic levels. Capillary viscometry, 

DSC, X-ray scattering, NMR, and atomic force microscopic (AFM) have been applied to the 

study of polyolefins.27-29 Beside all these techniques, fluorescence can be used to characterize 

polymer chains at the molecular level both at high and low polymer concentrations.30 Of 

particular interest, the highly sensitive fluorescence signal allows experiments to be performed 

on solution concentrations that are typically about 2 orders of magnitude lower than those 

needed by any other technique.31 

 Fluorescence is a photophysical phenomenon whereby the absorption of 

electromagnetic radiation by a chromophore is followed by the emission of light at longer 

wavelengths.32 An energy diagram of this phenomenon is shown in Figure 1.3. For fluorescence 

to occur, a molecule must absorb a photon and be promoted from its ground state to an excited 

vibrational state of a higher electronic state. Then the excited molecule rapidly relaxes via 

internal conversion to the lowest vibrational level of the first electronic excited state S1 as 

shown by the dashed arrow. At this stage two electronic transitions are possible. The first, also 

referred to as fluorescence, occurs when an excited electron emits without changing its spin. 

The second transition not shown in Figure 1.3 is observed when the excited electron changes 

its spin to occupy a lower energy level called a triplet state. Relaxation of the electron from the 
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triplet state to the ground state is accompanied by the emission of a photon in a process that is 

referred to as phosphorescence. Whether through fluorescence or phosphorescence, the emitted 

photon has a lower energy than the absorbed photon. Although the lifetime of the excited state 

is very short, it is long enough to allow the acquisition of a time-resolved fluorescence or 

phosphorescence decay. Some of the different fluorescence phenomena that are applied to study 

polymers include excimer formation,31 fluorescence resonance energy transfer (FRET),31 

fluorescence anisotropy (FA),33 and fluorescence dynamic quenching (FDQ).34-36 Fluorescence 

excimer formation is discussed in more detail hereafter.  

 

 

 

 

 

 

 



 

 14 

 

 
Figure 1.3. Jablonsky diagram (top) and corresponding transitions (bottom) found in the 

absorption (____) and fluorescence emission (- - -) spectra of 1-pyrenemethylsuccinimide (Py-

MSI) in THF. ([Py-MSI] = 3.6×10-5 and ɚex = 343 nm for the emission spectrum) 
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Most polymers do not fluoresce and they need to be fluorescently labeled. The 

fluorescent label is covalently attached wherever reactive groups can be found on the 

macromolecule, typically at the chain ends or randomly along the backbone. Pyrene, 

naphthalene, and succinimide are some of the fluorophores that have been used to study 

fluorescently labeled polyolefins but the bulk of the studies so far has been conducted with the 

dye pyrene. Consequently, the properties of pyrene are described in more details in this section. 

1.2.1.1 Pyrene Labeled Polymers 

In many ways, pyrene can be viewed as an ideal chromophore.  It has a long-lived excited state 

that provides a wide temporal window to probe the internal dynamics of macromolecules in 

solution, a large molar absorbance coefficient and fluorescence quantum yield that enable its 

detection at extremely low concentration, and a fluorescence spectrum that is sensitive to its 

microenvironment.37-39 Furthermore an excited pyrene can also form an excimer upon encounter 

with a ground state pyrene. The photophysical processes that lead to the fluorescence of pyrene 

are well described by the Jablonsky diagram shown in Figure 1.3. Its implications for the 

absorption and fluorescence spectra of the dye are illustrated with 1-pyrenemethylsuccinimide 

(Py-MSI) in tetrahydrofuran (THF). The absorption spectrum of Py-MSI is composed of several 

strong absorbance bands at 243, 276, and 343 nm and a much weaker band at 375 nm. These 

transitions represent the excitation of pyrene from the ground state Ὓ to the lowest vibrational 

energy level of the higher electronic energy levels Ὓ, Ὓ, Ὓ, and Ὓ, respectively. The Ὓ ᴼ

Ὓ band is very weak since this transition is symmetry forbidden in the case of pyrene.40  

 In order to select a suitable wavelength to excite pyrene, one needs to consider the range 

of wavelengths where pyrene has a large molar absorption coefficient to allow its efficient 

excitation while avoiding the shorter wavelengths where many solvents and impurities might 
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absorb. Based on the absorption spectrum shown in Figure 1.3, pyrene is usually excited at 

wavelengths between 334 and 345 nm depending on the pyrene derivative and the solvent being 

used. The excited pyrene can then either fluoresce with its natural lifetime as a monomer (ŰM) 

between 370 and 425 nm, or diffusionally encounter a ground state pyrene with a rate constant 

k1 to form an excimer species which fluoresces between 425 and 600 nm.38 Excimer formation 

can be described by Birksô Scheme as shown in Scheme 1.1 where ŰM and ŰE are the lifetimes 

of the excited pyrene monomer and excimer, respectively, and k1 and k-1 are the rate constants 

of excimer formation and dissociation, respectively. 

 

   M + M + hɜ   M* + M             [MM]*  

 

Scheme 1.1. Birksô scheme describing pyrene excimer formation. 

 

 Pyrene has been widely used as a fluorescent probe to investigate polymer chain and 

side chain dynamics and inter- and intramolecular interactions between and within 

polymers.30,31,41,42 Inter- and intramolecular polymeric interactions have been characterized by 

probing the process of excimer formation between pyrene labels covalently attached onto a 

polymer. Pyrene excimer formation has been found to depend on the chemical structure of the 

polymeric backbone, the solvent quality toward the polymer, and the solvent viscosity.30,42-45 

  The steady-state fluorescence spectrum of a pyrene labeled EP copolymer (Py-EP) is 

shown in Figure 1.4. The excited pyrene monomer emission is characterized by several sharp 

peaks between 360 and 425 nm whereas the pyrene excimer emission features a broad and 

structureless band in the 440ï600 nm wavelength range. Qualitative information on the extent 

1/ŰM 1/ŰE 

k-1 

k1[M] 
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of excimer formation can be obtained from the ratio of the fluorescence intensity of the excimer 

(IE) over that of the monomer (IM) in the steady-state fluorescence spectrum. In the case of the 

spectrum shown in Figure 1.4, IM and IE are calculated by integrating the fluorescence spectrum 

over the wavelengths 372ï379 nm and 500ï530 nm, respectively. The wavelength range chosen 

to calculate IE, which is slightly shifted from the excimer maximum at 480 nm, and IM are 

selected to minimize any possible interference between the fluorescence spectra of the two 

fluorescent species.  

 

 
Figure 1.4. Steady-state fluorescence spectrum of a pyrene labeled amorphous EP copolymer 

in toluene. (ɚex = 344 nm, Conc.: 0.1 g.L-1, ɚpy = 108 µmol/g of polymer) 

 

Information about the polarity of the medium surrounding pyrene can also be retrieved 

from the steady-state fluorescence spectrum. This information can be determined by calculating 

the ratio of the fluorescence intensity of the first (I1) to the third (I3) peak. The I1/I3 ratio is 
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larger for pyrene in polar solvents such as water and lower for pyrene in non-polar solvents like 

hexane.46  

1.2.2 Modeling the Kinetics of Pyrene Excimer Formation 

The first quantitative analysis of the monomer and excimer fluorescence decays of molecular 

pyrene in organic solvent was successfully conducted in 1963 by Birks.47 This analysis was 

then adapted by Winnik in 1980 to describe the kinetics of pyrene excimer formation for a series 

of pyrene end-labeled monodisperse polystyrenes, and was then expanded to characterize the 

rate constant of end-to-end cyclization (EEC) for different polymeric backbones.48,49 Birksô 

scheme used to characterize the EEC kinetics of pyrene end-labeled monodisperse chains could 

not be applied to pyrene-labeled macromolecules that formed excimer with multiple rate 

constants. Therefore developing a new model was essential. In 1999, the Fluorescence Blob 

Model (FBM) was introduced by Duhamel to deal with the complex kinetics of excimer 

formation encountered with polymers randomly labeled with pyrene.36 Although the FBM can 

handle considerably complex fluorescence decays, it does not apply to polymer samples which 

are not randomly labeled such as pyrene end-labeled dendrimers. To address this analytical gap, 

the Model Free Analysis (MFA) was introduced in 2005 to provide quantitative information 

about the kinetics of excimer formation for any type of fluorescently-labeled macromolecules 

where the dye and the product of the quenching reaction yield two distinct emissions.50 Birksô 

scheme, FBM, and the MFA are briefly described hereafter. 

1.2.2.1 Birk sô Scheme 

Birksô Scheme was first introduced in 1963 to study excimer formation in solutions of 

molecularly dissolved pyrene and was then adopted in 1980 to describe excimer formation 

between an excited and a ground state pyrene covalently attached to the ends of a monodisperse 
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polystyrene.47 As shown in Scheme 1.2, the excited monomer can either fluoresce with its 

natural lifetime, tM, or it can diffusionally encounter a ground state monomer to form an 

excimer which fluoresces with its natural lifetime tE0. In Scheme 1.2, <k1> and k-1 are the rate 

constants for diffusional formation and dissociation of the excimer, respectively. At low 

temperatures (T < 35 oC), k-1 for pyrene is smaller than the excimer radiative rate constant (kE  = 

 1/tE0) due to the strong excimer binding energy that is induced by the four aromatic rings 

constituting the chromophore.48 

 

 

   M + M + hɜ    M*+ M                [MM]* 

 

Scheme 1.2. Modified Birksô Scheme applied to pyrene end-labeled polymer chains. 

 

 The pseudo-unimolecular rate constant <k1>, which is used to describe the excimer 

formation that occurs intramolecularly between two monomers attached to the chain ends of 

the polymer can be expressed by Equation 1.1, 

 

<k1>=k1×[M] loc             (1.1) 
 

where [M] loc is the local monomer concentration in the polymer coils and k1 is the bimolecular 

rate constant for diffusive encounters. The expression for the time-dependent concentrations of 

the excited monomer [M*] and excimer [E*] derived from Scheme 1.2 are shown in Equations 

1.2 and 1.3, respectively. 

 

1/ŰM 1/ŰE0 

k-1 

<k1> 
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 In the above equations, [Py*diff]o and [Py*free]o represent the initial concentrations of 

those pyrenes that form an excimer by diffusion and that never form an excimer, respectively. 

The parameters X and Y equal <k1>+tM-1 and k-1+tE0
-1, respectively, and the expressions for 

the decay times t1 and t2 are given in Equations 1.4 and 1.5, respectively. 
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 Birksô Scheme can only be applied when excimer formation is described by a single rate 

constant, a condition most likely to be obeyed when the excimer-forming chromophore is 

covalently attached to the ends of a monodisperse polymer.34,35,39,48,51 Unfortunately, labeling a 

macromolecule at two specific positions separated by a constant chain length is a synthetic 

challenge. Consequently, new approaches needed to be developed in order to probe the novel 

macromolecular architectures that were enabled over the years by new advances in polymer 

synthesis. 
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1.2.2.2 Fluorescence Blob Model (FBM) 

T he FBM was first established in 1999 as a means to describe quantitatively the chain dynamics 

of polymers randomly labeled with a dye capable of forming an excimer.36 The FBM can be 

used to describe the kinetics of encounter between an excited dye and its quencher, both 

randomly attached onto a macromolecule, where quenching occurs on contact and the product 

of the quenching process does not revert back to the excited dye and quencher. Pyrene excimer 

formation, with its negligible dissociation rate constant at temperatures lower than 35 oC, 

fulfills these conditions. In the case of pyrene excimer formation, the excited dye and quencher 

would be an excited and a ground state pyrene monomer, respectively. Since the labeling is 

random, any two dye and quencher along the polymer are separated by different chain lengths 

so that quenching takes place according to a distribution of rate constants. However since an 

excited dye can only probe a finite volume within the polymer coil referred to as a blob, the 

blob can be used as a unit volume to divide the polymer coil into a cluster of blobs among which 

the randomly attached dyes and quenchers distribute themselves according to a Poisson 

distribution. Inside a blob, two monomer units bearing an excited dye and a quencher diffuse 

slowly with a rate constant kblob to bring the two labels within a distance where they can 

rearrange quickly into a conformation conducive of efficient quenching with a large rate 

constant k2. An interesting feature about pyrene is that, since pyrene acts as both the dye and 

quencher, a single labeling step is required to prepare the polymer. In the case of pyrene, the 

monomer and excimer fluoresce with a lifetime tM and tE0, respectively. Some poorly stacked 

pyrenes form long-lived excimers that emit with a lifetime tEL. A description of the different 

pyrene species encountered along the chain is shown in Scheme 1.3. 
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Scheme 1.3. Illustration of the different pyrene species that are generated along the polymer 

chain. 

 

 Scheme 1.3 describes the four distinct fluorescent species that are encountered along a 

chain randomly labeled with pyrene. The region to the right represents those pyrenes that are 

isolated and cannot form excimer within the lifetime of the pyrene monomer (tM). These 

isolated pyrenes are referred to as Pyfree. They behave in the same manner as if they were not 

attached to the polymer and they represent a molar fraction ffree of the total pyrene population. 

In the region to the left, slow diffusive backbone motions bring an excited and a ground state 

pyrene monomer in close proximity with a rate constant kblob. These pyrenes undergoing 

diffusive motions are referred to as Pydiff and they represent a molar fraction fdiff of the total 

pyrene population. The pyrenes that are in close proximity and need to rearrange quickly with 

a rate constant k2 to form an excimer are referred to as Pyk2. They represent a molar fraction fk2 

of the total pyrene concentration. Finally, pyrenes attached next to each other along the chain 

have a high probability of forming ground state pyrene aggregates that can be excited directly 

to form an excimer. These aggregated pyrenes are identified according to whether they are made 

of pyrenes (E0) that are properly stacked and yield an excimer that emits with a lifetime ŰE0 or 

pyrenes (EL) that are improperly stacked and emit with a long lifetime ŰEL. The molar fractions 

fE0 and fEL represent the aggregated pyrene molecules that are present as E0 and EL species, 
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respectively. The sum fE0+fEL is taken as the molar fraction fagg representing all aggregated 

pyrene species (Pyagg).  

  The kinetics of excimer formation between the pyrene species shown in Scheme 1.3 

can be described by Scheme 1.4. The different reaction path-ways presented in Scheme 1.3 

could be used to derive Equations 1.6 and 1.7 employed in the fit of the monomer and excimer 

fluorescence decays according to the FBM. 

 

 

Scheme 1.4. Excimer formation between pyrenes randomly attached onto a polymer. 
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The parameters A2, A3, and A4 used in Equations 1.6 and 1.7 are given in Equation 1.8. 
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 In these equations, <n> is the average number of ground state pyrenes per blob and 

ke×[blob] is the product of the exchange rate constant ke of ground-state pyrenes exchanging 

between blobs and [blob] is the local concentration of blobs inside the polymer coil. 

 To date, the FBM has been applied to the characterization of linear chains randomly 

labeled with pyrene.30,36 It has been shown to yield the same quantitative information about the 

internal dynamics of linear chains as the information obtained with the Birksô scheme analysis 

of short end-labeled monodisperse polymers.52,53 It is currently the only analytical tool capable 
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of probing the internal dynamics of long polydisperse chains and it is thus particularly well-

suited to characterize VIIs used in the oil-additive industry. 

1.2.2.3 Model Free Analysis (MFA) 

The MFA was designed to deal with any type of macromolecular architecture including cases 

where neither Birksô scheme nor the FBM apply to describe excimer formation between pyrene 

labels covalently attached to a macromolecule.50 Examples of such cases include dendrimers 

whose ends are labeled with pyrene, and polymeric bottle brushes whose side chains are 

terminated by a pyrene label.39 In these examples the fluorescently-labeled macromolecules are 

neither randomly labeled with pyrene nor linear monodisperse chains terminated at both ends 

with a pyrene label. The MFA enables the experimentalist to study macromolecules where the 

chromophores can be attached at more than two specific positions, and which are not randomly 

distributed within the macromolecule.54 According to the framework of the MFA, the 

macromolecule is viewed as a structureless object that can morph into different conformations 

with a time-dependent rate constant f(t) as shown in Scheme 1.5. 

 

 

Scheme 1.5. Excimer formation between pyrene groups covalently attached onto a 

macromolecule according to the MFA. 
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 In the MFA, no assumption is made about the mathematical form of the rate of excimer 

formation. Instead the monomer decay is fitted with a sum of exponentials as shown in Equation 

1.9 and Scheme 1.5 is used to express the excimer concentration as shown in Equation 1.10. 
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 In Equations 1.9 and 1.10, ai and ti represent the amplitude and decay time of the i th 

exponential, respectively, and n represents the number of exponentials used to fit the monomer 

decays. The average rate constant of excimer formation, <k>, can be determined from the 

parameters retrieved from the MFA and its expression is given by Equation 1.11, 
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where <t> represents the number-average lifetime of the *
diffPy  species in solution whose 

expression is given by Equation 1.12. 
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 As for the FBM, the quantities [ *
diffPy ]o, [

*
freePy ]o, [E0*] o, and [EL*] o can be used to 

determine the molar fractions fdiff, ffree, fE0, and fEL, respectively. To this date, the MFA has been 

applied to the broadest range of macromolecular architectures that has ever been studied with 

pyrene excimer fluorescence.55 One interesting feature of the global analysis of monomer and 

excimer fluorescence decays according to the MFA or FBM is that these analyses can retrieve 

quantitatively the amount of unreacted pyrene derivatives left after the synthesis of the pyrene 

labeled macromolecules. Another important feature of the MFA is the ability to calculate the 

absolute fluorescence intensities IM and IE using the parameters retrieved from the MFA of the 

time-resolved fluorescence decays. The IE/IM ratios obtained from the MFA represent absolute 

quantities and therefore, can be directly compared between different laboratories. 

1.2.3 Applications  

Inspired by the development spearheaded by the Winnik group in Toronto of applications based 

on the use of pyrene excimer fluorescence to probe polymer behaviour in solution, Jao then at 

Texaco led a team of researchers who pyrene-labeled an EP copolymer to monitor its behaviour 

in solution by using fluorescence.44 Being familiar with the chemistry employed to prepare the 

dispersants used in the oil additive industry, they maleated the EP copolymer and reacted the 

succinic anhydride groups with 1-pyrenebutyrylhydrazine (PBH). In 1992, they reported the 

first example of fluorescence spectra acquired with a Py-EP in two apolar solvents, namely 

methylcyclohexane and tetrahydronaphthalene (tetralin).44 One interesting feature about the 
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PBH-EP copolymer was that the remaining hydrazine proton could H-bond with carbonyls (see 

Figure 1.5). The concentration regime where pyrene excimer formation occurred 

intramolecularly was determined from the sharp breakpoint in a plot of IE/IM versus polymer 

concentration. After correcting for the different viscosities of methylcyclohexane (h = 0.68 

mPa.s at 25 oC) and tetralin (h = 2.02 mPa.s at 25 oC), the product h×(IE/IM) was found to be 

twice larger in tetralin than in methylcyclohexane. Such a result would typically indicate that 

[Py] loc was much larger in tetraline than in methylcyclohexane, except that the authors also 

reported a distortion in the fluorescence spectra whereby the monomer emission at 375 nm was 

substantially reduced in tetralin compared to methylcyclohexane. Thus, the increase in 

h×(IE/IM) might simply have been a consequence of the lower IM value at 375 nm obtained in 

tetralin for this Py-EP sample. 

 

 

 

Figure 1.5. Chemical structure of the maleated EP copolymers reacted with A) 

1-pyrenebutyrylhydrazine and B) 1-pyrenemethylamine.  

B) A) 
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 Following this early study, research on the behaviour of Py-EPs in solution was taken 

on by the Winnik and Fendler laboratories in Toronto and Syracuse, respectively. This work 

led to two important observations. The first and most important result was that the spacers 

shown in Figure 1.5 and used to covalently attach pyrene to the EP backbone promoted strong 

interactions in apolar hydrocarbons like hexane or methylcyclohexane. Starting with an 

amorphous EP copolymer containing 60 mol% ethylene that was maleated and reacted with 1-

pyrenemethylamine (PMA) to yield PMA-EP, Nemeth et al. measured the hydrodynamic 

diameter (Dh) of this Py-EP sample as a function of polymer concentration.56 In apolar hexane 

(e = 1.89), Dh showed a dramatic increase with polymer concentration while the increase was 

much less pronounced in more polar THF (e = 7.5). The level of pyrene aggregation obtained 

by measuring the peak-to-valley ratio or PA value in the absorption spectra also confirmed that 

pyrene aggregation was strong for PMA-EP in hexane but practically absent in THF.57 Similar 

observations were made by Jao et al. by comparing the excitation and emission fluorescence 

spectra and the rise time in excimer fluorescence decays of a PBH-EP sample in apolar 

methylcyclohexane and THF.58 The excitation spectra of PBH-EP were red-shifted in 

methylcyclohexane but showed hardly any shift in THF. Changing the excitation wavelength 

from 340 nm where the pyrene monomers absorb to 350 nm where the pyrene aggregates mostly 

absorb led to a more than two-fold increase in the IE/IM ratio in methylcyclohexane, whereas a 

similar shift in excitation wavelength changed the IE/IM ratio by less than 10% in THF. The 

excimer decays of the PBH-EP sample showed a pronounced rise time of 5.4 ns and 17.2 ns in 

methylcyclohexane and in THF, respectively. The short rise time in methylcyclohexane 

indicated that the pyrene groups leading to excimer formation where much closer to each other 
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than in THF. All these observations56,58 supported the claim that apolar aliphatic solvents 

induced strong pyrene aggregation for both PMA-EP and PBH-EP. The second conclusion of 

these early studies was that the simple models describing the kinetics of excimer formation 

between pyrene labels attached at the two ends of a monodisperse chain did not apply to Py-

EPs in solution and that quantitative analysis of the monomer and excimer fluorescence decays 

acquired with the Py-EP samples required a re-think of the models used to fit the fluorescence 

decays. The inadequacy of these early fitting routines was routed in the fact that the Py-EP 

copolymers did not have a narrow molecular weight distribution and that their labeling followed 

the distribution of succinic anhydride pendants generated during the maleation of the EP 

sample. Since excimer formation between two pyrene labels separated by a given chain length 

(L) is well-described by a single rate constant kex(L), the random attachment of pyrene labels 

onto an EP copolymer resulted in a distribution of chain lengths Li separating every two pyrenes, 

and thus a distribution of rate constants kex(Li) for excimer formation. Considering that all the 

models dealing with pyrene excimer formation could take into account no more than two rate 

constants of excimer formation due to resolution issues in the analysis of multiexponential 

fluorescence decays, a wide gap needed to be bridged to conduct a quantitative analysis of the 

fluorescence decays acquired with Py-EPs.59 

The first attempt to quantitatively analyze the fluorescence decays of a PBH-EP in 

solution took advantage of the resemblance of the monomer decays with those obtained for 

molecular pyrene dissolved in sodium dodecyl sulfate (SDS) micelles.60 Assuming that an 

excited pyrene can only diffuse within a small sub-volume of the polymer coil referred to as a 

blob while it remains excited, the polymer coil can be viewed as a cluster of blobs where the 

pyrene labels distribute themselves randomly according to a Poisson distribution. The kinetics 



 

 31 

of pyrene excimer formation could then be handled in the same manner as for pyrene dissolved 

in surfactant micelles, and this analysis model was called the Fluorescence Blob Model (FBM). 

In this first application of the FBM, the exchange of ground state pyrenes between blobs was 

neglected.  The fit of the fluorescence decays of PBH-EP in THF and in methylcyclohexane 

was satisfactory but showed some imperfections in the residuals and autocorrelation function 

of the residuals. The reason for these imperfections was attributed to the fact that this early 

version of the FBM did not account for the exchange of pyrenes among blobs. This feature was 

added later on to the analysis programs based on the FBM.36,39  

The existence of a distribution of rate constants kex(Li) for pyrene excimer formation 

was duly recognized by Nemeth et al., who proposed a mathematical framework based on the 

use of a binomial function to handle the kex(Li) distribution of a Py-EP sample.61 However while 

the FBM could be expressed by a relatively simple mathematical equation that could be applied 

to fit the fluorescence decays, no such expression was derived for the binomial function.  

Instead, the authors fitted the decays with a sum of three exponentials, and used the contribution 

to the fluorescence decays of those excited monomers that did not form excimer and emitted 

with their natural lifetime tM, to find the probability that a backbone unit be labeled with pyrene.  

The recovered probability was reasonable, but the study did not provide much additional 

information in terms of description of polymer chain dynamics. Furthermore, the absence of a 

mathematical equation to fit the entire fluorescence decays meant that the validity of the 

binomial distribution of rate constants for pyrene excimer formation still remained to be 

demonstrated. To this date, the FBM provides the only mathematical equation that can be used 

to fit globally the fluorescence decays of the pyrene monomer and excimer of randomly labeled 

macromolecules.39 
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The first global FBM analysis of the monomer and excimer fluorescence decays 

acquired with a PBH-EP sample in THF and hexane was attempted in 1999. Despite the addition 

of exchange of pyrene labels between blobs, the fits of the decays were poor in hexane showing 

strong deviations in the residuals at the early times. These deviations were attributed to the 

presence of pyrene aggregates where excimer formation occurred on a fast time scale.  This 

observation led to the proposal that excimer formation took place as a sequence of two 

successive steps. Molecularly separated pyrene labels would diffuse slowly toward each other 

in the first step controlled by a rate constant kblob, but their encounter would be driven by the 

polar linker which would lead to the aggregation of the pyrene labels resulting in their efficient 

excimer formation with a large rate constant k2 (k2 >> kblob) in a second step. This sequential 

approach for the process of excimer formation in solutions of PBH-EP proved highly successful 

resulting in excellent decay fits.62 In these experiments, k2 and kblob were found to equal 2.1 (± 

0.2) ×108 s-1 and 2.1 (± 0.4) ×107 s-1, respectively.  Most importantly, the molar fraction (fagg) 

of aggregated pyrenes could be determined quantitatively and was found to equal 0.57 (± 0.05) 

in hexane.   

The studies of pyrene excimer formation in Py-EP solutions resulted in two important 

outcomes for the modeling of pyrene excimer formation. The first was the introduction of the 

FBM that provided a new means to handle the complex distribution of rate constants for 

excimer formation in randomly labeled polymers. The second was the realization that excimer 

formation between pyrene labels attached onto a macromolecule takes place in a sequential 

manner with a first slow diffusive step controlled by backbone motion that brings the two 

pyrenes close to each other followed by a rapid rearrangement of the pyrene labels to form an 

excimer. The validity of these concepts was further confirmed by studying pyrene excimer 
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formation for oligoisobutylenes terminated at one end with a succininic anhydride unit (PIBSA) 

and labeled with either PBH or PMA to yield PBH-PIBSA and PMA-PIBSA, respectively.63 In 

these experiments, the slow diffusive process taking place in solution to bring the terminal 

pyrenyl groups into contact could be approximated by a single rate constant, which represented 

a major simplification as compared to the distribution of rate constants that needed to be 

handled for solutions of Py-EP copolymers. The molar fraction of aggregated pyrenes was 

determined quantitatively and is shown in Figure 1.6 as a function of pyrene concentration. The 

effect that the H-bonding capability of PBH-PIBSA has on its intermolecular association in 

hexane is clearly illustrated in Figure 1.6 where fagg remains larger than 0.6 over the entire 

concentration range studied. PMA-PIBSA was found to aggregate also in hexane, but to a much 

lesser extent than PBH-PIBSA, since its succinimide group could not H-bond. In the case of 

PMA-EP in hexane, interactions between the pyrene groups are believed to be induced by the 

polar succinimide groups. In THF, little aggregation took place and the linker connecting 

pyrene to the EP backbone showed no effect on aggregation. The non-zero fagg value obtained 

in THF is attributed to the presence of a small fraction of doubly-maleated PIBSA molecules 

which after pyrene labeling, form excimer intramolecularly even at very low pyrene 

concentrations.  
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Figure 1.6. Plot of fagg versus pyrene concentration for PBH-PIBSA in hexane (ǒ) and THF 

(ƺ) and PMA-PIBSA in hexane (ǅ) and THF (ö).63 

 

 The ability to recover fagg from the quantitative analysis of fluorescence decays was also 

applied to characterize the level of succinic anhydride clustering in a maleated EP copolyme.64 

Since clustering of associative pendants along a polymer leads to a stronger associative 

behaviour of the modified polymer in solution which is accompanied by a stronger rheological 

response, the level of clustering in modified EP copolymers is an important molecular 

parameter. In particular, the polymeric dispersants used by the oil additive industry bear 

pendants that are insoluble in an oil formulation and thus tend to aggregate in a manner that 

leads to a viscosity increase. Clustering of these pendants along the chain provides another 

parameter that affects the oil viscosity. To this end, Zhang et al. used two PMA-EP copolymers, 
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with one copolymer having a more clustered distribution of succinic anhydride pendants than 

the other.57 Fluorescence decay analysis for dilute PMA-EP solutions in THF yielded an fagg 

value that increased from 0.34 ± 0.01 to 0.51 ± 0.00 as the level of clustering increased. The 

PMA-EP samples with a larger clustering of pyrene labels showed a stronger increase in 

viscosity with polymer concentration in hexane, thus demonstrating the effect that clustering 

had on the viscosity of a solution of modified EP copolymers. 

 The contribution of the carbonyl groups to the polar aggregation of succinimide 

pendants in hexane was clearly demonstrated by Zhang and Duhamel by reducing the 

succinimide carbonyls of a PMA-EP sample with LiAlH4 to generate pyrrolidine units.65 The 

reduced PMA-EP sample in hexane formed much less excimer, as its PA value equaled 2.8 as 

compared to 1.9 before reduction, and the excimer decay showed a risetime which was absent 

for the sample before reduction. Furthermore, the photophysical parameters retrieved with the 

reduced PMA-EP sample in hexane were similar to those obtained for the same sample in THF 

before reduction. These results demonstrated that the succinimide carbonyls contributed 

substantially to the aggregation of the succinimide pendants in apolar aliphatic solvents such as 

hexane or methylcyclohexane. While this conclusion was reasonable based on the chemical 

procedure used to prepare the Py-EP samples, it complicated the study of EP copolymers in 

solution tremendously since their solution behaviour could be masked by the strong aggregation 

undergone by the succinimide pendants in aliphatic solvents. Indeed, strong aggregation of the 

succinimide pendants of a Py-EP sample would induce the efficient formation of pyrene 

excimer regardless of the behaviour of the EP backbone in solution. In these experiments, 

pyrene excimer formation would provide information on the association mechanism but not on 

the EP copolymer.  
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 To remedy this problem, a series of experiments conducted in mixtures of toluene and 

hexane by Zhang and Duhamel established that the high level of association of a PMA-EP 

sample in hexane could be decreased to a level similar to that found in THF if apolar hexane 

(e = 1.89) was substituted by toluene, another apolar solvent (e = 2.38).66 This observation 

opened the route for using pyrene excimer fluorescence of Py-EP samples to characterize the 

behaviour of EP copolymers in solution. This conclusion was immediately taken advantage of 

to investigate whether pyrene excimer fluorescence could be employed to probe the collapse 

undergone by the polymer coil of a semicrystalline EP copolymer at low temperature.31 To this 

end, an amorphous and a semicrystalline EP copolymer having ethylene contents of, 

respectively, 60 and 80 mol% were maleated and reacted with PMA to yield PMA-EP(60) and 

PMA-EP(80). EP(80) had an interesting composition with a semicrystalline core flanked by 

two amorphous stretches. The fluorescence spectra of PMA-EP(60) and PMA-EP(80) were 

acquired at different temperatures. The IE/IM ratios were determined and plotted as a function 

of temperature in Figure 1.7. The IE/IMïvsïT profiles were complex, exhibiting one break point 

at 25 oC for all the samples, and two additional breakpoints at -5 and -20 oC for the 

semicrystalline EP copolymer. The breakpoint observed at 25 oC was attributed to the inversion 

temperature observed in Steven-Ban plots when the excimer begins to dissociate before it has 

time to emit.67 At temperatures lower than 25 oC, excimer dissociation is negligible and IE/IM is 

directly proportional to the rate constant of excimer formation, which is itself inversely 

proportional to solvent viscosity. Consequently IE/IM increased with increasing temperature for 

PMA-EP(60) due to the decrease in solvent viscosity associated with an increase in temperature.  

The lower viscosity favors diffusive encounters between pyrene labels which results in a larger 

IE/IM ratio.  The behaviour exhibited by the PMA-EP(60) sample in Figure 1.7 was typical of 
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any pyrene-labeled polymer in solution. What was unexpected in Figure 1.7 is the plateau 

region of the IE/IM ratio observed for PMA-EP(80) in toluene between -5 and -20 oC.  As it 

turned out, this plateau was due to the intramolecular collapse of the polymer coil induced by 

microcrystal formation as the solution temperature was lowered from -5 to -20 oC. This 

reduction in polymer coil size as the temperature was decreased led to an increase in [Py] loc 

which offsets the viscosity-induced decrease in IE/IM. The collapse of the polymer coil was 

confirmed by conducting intrinsic viscosity measurements as a function of temperature which 

showed a drop in [h] in the same temperature range where IE/IM plateaued.  Additional FRET 

experiments demonstrated that the peculiar composition of EP(80) also enabled this polymer to 

form microcrystals intramolecularly even at polymer concentrations as high as 2 g.L-1. The 

ability of EP(80) to form microcrystals intramolecularly was attributed to its microstructure 

where the amorphous overhangs would stabilize the microcrystals generated by the 

semicrystalline core of the polymer in solution. 
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Figure 1.7. Normalized IE/IM ratio of Py-EPs plotted as a function of temperature at various 

concentrations in toluene (triangles, 0.02 g/L; squares, 0.1 g/L; diamonds, 2 g/L). Full and 

empty symbols are for PMA-EP(80) and PMA-EP(60), respectively.31 

 

 The IE/IMïvsïT profiles shown in Figure 1.7 provided a clear indication of whether a 

polyolefin would generate microcrystals in solution. However, whereas the special 

microstructure of the EP(80) sample allowed it to undergo an intramolecular collapse with 

decreasing temperature, such behaviour was deemed highly unlikely for semicrystalline EP 

copolymers with ethylene and propylene monomers randomly incorporated into the backbone. 

For such semicrystalline EP copolymers, the formation of microcrystals at lower solution 

temperature would indicate a worsening of the solvent quality toward the polymer which would 

be accompanied by an increase in intermolecular interactions. Since such associations would 

lead to the formation of polymer aggregates that would affect the viscosity of the solution, 

Pirouz et al. investigated whether pyrene excimer fluorescence could be applied to measure 

quantitatively the molar fraction (finter) of intermolecular interactions taking place in solution.42  

 In their experiments, Pirouz et al. used an amorphous and a semicrystalline EP 

copolymer containing 60 and 78 mol% of ethylene monomer randomly distributed along the 

EP(60) and EP(78) backbones. The polymers were maleated and pyrene-labeled with PMA. 

Plots of IE/IM-vs-T were generated between -30 and +25 oC for 10 g.L-1 PMA-EP solutions in 

toluene as well as mixtures of 0.01 g.L-1 PMA-EP and 10 g/L of the corresponding unlabeled 

EP copolymer in toluene.  These plots are shown in Figure 1.8. The IE/IM-vs-T profiles obtained 

for the 10 g.L-1 PMA-EP(60) solution and the mixtures containing 0.01 g.L-1 of PMA-EP with 

an excess of unlabeled EP copolymer showed a linear increase with increasing temperature over 
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the entire temperature range. As in Figure 1.8 for the amorphous PMA-EP(60) sample, excimer 

formation was controlled by the solution viscosity that decreased with increasing temperature. 

By comparison, the 10 g.L-1 PMA-EP(78) solution showed a much more complex behaviour 

as the solution temperature was increased with IE/IM increasing first from -30 to -15 oC, 

decreasing from -15 to 0 oC, and increasing again from 0 to +25 oC.  In fact, the anomalous 

behaviour observed between -15 to 0 oC in Figure 1.8 for PMA-EP(78) in toluene was similar 

to that found between -20 and -5 oC in Figure 1.7 for PMA-EP(80),31 another semicrystalline 

polymer. Intrinsic viscosity measurements as a function of temperature also confirmed that 

EP(78) underwent a collapse in the same temperature range where the IE/IM ratio behaved in an 

unexpected manner. As for EP(80), this behaviour was attributed to the formation of crystalline 

microdomains by EP(78) in toluene that would lead to an enhancement of [Py] loc and thus of 

the IE/IM ratio. This feature of the IE/IM-vs-T profiles seems to be common for semicrystalline 

polymers.31,42 

 

  

A) B) 
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Figure 1.8. IE/IM -vs-T. A) ( ) PMA-EP(78) (10 g.L-1), ( ) mixture of PMA-EP(78)  (0.01 

g.L-1) and EP(78) (10 g.L-1). B) ( ) PMA-EP(60) (10 g.L-1), ( ) mixture of PMA-EP(60) 

(0.01 g.L-1)  and EP(60) (10 g.L-1).42   

 

 The four IE/IM-vs-T profiles showed in Figure 1.8 could be analyzed further to determine 

the molar fraction (finter) of intermolecular interactions taking place between pyrene pendants, 

and thus EP copolymers in solution. This was accomplished by taking advantage of the inherent 

dependency of the IE/IM ratio on [Py] loc experienced by an excited pyrene attached to a polymer 

as shown in Equation 1.13.68 

 

( ) locME PyTKTII ][)()( ³=     (1.13) 

 

 In Equation 1.13, K(T) is a function of the fluorescence quantum yields of the pyrene 

monomer and excimer and the rate constants for excimer formation and dissociation, all kinetic 

parameters that depend on temperature. But at a set temperature, K(T) is a constant that takes 

the same value whether the IE/IM ratio is acquired with a concentrated or a dilute solution. 

Taking this fact into account, solutions containing 10 g.L-1 PMA-EP and a mixture of 0.01 

g.L-1 PMA-EP with 10 g.L-1 EP yielded the ratios öö
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õ
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 and K(T) ×[Py] loc(intra), respectively. This analysis of the IE/IM 

ratios led to the derivation of Equation 1.14 which was then applied to determine finter. 
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 Most interestingly, the complex temperature dependency of K(T) was eliminated from 

Equation 1.14 where K(T) cancels out. The four IE/IM-vs-T profiles shown in Figure 1.8 were 

processed according to Equation 1.14 to yield plots of finter as a function of temperature for the 

two PMA-EP(60) and PMA-EP(78) samples. The finter-vs-T profiles shown in Figure 1.9 could 

be readily interpreted. The molar fraction finter remained constant with temperature for PMA-

EP(60) as was expected for this amorphous polymer, but finter showed two clear-cut temperature 

regimes for PMA-EP(78). At temperatures lower than -5 oC, finter equalled 0.62 ± 0.07 but it 

decreased to 0.23 ± 0.03 for temperatures greater than -5 oC. The decrease in finter at higher 

temperature was a consequence of the melting of microcrystals involving several EP(78) chains 

and it demonstrated that for this EP copolymer, microcrystal formation took place 

intermolecularly in solution. Most importantly, the ability to use finter to quantify the level of 

intermolecular interactions between EP copolymers used as VIIs by the oil additive industry 

represented a major advance in the characterization of the behaviour of VIIs in solution. It can 

now be applied to probe the effect that different oil components have on each other in the 

intricate formulation of engine oils. 
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Figure 1.9. Molar fraction finter of pyrene labeled EP copolymers forming excimer 

intermolecularly for A) PMA-EP(60) and B)  PMA-EP(78)  at a concentration of 10 g.L-1.42 

 

1.2.4 Conclusions 

This chapter has highlighted how maleated EP copolymers labeled with pyrene derivatives can 

be used to probe the behaviour of modified EPs in solution. For instance, the reaction of a 

maleated EP copolymer with PBH results in a Py-EP copolymer that generates strong 

intermolecular associations via H-bonding in aliphatic solvents. Consequently, experiments 

conducted with PBH-EP samples provide information at the molecular level about the 

associative behaviour of modified EPs typically used as dispersants in the oil additive industry.  

These associations can be probed qualitatively from the study of the absorption, excitation, and 

emission spectra of Py-EP solutions or the rise time in the excimer decays. Models have also 

been proposed that provide information about the associative strength of a given PBH-EP 

sample in an aliphatic solvent by determining the molar fraction fagg obtained through the 

quantitative global analysis of the pyrene monomer and excimer fluorescence decays.  

A) B) 
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On the other hand, the reaction of PMA with a maleated EP yields a Py-EP that does 

not form H-bonds.  However the succinimide moieties used to connect the pyrene label to the 

EP backbone are polar enough to induce intermolecular associations in apolar aliphatic solvents 

like hexane or methylcyclohexane. Fortunately these strong polar interactions appear to vanish 

in apolar toluene. As a result, the study of PMA-EP samples in toluene provides information 

about the behaviour of EP copolymers in solution.  Taking advantage of the direct relationship 

that exists between the IE/IM ratio and [Py] loc, information about the level of intermolecular 

interactions that are being generated between polymers in solution could be quantified from the 

molar fraction finter.  finter was shown to increase markedly when the solution temperature 

reached the point where a semicrystalline EP copolymer would form crystalline microdomains 

in solution. For amorphous EP copolymers, finter remained constant as a function of temperature. 

The advances for the characterization of polyolefins in solution described in this review 

demonstrate how pyrene excimer fluorescence can be used effectively to probe a variety of 

behaviours encountered by Py-EP samples in solution. It provides a powerful analytical means 

to investigate both quantitatively and qualitatively polymer-polymer interactions in solution 

and seems to be particularly well-suited to study the solution behaviour of polyolefins used by 

the oil additive industry.  

 Thesis Objectives 

The first objective of this thesis was to apply fluorescence to characterize the chemical 

composition and level of modification of polyisobutylene-based dispersants. The second 

objective of this thesis was to characterize the intermolecular associations taking place between 

fluorescently labeled EP copolymers in the presence or absence of engine wax in toluene as a 



 

 44 

function of temperature. The experiments that were implemented to achieve these objectives 

are presented hereafter.  

 1H NMR, FTIR, and GPC are some of the typical techniques used to determine the 

chemical composition and the molecular weight distribution of macromolecules in general and 

PIBSI dispersants in particular.  However this thesis presents experimental evidence that the 

results obtained by these techniques on PIBSI dispersants are unreliable due to the existence of 

strong intra- and intermolecular interactions between the PIBSI molecules induced by H-

bonding between secondary amine protons and succinimide carbonyls. Taking advantage of the 

inherent fluorescence of the succinimide moiety of PIBSI-dispersants and its efficient 

quenching by secondary amines, this thesis established a quick and straightforward analytical 

method based on succinimide fluorescence to characterize the chemical composition of PIBSI 

dispersants and their level of modification.  

 The second accomplishment of this thesis was to quantitatively measure the actual level 

of intermolecular associations between semicrystalline EP copolymers in solution, by using 

pyrene excimer formation to determine the molar fraction of macromolecules (finter) involved in 

intermolecular associations. Calculating finter with traditional methods such as FRET is 

mathematically challenging due to the time-dependency of FRET on the spatial distribution of 

donors and acceptors diffusing in solution. In contrast, finter can be determined in a simple and 

straightforward manner by using pyrene-labeled macromolecules. These experiments took 

advantage of the ability of an excited pyrene to form an excimer on contact and of the 

proportionality that exists between the fluorescence intensity ratio IE/IM and the local pyrene 

concentration [Py] loc, an increase in IE/IM reflecting an increase in [Py] loc which would follow 

from intermolecular associations. The IE/IM ratios of pyrene-labeled macromolecules acquired 
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at high and low polymer concentration can be combined to yield finter as was shown in Equation 

1.14. This procedure is straightforward and provides a powerful means to the experimentalist 

to probe how the presence of other oil additives affects the level of intermolecular associations 

for a selected macromolecule (PPD, VII, or dispersant) which has been labeled with pyrene. 

Considering the importance of VIIs, PPDs, and dispersants in oil additive formulations, the 

developments presented in this thesis should prove of high interest to the large community of 

scientists and engineers interested in the formulation of oil additives. 

 Thesis Outline 

This thesis is composed of seven chapters. Chapter 1 is a literature review of  polymeric 

additives typically used in engine oils and the application of pyrene fluorescence to retrieve 

quantitative information about the behaviour of these additives in solution. Chapter 2 evaluates 

the efficiency of different methods used to characterize the chemical composition of 

polyisobutylene-based dispersants in apolar solvents. In this chapter, fluorescence experiments 

were found to be more reliable than FTIR and 1H NMR measurements. In Chapter 3, a new 

method based on succinimide fluorescence is proposed to evaluate the level of chemical 

modification applied to PIBSI dispersants. Chapter 4 introduces a procedure to determine 

quantitatively the level of intermolecular interactions between fluorescently labeled EP 

copolymers in toluene as a function of temperature. Chapter 5 uses fluorescence to study the 

effect that the microstructure of six different EP copolymers had on their behaviour in toluene 

as a function of temperature. In Chapter 6, the effect that the presence of wax has on the level 

of intermolecular association between EP copolymers was determined by using pyrene excimer 

fluorescence. Chapter 7 reviews the many conclusions that were reached in this thesis and 
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provides suggestions for future work. Chapters 2 and 4 have been published as a research 

article69 and a patent,42 respectively.   
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2 Chapter 2  

 

 

 

Characterization of the Chemical Composition of 

Polyisobutylene-Based Oil-Soluble Dispersants by 

Fluorescence 

 

 

 

 

 

 

 

 

 

 

 



 

 48 

 Overview 

A novel methodology based on fluorescence quenching measurements is introduced to 

determine quantitatively the amine content of polyisobutylene succinimide (PIBSI) dispersants 

used as engine oil additives. To this end, a series of five PIBSI dispersants were prepared by 

reacting two molar equivalents (meq) of polyisobutylene succinic anhydride (PIBSA) with one 

meq of hexamethylenediamine (HMDA), diethylenetriamine, triethylenetetramine, 

tetraethylenepentamine, and pentaethylenehexamine to yield the corresponding b-PIBSI 

dispersants. After having demonstrated that the presence of hydrogen bonds between the 

polyamine linker and the succinimide carbonyls of the dispersants prevents the quantitative 

analysis of the 1H NMR and FTIR spectra of the dispersants to determine their chemical 

composition, alternative procedures based on gel permeation chromatography (GPC) and 

fluorescence quenching were implemented to estimate the amine content of the b-PIBSI 

dispersants. Taking advantage of the doubling in size that occurs when two moles of PIBSA 

are reacted with one mole of HMDA, a combination of GPC and FTIR analysis was employed 

to follow how the chemical composition and molecular weight distribution of the polymers 

produced evolved with the reaction of PIBSA and HMDA mixed in different molar ratios. 

These experiments provided the PIBSA-to-HMDA molar ratio yielding the largest b-PIBSI 

dispersants and this molar ratio was then selected to prepare the four other dispersants. Having 

prepared five b-PIBSI dispersants with a well-defined secondary amine content, the 

fluorescence of the succinimide groups was found to decrease with increasing number of 

secondary amines present in the polyamine linker. This result suggests that fluorescence 

quenching provides a valid method to determine the chemical composition of b-PIBSI 

dispersants which is otherwise difficult to characterize by standard 1H NMR and FTIR 

spectroscopies. 

 

 

 



 

 49 

 Introduction  

Dispersants, detergents, viscosity modifiers, and antiwear and antioxidation components are 

chemicals that are purposely added to engine oils to improve its performance during the 

operation of gasoline and diesel engines. These additives are designed to improve engine 

efficiency and durability. Dispersants represent the most important family of chemical additives 

and they have been used in engine oils since the 1950s.1-3 They constitute up to 10 wt% of an 

engine oil formulation and around 50 wt% of the total chemical additives found in the oil.4 They 

work by dispersing oil-insoluble combustion by-products such as soot and sludge generated 

during the normal operation of the engine. 

Soot or ultrafine particles (UFPs) are either carbon-rich and/or metallic in nature. 

Typically, these particles, which result from the incomplete oxidation of fuel during ignition, 

are smaller than 100 nm in diameter and can be released to the air with the exhaust gases.5 Since 

released UFPs are responsible for a number of ailments that can lead to heart and lung failure, 

governmental regulations have been issued to reduce UFP emission.6-8 To this end, diesel and 

gasoline engine manufacturers circulate the exhaust gas back into the oil9 where UFPs remain 

trapped before the exhaust gas is released to the air, in turn, resulting in higher concentrations 

of UFPs in the oil that promote UFPs aggregation.10 UFPs aggregation is due to the polar groups 

formed on the surface of UFPs following fuel oxidation. The UFPs aggregate into large particles 

(LPs) with a diameter on the order of 1 µm to minimize their surface exposure to the oil.  The 

LPs eventually precipitate out of solution generating soot that is detrimental to the good 

operation of the engine. Dispersants added to the oil prevent the formation of LPs. They adsorb 

onto the surface of UFPs, stabilizing them by a steric or electrostatic mechanism which reduces 

the aggregation of UFPs into LPs.2,11,12 
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Polyisobutylene succinimide dispersants (PIBSI) are the most common non-ionic 

dispersants used in the oil industry.  In fact, the ability of polyisobutylene (PIB) to interact with 

apolar liquids has been employed in several other applications that include the synthesis of PIB-

containing crosslinked acrylate networks capable of absorbing crude oil13 or dispersants that 

can stabilize pigments14 or carbon nanotubes.15 PIBSI were initially developed by Le Suer and 

Stuart in 1966.16-19 The preparation of PIBSI begins by generating a polyisobutylene chain 

terminated at one end with a succinic anhydride group (PIBSA). PIBSA can be prepared by an 

Alder-ene reaction between the terminal double bond located at the end of polyisobutylene and 

maleic anhydride at high temperature.17,20 The reaction of PIBSA with a polyamine in a 1:1 or 

1:2 polyamine:PIBSA ratio generates mono-PIBSI (m-PIBSI) and bis-PIBSI (b-PIBSI) 

dispersants, respectively.21-24  Since increasing the number of secondary amines in the 

polyamine core of PIBSI dispersants results in stronger binding onto UFPs, using a large 

number of secondary amines should theoretically lead to better oil performance. In practice 

however, the secondary amines make the oil more basic which is detrimental to the integrity of 

the engine seals. The basicity of the oil can be reduced through post-modification of the PIBSI-

dispersants with ethylene carbonate or boric acid.25,26 These considerations underline the 

importance of knowing the secondary amine content of PIBSI dispersants. As it turns out, this 

information is not easily obtained, as characterization techniques based on FTIR or 1H NMR 

spectroscopies22,27 which are typically used by chemists to determine the chemical composition 

of unknown compounds are not suitable for this purpose. The experiments described hereafter 

suggest that interactions between the succinimide groups and the secondary amines is 

responsible for complicating the analysis of the chemical composition of PIBSI dispersants by 

FTIR or 1H NMR spectroscopies. 
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 Taking advantage of the inherent fluorescence of the succinimide moiety of PIBSI 

dispersants and its efficient quenching by secondary amines, this study establishes a quick and 

straightforward analytical method to characterize the secondary amine content of PIBSI-

dispersants based on the fluorescence quenching of the succinimide group. Considering how 

important the secondary amine content of PIBSI-dispersants is to understand their solution 

properties, this work is expected to interest scientists aiming to design oil-soluble dispersants 

with improved properties. 

 Experimental 

Chemicals. Acetone (HPLC grade, Caledon), hexane (HPLC grade, Caledon), xylene (reagent 

grade, 98.5%, EMD), tetrahydrofuran (THF, HPLC grade, Caledon), dodecane (anhydrous, 

99%, Sigma-Aldrich), and 2-dodecanone (GC grade, 97%, Sigma-Aldrich) were used as 

received. The chemicals hexamethylenediamine (HMDA, 98%), diethylenetriamine (DETA, 

99%), triethylenetetramine (TETA, 97%), tetraethylenepentamine (TEPA, technical grade), 

pentaethylenehexamine (PEHA, technical grade), octylamine (99%), 1-pyrenemethylamine 

hydrochloride (PyNH2-HCl, 95%), N-methylsuccinimide (N-MSI, 99%), butylamine (BUA, 

99%), diethylamine (DEA, 99.5%), and  triethylamine (TEA, 99.5% ) were purchased from 

Sigma-Aldrich and were employed without further purification. Polyisobutylene succinic 

anhydride (PIBSA) was supplied by Imperial Oil. 

Proton Nuclear Magnetic Resonance (1H NMR). A Bruker 300 MHz high resolution NMR 

spectrometer was used to acquire the 1H NMR spectra of the dispersants in deuterated 

chloroform (CDCl3, 99.8%, Cambridge Isotope Laboratory Inc.). A sample concentration of 

about 10 mg/mL was used to obtain 1H NMR spectra of the polymer samples with a reasonable 

signal to noise (S/N) ratio. 

http://www.dow.com/amines/prod/ethyl-teta.htm
http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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Fourier Transform Infrared (FTIR ). All FTIR spectra were obtained with a Bruker Tensor 27 

FTIR spectrometer using NaCl FTIR cells. Deuterated chloroform (CDCl3, 99.8%, Cambridge 

Isotope Laboratory Inc.) was used as solvent in all the samples preparations. Polymer solutions 

prepared with CDCl3 were deposited dropwise onto the NaCl FTIR cell. The solvent was 

evaporated under a stream of nitrogen leaving behind a polymer film. All samples had an 

absorbance of less than 1 to optimize the S/N ratio. 

Gel Permeation Chromatography (GPC). A Viscotek GPC max VE 2001 instrument equipped 

with a Viscotek TDA 305 triple detector array comprised of a refractive index, viscosity, and 

light scattering detector was used. The samples were passed through a divinylbenzene mixed 

bed (8.0 mm×300 mm) Polyanalytik column. Tetrahydrofuran (THF) was used as the solvent 

at a flow rate of 1.0 mL/min. All the samples were filtered using 0.2 ɛm Millipore 

polytetrafluoroethylene (PTFE) filters before injection and the sample concentration was less 

than 10 mg/mL.  Due to their low molecular weight (< 6,000 g.mol-1), the polyisobutylene 

samples used in this study did not scatter light strongly enough to yield a reliable light scattering 

signal and the light scattering detector of the GPC instrument could not be used to determine 

their absolute molecular weight.  Instead the GPC instrument determined the apparent 

molecular weight of the polyisobutylene samples as it was calibrated with polystyrene 

standards. 

UV-Visible Spectrophotometer (UV-Vis). Absorbances were measured on a Cary 100 UV-

Visible spectrophotometer with quartz cells having a 0.1-100 mm path length. Absorbances 

were measured in the 200ï600 nm wavelength range. 
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Steady-State Fluorescence. A Photon Technology International (PTI) LS-100 steady-state 

fluorometer equipped with an Ushio UXL-75Xe Xenon arc lamp and a PTI 814 photomultiplier 

detection system was used to acquire the fluorescence spectra. 

Time-Resolved Fluorescence. An IBH time-resolved fluorometer fitted with a 340 nm nano-

LED light source was used to acquire the fluorescence decays. Light scattering and background 

corrections were applied to fit the fluorescence decays. The fluorescence decay curves of the 

PIBSI-dispersants were fitted by a sum of exponentials as shown in Equation 2.1,  
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where nexp represents the number of exponentials used and the parameters ai and ti represent 

the amplitude and decay time of the ith exponential, respectively. The decay fits were considered 

to be good if the c2 value was smaller than 1.30 and the residuals and the autocorrelation of the 

residuals were randomly distributed around zero. 

Synthesis of the Polyisobutylene Succinimide (PIBSI) Dispersants. The polyisobutylene 

succinimide (PIBSI) dispersants were synthesized by reacting different amine derivatives with 

PIBSA using PIBSA-to-polyamine mole ratios of 1:1 or 2:1 in order to generate mono-PIBSI 

(m-PIBSI) and bis-PIBSI (b-PIBSI) dispersants, respectively. Scheme 2.1 describes the reaction 

between the succinic anhydride of PIBSA and the primary amine of the polyamines to generate 

the b-PIBSI dispersants.21,23 In the current study, octylamine, diethylenetriamine (DETA), 

triethylenetetramine (TETA), tetraethylenepentamine (TEPA), pentaethylenehexamine 

(PEHA), and hexamethylenediamine (HMDA) were used as polyamines and their chemical 

structures are given in Table 2.1. 
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All the PIBSI dispersants were synthesized according to Scheme 2.1 using the same molar 

ratio of succinic anhydride of PIBSA to primary amines of the polyamine. The synthesis of b-

PIBSI-TEPA is described in more detail as an example. Before conducting the reaction 

presented in Scheme 2.1, PIBSA supplied by Imperial Oil was precipitated to remove low 

molecular weight impurities that might be present in the sample. The crude PIBSA sample (10 

g) was dissolved in 10 mL of hexane at 50 oC. Then the warm PIBSA solution was gradually 

added into 500 mL of cold acetone where it precipitated. The PIBSA suspension was 

centrifuged at room temperature for 20 minutes. The supernatant was discarded, and the pellet 

was dried overnight at 60-70 oC in a vacuum oven. 
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Scheme 2.1. Synthesis of succinimide dispersants. 

 

Since the succinic anhydride of PIBSA is moisture sensitive and can react with water to 

yield succinic acid which is much less reactive than succinic anhydride, dehydration of the 

succinic acid was carried out. To this end, PIBSA purified by precipitation from acetone (2 g, 

0.66 mmol succinic anhydride equivalent) was dissolved in 20 mL of xylene and placed into a 

two-neck round-bottom flask equipped with a Dean-Stark apparatus to remove the water 

generated during the dehydration conducted at 130-140 oC in refluxing xylene for 10 h under 

nitrogen atmosphere. Successful dehydration was confirmed by comparison in Figure 2.1 of the 

FTIR absorption for partially hydrated PIBSA (Trace a) with that of dehydrated PIBSA (Trace 
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b). The FTIR spectrum of partially hydrated PIBSA shows two absorptions bands at 1705 

cmī1and 1785 cmī1 due to the carbonyl groups of succinic acid and succinic anhydride (SA), 

respectively. After dehydration, the absorption at 1705 cmī1
 disappeared, demonstrating that all 

succinic acid groups were converted back to their SA form. 

 

Table 2.1. Chemical structures of the amine derivatives used to prepare the PIBSI dispersants. 

Polyamine Chemical Structure 

Octylamine CH3-(CH2)7-NH2 

Diethylenetriamine (DETA) H2N-(CH2CH2-NH)2-H 

Triethylenetetramine (TETA) H2N-(CH2CH2-NH)3-H 

Tetraethylenepentamine (TEPA) H2N-(CH2CH2-NH)4-H 

Pentaethylenehexamine (PEHA) H2N-(CH2CH2-NH)5-H 

Hexamethylenediamine (HMDA) H2N-(CH2)6-NH2 

 

After having left the PIBSA solution refluxing in xylene for 10 h, TEPA (0.063 g, 0.33 

mmol) was added to achieve a 1:2 polyamine-to-PIBSA ratio and the reaction was left to 

proceed at the same temperature under nitrogen for another 10 h. When the reaction was 

complete, the reaction mixture containing the product was washed three times with 30 mL of 1 

M HCl, 1 M NaOH, 0.5 M NaHCO3, and Milli-Q water. The product was then dried overnight 
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at 70 oC in a vacuum oven. FTIR spectroscopy was used to confirm the successful synthesis of 

b-PIBSI-TEPA. Comparison of the FTIR spectrum of b-PIBSI-TEPA (Trace c in Figure 2.1) 

with that of PIBSA (Trace b) shows the appearance of a new absorption band at 1705 cm-1 in 

Trace c due to the carbonyl groups of the succinimide ring and the disappearance of the band 

at 1785 cm-1 in Trace b. b-PIBSI-DETA, b-PIBSI-TETA, b-PIBSI-TEPA, b-PIBSI-PEHA, b-

PIBSI-HMDA, and m-PIBSI-octylamine all showed similar FTIR spectra (see Figure S2.1 in 

Supporting Information). 

 

  
Figure 2.1. FT-IR spectra of A) partially hydrated PIBSA, B) dehydrated PIBSA, and C) b-PIBSI-

TEPA. 

 

A) 

B) 

B) 
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The formation of secondary amides is unlikely during the preparation of the b-PIBSI 

dispersants. If this were the case, an absorption band at 1640 cm-1, which is clearly absent in 

the FTIR spectrum of b-PIBSI-TEPA, would appear as in the synthesis of m-PIBSI-TEPA (see 

Figure S2.2 in Supporting Information). The reaction with a 2:1 molar ratio of TEPA:SA led to 

the formation of succinamide bonds rather than the desired succinimide ring. 

Synthesis of bis-MethylSuccinimide-DETA (b-MSI-DETA). bis-Methyl succinimide-DETA 

(b-MSI-DETA) was prepared by reacting two molar equivalents of methylsuccinic anhydride 

(MSA) with one molar equivalent of DETA in refluxing xylene at 130-140 oC according to 

Scheme 2.2. A typical reaction proceeded as follows. MSA (0.5 g, 4.4 mmol) and DETA (0.23 

g, 2.2 mmol) were dissolved in 10 mL of xylene. The reaction mixture was added in a two neck 

round bottom flask equipped with a Dean-Stark trap, water condenser, and a nitrogen inlet and 

outlet to remove the water generated during the reaction conducted at 130-140 oC for 20 h. 

 

 

Scheme 2.2. Reaction of MSA and DETA to yield b-MSI-DETA. 

 

After the reaction, 50 mL of xylene was added to the 10 mL reaction mixture. The 60 

mL solution was washed separately with 10 mL of 0.5 M HCl solution, 10 mL of 0.5 M 

NaHCO3, and 10 mL of Milli-Q water. Each extraction was repeated three times in order to 

remove the unreacted DETA. The organic fraction was collected. After the extractions were 
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completed, the final product was dried in a vacuum oven. Since b-MSI-DETA is water-soluble, 

the yield after the three extractions was low around 10%. 

Synthesis of mono-PIBSI-Pyrenemethylamine (m-PIBSI-PyNH2). 1-Pyrenemethylamine 

hydrochloride (PyNH2·HCl) (0.302 g, 1.11 mmol) was dissolved in water (280 mL) and 

transferred to a separatory funnel.  After addition of three NaOH pellets to the solution, PyNH2 

was extracted using hexanes (~100 mL) and deionized water. Finally, the extracted PyNH2 was 

dried in a vacuum oven at 60 oC for 2-3 h.28 

PIBSA (1 g, 0.33 mmol equivalent of SAH units) was dissolved in dodecane (8 mL) and 

placed in a two-neck round-bottom flask equipped with a dean-stark apparatus. The solution 

was heated at 180 °C for 8 h under nitrogen atmosphere to convert the succinic acid in the 

polymer to its anhydride form, and the dehydration process was monitored by FTIR (see 

Figure 2.1). After 8 h, an excess of PyNH2 (185 mg, 0.80 mmol) was added and the temperature 

was kept at 180 °C for another 14 hrs. The final product was then dissolved in hexane and 

precipitated in acetone 5-6 times to remove all unreacted PyNH2. The precipitated product was 

dried in a vacuum oven at 80-90 °C overnight. 

 Results and Discussion 

The succinimide moiety of PIBSI dispersants is known to fluoresce.29-32 Since secondary and 

tertiary amines are known quenchers of fluorescence,33 it was reasoned that  the quenching of 

succinimide by amines might provide a novel, rapid, and straightforward analytical method to 

characterize the chemical composition of b-PIBSI dispersants in terms of the number of 

secondary amines per gram of dispersant. To this end, a series of b-PIBSI dispersants of known 

chemical composition needed to be synthesized and characterized. The chemical composition 

of PIBSA was determined by 1H NMR, FTIR, UV-Vis absorption, and a procedure based on 



 

 59 

GPC analysis. Knowledge of the chemical composition of PIBSA enabled the preparation of 

reaction mixtures that contained the correct molar ratio of succinic anhydride to primary amines 

that ensured the successful synthesis of a series of b-PIBSI dispersants with a well-defined 

content of secondary amines. Attempts at determining the chemical composition of the b-PIBSI 

dispersants by 1H NMR and FTIR were inconclusive however, certainly due to the unavoidable 

association of the dispersants in the solid state or in organic solvents that complicated the 

quantitative analysis of the 1H NMR and FTIR spectra. Steady-state and time-resolved 

fluorescence measurements appeared to be impervious to these complications yielding a linear 

increase in quenching efficiency of the fluorescent succinimide units with increasing number 

of secondary amines. The following describes how these experiments were conducted. 

Proton Nuclear Magnetic Resonance (1H NMR). The assignment of the 1H NMR spectrum of 

PIBSA was done by comparing it to that of methyl succinic anhydride (SA) shown in Figure 

S2.3 in Supporting Information. As shown in Figure S2.3 protons 1 and 2 of MSA do not have 

identical chemical shifts since they are diastereotopic.  Protons 1 and 2 appear at 2.6 and 3.2 

ppm, respectively, due to the rigid ring structure and the presence of the carbonyl groups in the 

SA cycle. The proton 3 signal overlaps with proton 2, and it is strongly deshielded by the methyl 

group of MSA. Protons 4 are represented as a doublet at 1.45 ppm. The single peaks at 1.5 and 

7.25 ppm are due to the presence of residual water and chloroform in the sample, respectively. 

The 1H NMR spectrum of PIBSA is shown in Figure 2.2. The SA protons of PIBSA are 

expected to have similar chemical shifts as those of protons 1, 2, and 3 in MSA. In the 1H NMR 

spectrum of PIBSA, the peaks at 2.6 and 3.3 ppm represent the protons in the succinic anhydride 

ring. The peaks at 1.1 and 1.4 ppm represent, respectively, the methyl and the methylene protons 

of the PIB backbone obtained in a 3:1 ratio. Finally, the peak at 5.6 ppm may be due to the 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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presence of vinylidene groups generated during the cationic polymerization of PIB that did not 

react with maleic anhydride during the Alder-ene reaction. The sharp peak at 7.3 ppm is due to 

chloroform. The ratio of the integrals of the peaks at 1.4 and 3.3 ppm were used to calculate the 

average number of IB monomers (NIB) in a PIBSA molecule per SA moiety (NSA). The NSA/NIB 

ratio was found to equal 1:55 ° 2. 

 

 

Figure 2.2. 1H NMR spectrum of PIBSA. 

 

The 1H NMR peak assignment for the b-PIBSI samples was done as follows. The polar 

core of the b-PIBSI dispersants carried different numbers of secondary amines depending on 

the polyamine used in the synthesis.  Amine protons usually yield broad peaks in the 1H NMR 

spectrum whose integration cannot be relied upon for quantitative analysis. bis-Methyl 
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succinimide diethyltriamine (b-MSI-DETA) was used as a model compound to help with the 

peak assignment of the 1H NMR spectrum of b-PIBSI-DETA. 

When MSA was reacted with DETA, the succinic anhydride proton 1 and the overlapping 

protons 2 and 3 shifted upfield from 3.3 and 2.6 ppm to 2.9 and 2.4 ppm, respectively 

(Figure 2.3). This shift is due to the substitution of the oxygen in the SA ring by the less 

electronegative nitrogen atom. Furthermore, new peaks appeared at 3.5 and 2.8 ppm due to the 

ethylene protons 5 and 6 in the DETA core of b-MSI-DETA. Comparison of the 1H NMR 

spectra of b-PIBSI-DETA and b-MSI-DETA shows that the peaks at 2.7 and 3.5 ppm are due 

to the protons  6 and 5 of the ethylene segments of the polyamine linker, whereas the peaks at 

2.5 and 3.0 ppm are due to the succinimide ring protons 1 and 2+3 of b-PIBSI-DETA. The 

peaks at 1.4 and 1.1 ppm (not shown in the zoomed-in 1H NMR spectra in Figure 2.3) represent 

the methylene and methyl protons of the PIB backbone, respectively. The sharp peaks at 2.25 

and 2.3 ppm are due to traces of xylene. 
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Figure 2.3. 1H NMR spectrum of b-MSI-DETA (top) and b-PIBSI-DETA (bottom) (300 MHz, CDCl3). 

 

The chemical composition of b-PIBSI-DETA was determined in terms of the number of 

succinimide moieties (NSI) per number of isobutylene monomers (NIB) by taking the ratio of the 

integrals of the peaks at 3.5 and 1.4 ppm in the 1H NMR spectrum shown in the bottom panel 

of Figure 2.3. An NSI/NIB ratio of 1:32 ± 1 was obtained, similar to that of all other b-PIBSI 

samples and much smaller than the NSA/NIB ratio of 1:55 ± 2 found for PIBSA. This discrepancy 

in chemical composition between PIBSA and the b-PIBSI dispersant could be due to the 

purification procedure that might selectively eliminate the PIB-rich fraction of the b-PIBSI 

samples or some unexplained spectroscopic artifact due to H-bonding of the secondary amines 

in the polar core which might affect the peak intensities in the 1H NMR spectra. 

Fourier Transform Infrared (FTIR). FTIR spectroscopy was also used to determine the 

chemical composition of PIBSA using a calibration curve established by Walch and Gaymans 






































































































































































































































































































































































