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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 1940’s 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 30oC. 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 

 

 

 

 

 

 



 

 8 

 

 

 

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.mol1 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. 
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 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.  
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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] =3.6×105 and λex = 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 𝑆0
0 to the lowest vibrational 

energy level of the higher electronic energy levels 𝑆4
0, 𝑆3

0, 𝑆2
0, and 𝑆1

0, respectively. The 𝑆0
0 →

𝑆1
0 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 (τM) 

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 Birks’ Scheme as shown in Scheme 1.1 where τM and τE are the lifetimes 

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

of excimer formation and dissociation, respectively. 

 

   M + M + hν   M* + M            [MM]* 

 

Scheme 1.1. Birks’ 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 EPcopolymer (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 440–600 nm wavelength range. Qualitative information on the extent 

1/τM 1/τE 

k 
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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 372–379 nm and 500–530 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. (λex = 344 nm, Conc.: 0.1 g.L1, λpy = 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 Birks’ 

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 Birks’ 

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

1.2.2.1 Birks’ Scheme 

Birks’ 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, M, or it can diffusionally encounter a ground state monomer to form an 

excimer which fluoresces with its natural lifetime E0. In Scheme 1.2, <k1> and k1 are the rate 

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

temperatures (T < 35 oC), k1 for pyrene is smaller than the excimer radiative rate constant (kE= 

1/E0) due to the strong excimer binding energy that is induced by the four aromatic rings 

constituting the chromophore.48 

 

 

   M + M + hν    M*+ M                [MM]* 

 

Scheme 1.2. Modified Birks’ 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. 
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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>+M
 and k+E0

, respectively, and the expressions for 

the decay times 1 and 2 are given in Equations 1.4 and 1.5, respectively. 
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 Birks’ 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 35oC, 

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 M and E0, respectively. Some poorly stacked 

pyrenes form long-lived excimers that emit with a lifetime EL. 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 (M). 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 τE0 or 

pyrenes (EL) that are improperly stacked and emit with a long lifetime τEL. 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 Birks’ 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 Birks’ 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 i represent the amplitude and decay time of the ith 

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 <> 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 ( = 0.68 

mPa.s at 25 oC) and tetralin ( = 2.02 mPa.s at 25 oC), the product ×(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 

×(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) 

1pyrenebutyrylhydrazine 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 

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

much less pronounced in more polar THF ( = 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 
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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 M, 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 and 2.1 (± 0.4) ×107 s, 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 (●) and THF 

(○) and PMA-PIBSA in hexane (♦) and THF (◊).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 

(= 1.89) was substituted by toluene, another apolar solvent (= 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/IM–vs–T profiles were complex, exhibiting one break point 

at 25oC 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 [] 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. 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/IM–vs–T 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 PMA-EP solutions in 

toluene as well as mixtures of 0.01 g.L 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 PMA-EP(60) solution and the mixtures containing 0.01 g.L 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 PMA-EP(78) solution showed a much more complex behaviour 

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

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), () mixture of PMA-EP(78)  (0.01 

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

(0.01 g.L and EP(60) (10 g.L  

 

 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 ][)()(      (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 PMA-EP and a mixture of 0.01 

g.L PMA-EP with 10 g.L EP yielded the ratios 
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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 5oC, 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 PMA-EP(78) at a concentration of 10 g.L1.42 

 

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 
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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 
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 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. 
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 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 μm 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), 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 200–600 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,  

 





exp

1

)/exp()(

n

i

ii tati       (2.1) 

 

where nexp represents the number of exponentials used and the parameters ai and i represent 

the amplitude and decay time of the ith exponential, respectively. The decay fits were considered 

to be good if the 2 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 

cm−1and 1785 cm−1
 due to the carbonyl groups of succinic acid and succinic anhydride (SA), 

respectively. After dehydration, the absorption at 1705 cm−1
 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 (Traceb) shows the appearance of a new absorption band at 1705 cm in 

Trace c due to the carbonyl groups of the succinimide ring and the disappearance of the band 

at 1785 cm 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 cm1, 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 
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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 
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whose expression is given in Equation 2.2.25 This calibration curve relates the NSA/NIB ratio of 

the number of SA groups to isobutylene (IB) units with the ratio of the FTIR absorbance at 

1785 cm1 and 1390 cm1. 
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The NSA/NIB ratio was found to equal 1:49 ± 1 for PIBSA, implying that the PIBSA sample 

contained one succinic anhydride unit per 49 isobutylene units. This result agrees with the ratio 

of 1:55  2 found by 1H NMR. Theoretically, the FTIR spectra can also be used to determine 

the chemical composition of PIBSI dispersants. A similar calibration curve whose expression 

is given in Equation 2.3 was established to relate the ratio of the moles of IB units per 

succinimide (SI) for PIBSI, namely the NSI/NIB ratio, to the ratio of the absorbances at 1705 

cm and 1390 cm. Using Equation 2.3, the NSI/NIB ratios of b-PIBSI-DETA and b-PIBSI-

TEPA were found to equal (1:31 ± 2) and (1:34 ± 2), respectively, which was different from 

the NSA/NIB ratio obtained for PIBSA found to equal 1:49 ± 1.  The NSI/NIB ratio obtained by 

FTIR was similar to that observed by 1H NMR implying that the longer PIB chains would have 

been selectively removed from the resulting b-PIBSI-TEPA product which was unlikely to have 

happened during the acid and base washes conducted to purify PIBSI. Consequently another 

procedure was applied to determine the chemical composition of the PIBSI dispersant.  
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Gel Permeation Chromatography (GPC). The inconsistencies encountered in the 

characterization of the PIBSI dispersants when using 1H NMR and FTIR spectroscopy 

complicated the determination of the appropriate amounts of PIBSA and polyamine that had to 

be placed in the reaction vessel to yield the b-PIBSI dispersants. Since the goal of this study 

was to prepare a series of b-PIBSI dispersants whose size should be double that of PIBSA, GPC 

was employed as a third characterization technique to determine which composition of PIBSA 

and polyamine reactants in the reaction mixture would yield the b-PIBSI product having the 

largest molecular weight and as little as possible unreacted PIBSA reactant.  

The GPC trace obtained for PIBSA is shown in Figure 2.4. PIBSA eluted at an elution 

volume (Vel) of 27 mL. A low molecular weight impurity was found to elute at a Vel of 29 mL. 

The origin of this impurity is unknown.  It did not participate in the reaction leading to the 

synthesis of the b-PIBSI dispersants as it was also found in the GPC trace of the purified 

product. It might represent a small fragment of unreacted PIB. Using a calibration curve based 

on polystyrene standards, the apparent number-averaged molecular weight Mn for PIBSA was 

determined to equal 1,200 g/mol. Mn obtained by the direct analysis of the GPC trace was much 

lower than that of 2,800 g/mol predicted from the NSA/NSI ratio of 1:49 ± 1 and 1:55 ± 2 obtained 

by FTIR and 1H NMR, respectively, assuming that each PIBSA chain is terminated with a single 

SAH group. The reason for this discrepancy in Mn value can be traced back to the calibration 

of the GPC instrument that was conducted with polystyrene (PS) instead of PIB standards, thus 

yielding apparent Mn values.  
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Figure 2.4. GPC traces of (---) PIBSA and (—) b-PIBSI-TEPA. 

 

GPC analysis of the product of the reaction between 1 molar equivalent (meq) of a 

polyamine like TEPA and 2 meq of PIBSA yielded a main peak in Figure 2.4 that was shifted 

to a lower elution volume compared to PIBSA reflecting the expected increase in molecular 

weight. Moreover, a shoulder appeared on the right side of the main peak at elution volume of 

27 mL. Similar features were observed with all b-PIBSI dispersants. The shoulder found at 27 

mL in the GPC traces of the dispersant can be due to interactions between the packing material 

of the GPC column and the secondary amines of the polar core of the b-PIBSI dispersant. 

However, it was also noted that the shoulder eluted at the same position as PIBSA and could 

also have been unreacted PIBSA resulting from the use of an erroneous NSA/NIB ratio to prepare 

the reaction mixture with a 2:1 molar ratio of PIBSA to polyamine. This observation led to the 
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hypothesis that GPC analysis could be used to determine the optimal reaction mixture 

composition that would minimize the amount of unreacted PIBSA left in the reaction product. 

Therefore, PIBSA was reacted with different amounts of hexamethylenediamine (HMDA) 

because full reaction of HMDA with PIBSA eliminates the possibility that secondary amines 

might adsorb onto the GPC column. The ratio of HMDA to PIBSA, namely the 

[HMDA]/[PIBSA] ratio expressed in mmol of HMDA per grams of PIBSA, was changed from 

0.1 to 0.4. 

As the [HMDA]/[PIBSA] ratio decreased from 0.4 to 0.17 mmol/g, the shoulder intensity 

at Vel = 27 mL decreased steadily until it reached a minimum value (Figure 2.5). However, a 

further decrease in the [HMDA]/[PIBSA] ratio resulted in an increase of the shoulder intensity. 

The ratio of the shoulder intensity to the intensity of the main peak was calculated and plotted 

as a function of the [HMDA]/[PIBSA] ratio in Figure 2.6. 

 

  

Figure 2.5. GPC traces of b-PIBSI-HMDA samples obtained from the reaction of PIBSA and 

HMDA. A) [HMDA]/[PIBSA] is varied from 0.40 mmol/g (top) to 0.17 mmol/g (bottom) and 

B) [HMDA]/[PIBSA] is varied from 0.17 mmol/g (bottom) to 0.10 mmol/g (top). 

B) A) 
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Low [HMDA]/[PIBSA] ratios ensured that all HMDA molecules had reacted with PIBSA 

so that the reaction mixture contained unreacted PIBSA and b-PIBSI-HMDA. As the 

[HMDA]/[PIBSA] ratio was further increased, less unreacted PIBSA could be found in the 

reaction mixture and the ratio of the shoulder-to-main peak intensities decreased in Figure 2.6. 

Although more b-PIBSI-HMDA was produced as more HMDA was added, the formation of 

some m-PIBSI-HMDA cannot be ruled out. Consequently, the reaction mixture must have 

contained some PIBSA, m-PIBSI-HMDA, and b-PIBSI-HMDA. PIBSA and m-PIBSI-HMDA 

are expected to elute at the same position in the GPC trace, but more PIBSA or m-PIBSI-HMDA 

are expected to be present in the mixture at low or high [HMDA]/[PIBSA] ratios, respectively. 

The plot of the ratio of the shoulder-to-main peak intensities as a function of the 

[HMDA]/[PIBSA] ratio indicates that b-PIBSI-HMDA is produced in the highest yield when 

the ratio passes through a minimum for an [HMDA]/[PIBSA] ratio of 0.17 mmol/g. This 

[HMDA]/[PIBSA] ratio corresponds to a chemical composition for PIBSA described by an 

NSA/NIB ratio of (1:52). This result agrees with the chemical composition of PIBSA determined 

by FTIR (1:49 ± 1) and 1H NMR (1:55 ± 2) spectroscopy. 

A better understanding of the nature of the functional groups that were present in the 

reaction mixtures was obtained by acquiring the FTIR spectra of the products recovered from 

the reaction mixtures at different [HMDA]/[PIBSA] ratios. Figure S2.4 shows the FTIR spectra 

acquired for the reaction mixtures obtained with [HMDA]/[PIBSA] ratios of 0.1 and 0.4 

mmol/g corresponding to positions on the left and the right of the 0.17 mmol/g minimum in 

Figure 2.6. Overall, many spectral features were retained, but variations in the region of the 

FTIR spectra corresponding to the carbonyl functional groups were clearly visible. The 

absorbance band of the carbonyl shifted from 1785 cm to 1705 cm when the 
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[HMDA]/[PIBSA] ratio changed from 0.1 to 0.4 mmol/g. This behaviour was monitored in all 

FTIR spectra and plots of the Abs(1705 cm)/Abs(1390 cm) and Abs(1785 cm)/Abs(1390 

cm) ratios are given in Figure 2.6 as a function of the [HMDA]/[PIBSA] ratio. Figure 2.6 

demonstrates that an increase in the [HMDA]/[PIBSA] ratio resulted in an increase of the 

absorbance at 1705 cm indicating succinimide formation that was accompanied by a decrease 

of the absorbance at 1785 cmreflecting the disappearance of the SA units. Almost all SA 

units had disappeared from the reaction mixture when the shoulder-to-main peak intensity ratio 

reached its minimum value in Figure 2.6 for an [HMDA]/[PIBSA] ratio of 0.17 mmol/g. For 

[HMDA]/[PIBSA] ratios greater than 0.17 mmol/g, the absorbance at 1785 cm was equal to 

zero indicating that all PIBSA had reacted and that all SA units had been converted to 

succinimides.  Surprisingly, the absorbance at 1705 cm continued to increase. Since 

[HMDA]/[PIBSA] ratios larger than 0.17 mmol/g are expected to generate greater amounts of 

m-PIBSI-HMDA with a free primary amine, the trend shown in Figure 2.6 suggests that 

interactions due to hydrogen bond formation between the primary amine of m-PIBSI-HMDA 

and the succinimide groups of m-PIBSI-HMDA and b-PIBSI-HMDA lead to an increase in the 

absorbance at 1705 cm. 
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Figure 2.6. Plots of Abs(1705 cm)/Abs(1390 cm) (■), Abs(1785 cm)/Abs(1390 cm) (

▲), and shoulder-to-peak intensity ratio of the GPC traces (◆) versus the [HMDA]/[PIBSA] 

ratio. 

 

In turn, this effect might be responsible for the discrepancy found by FTIR between the 

chemical composition of PIBSA (NSA/NIB = 1:49 ± 1) and the PIBSI dispersants (NSI/NIB = 1:33). 

Since hydrogen bonds are absent in the mixtures of methylsuccinimide and PIB used to generate 

the calibration curve given in Equation 2.3, the absorbance at 1705 cm is overestimated in the 

FTIR spectra obtained for polymer mixtures containing some m-PIBSI-HMDA and Equation 

2.3 yields a larger SI-content than expected from the known NSA/NIB ratio of PIBSA. In 

summary, trends obtained in Figure 2.6 clearly demonstrate that the ability of FTIR 

spectroscopy to provide qualitative information about the chemical composition of PIBSI 

dispersants is strongly undermined when hydrogen bonds are present in the sample. 
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The trends shown in Figure 2.6 established that a reaction mixture containing 0.17 mmol of 

polyamine per gram of PIBSA yields a PIBSI dispersant that would contain a minimum amount 

of unreacted PIBSA and a maximum amount of b-PIBSI dispersant. Consequently, a 

[polyamine]/[PIBSA] ratio of 0.17 mmol/g was used to prepare all the PIBSI dispersants 

reported in this study. The summary of the chemical compositions determined by different 

techniques for all the PIBSI dispersants prepared in this study is given in Table 2.2. 

 

Table 2.2. The summary of the chemical compositions of the PIBSI dispersants as determined 

by 1H NMR, FTIR, GPC, and UV-Vis. 

Dispersants 
Chemical 

Composition 
1H NMR 

FTIR 

(Peak Height) 
GPC UV-Vis 

PIBSA N
SA

/N
IB

 1:55 ± 2 1:49 ± 1 1:52 - 

m-PIBSI-PyNH2 N
SI

/N
IB

 1:45 1:44 - 1:55 ± 1 

m-PIBSI-Octylamine N
SI

/N
IB

 * 1:39 - - 

b-PIBSI-HMDA N
SI

/N
IB

 1:32 ± 2 1:49 ± 2 - - 

b-PIBSI-DETA N
SI

/N
IB

 1:33 ± 1 1:31 ± 2 - - 

b-PIBSI-TETA N
SI

/N
IB

 1:30 ± 2 1:32 ± 1 - - 

b-PIBSI-TEPA N
SI

/N
IB

 1:32 ± 1 1:34 ± 2 - - 

b-PIBSI-PEHA N
SI

/N
IB

 1:33 ± 1 1:32 ± 1 - - 

* Small shoulder on the peak at 3.4 ppm of the 1H NMR spectrum of m-PIBSI-Octylamine made 

the calculation of the N
SI

/N
IB

 ratio inaccurate. 

 

UV-Visible spectrophotometer. UV-Vis spectroscopy was also used to further confirm the 

chemical composition of PIBSA and help substantiate further the proposal that interactions 

between the PIBSI-dispersants were responsible for the discrepancies found between the 
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NSA/NIB ratios for PIBSA by FTIR, 1H NMR, and GPC analysis and the NSI/NIB ratio found for 

all b-PIBSI dispersants by FTIR and 1H NMR. To this end, PIBSA was reacted with 1-

pyrenemethylamine (PyNH2) to yield m-PIBSI-PyNH2. Using the molar absorbance coefficient 

of 1-pyrenemethylsuccinimide in THF found to equal 44,535 M1 cm1 at 344 nm, the pyrene 

content and thus the succinimide content of m-PIBSI-PyNH2 yielded an NSI/NIB ratio of 1:55 ± 

1, in agreement with the NSA/NIB ratio of 1:52 ± 4 found for PIBSA.29  

The advantage of using a pyrene derivative is that the absorbance of pyrene reflects the 

existence of pyrene-pyrene interactions.33 This is achieved by monitoring the ratio of the peak 

absorbance at 343 nm to that of the adjacent trough in Figure S2.5 to obtain the PA value. A PA 

value of 3.0 or greater suggests that no pyrene-pyrene interactions are present. A lower PA value 

indicates that pyrene aggregates exist. The absorption spectrum of a 0.14 g L m-PIBSI-PyNH2 

solution in THF corresponding to a pyrene concentration of 0.04 mmol L yielded a PA value 

of 3.04, confirming the absence of pyrene aggregates in THF. 

Since differences between the NSA/NIB ratio for PIBSA and the NSI/NIB ratio of all PIBSI-

dispersants observed by 1H NMR and FTIR spectroscopy were attributed to interactions 

between the PIBSI dispersants, solutions of m-PIBSI-PyNH2 were prepared under conditions 

that would mimic those encountered when acquiring a 1H NMR and FTIR spectrum.  To this 

end, m-PIBSI-PyNH2 was dissolved in deuterated chloroform at a same concentration as that 

used for 1H NMR (10 mg/mL) and the UV-Vis absorption spectrum was acquired. A PA value 

of 2.45 was obtained (Figure 2.7) suggesting the formation of m-PIBSI-PyNH2 aggregates in 

deuterated chloroform. Similarly, a solid paste of m-PIBSI-PyNH2 was applied on one of the 

walls of the UV-Vis cell to generate a polymer film similar to that used for the FTIR 
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experiments. The PA value for the film was equal to 1.71, confirming that m-PIBSI-PyNH2 

aggregates are also generated in the solid state (Figure 2.7). 

 

 

Figure 2.7. UV-Vis absorption spectra for a 0.04 mol L1 solution of m-PIBSI-PyNH2 in d-

chloroform (—) and m-PIBSI- PyNH2 in the solid state (- - -). 

 

It is noteworthy that since m-PIBSI-PyNH2 bears no free primary amine, the m-PIBSI-

PyNH2 aggregates are induced by polar interactions between the succinimide groups in the 

apolar chloroform and the PIB film. Although - interactions must certainly strengthen the 

association between the pyrene groups once the m-PIBSI-PyNH2 aggregates are being formed, 

pyrene being highly soluble in chloroform does not drive the association. The polar succinimide 

pendants are responsible for inducing the aggregation. The presence of residual amounts of 

primary and secondary amines for the PIBSI-dispersants prepared with polyamines other than 

HMDA increases the strength of these interactions, which lead to distorted signals in the FTIR 

and 1H NMR spectra. 
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Since all the techniques used to characterize the chemical composition of PIBSA 

converged on an NSA/NIB ratio of 1:52 ± 4 for PIBSA, corresponding to a chemical composition 

of 0.34 mmol of SA units per gram of PIBSA, reaction mixtures containing 0.17 mmol of 

polyamine per gram of PIBSA were used to conduct the synthesis of all the b-PIBSI dispersants 

prepared in this study.  The experiments conducted so far indicated that the characterization of 

the chemical composition of b-PIBSI dispersants by FTIR and 1H NMR spectroscopy was 

challenging since aggregation of the succinimide moieties promoted by the presence of amines 

distorted the 1H NMR and FTIR spectra.  This conclusion led us to investigate whether another 

technique would be better suited to determine the chemical composition of b-PIBSI dispersants. 

Since the b-PIBSI dispersants contain two fluorescent succinimide moieties and a number of 

secondary amines that are efficient quenchers of fluorescence, fluorescence quenching 

experiments were conducted on the b-PIBSI dispersants to determine whether the fluorescence 

signal of the succinimide units would be sensitive to the number of secondary amines in the 

polyamine core. 

Steady-State and Time-Resolved Fluorescence Measurements. The intrinsic fluorescence of 

PIBSA and some PIBSI dispersants has already been reported.32 Since secondary and primary 

amines are known to be efficient fluorescent quenchers,34 we investigated whether fluorescence 

experiments would provide information about the chemical composition of the PIBSI 

dispersants. To determine the best excitation and emission wavelengths to monitor the 

fluorescence of PIBSA and the b-PIBSI dispersants, the fluorescence spectra of these polymers 

were acquired at excitation wavelengths selected in the 250-420 nm range. The fluorescence 

spectra of the polymer solutions in THF were broad and structureless. For all samples, the 

emission shifted to higher wavelengths as the excitation wavelength was increased past 360 nm 
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(Figure 2.8).  This behaviour indicates that PIBSA and the b-PIBSI dispersants contain more 

than one chromophore and that changing the excitation wavelength enables the photoselection 

of different chromophores. Since the b-PIBSI dispersants contained a fluorescent succinimide 

group, the fluorescence of the b-PIBSI dispersants was also compared to that of N-

methylsuccinimide (N-MSI). Excitation of N-MSI at different wavelengths resulted in a set of 

fluorescence spectra centered around the same emission wavelength confirming the excitation 

of a single chromophore. The position (max) and fluorescence intensity (Imax) at the 

fluorescence maximum were recorded and plotted on a same figure as a function of the 

excitation wavelength (ex) as shown in the insert of Figure 2.8. For all bPIBSI dispersants, as 

λex increased, λmax remained constant within experimental error and equal to 423 ± 5 for all 

samples before increasing rapidly with increasing λex for λex greater than 360 nm. This 

behaviour suggests that a main chromophore is photo-selected for λex values between 300 and 

360 nm, and that other chromophores are being excited at higher λex. For all b-PIBSI 

dispersants, the fluorescence intensity at the fluorescence maximum (Imax) in the fluorescence 

spectrum increased steadily with increasing λex until it passed through a maximum at λex = 360 

nm. For λex greater than 360 nm, Imax decreased continuously with increasing λex. The behaviour 

of Imax as a function of λex is the result of a number of effects such as changes in the molar 

absorbance coefficient of the chromophore in this range of λex values. Together the trends 

shown in Figure 2.8 suggest that excitation of the solutions of dispersant in THF yields a 

maximum fluorescence signal when excited at 360 nm. Consequently, this excitation 

wavelength was used for all experiments thereafter. 
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Figure 2.8. Steady-state fluorescence spectra of A) PIBSA (8 g/L), B) b-PIBSI-HMDA (8 g/L), 

C) bPIBSI-PEHA (8 g/L), and D) N-methyl succinimide (0.45 mol/L). (----) ex = 300 nm, 

(…) ex = 320 nm, (- - -) ex = 340 nm, (——) ex = 360 nm, (___  _) ex = 400 nm, and (___  _  _) ex 

= 420 nm in THF. Insert: Maximum peak intensity (Imax) (■) and maximum peak intensity 

wavelength (λmax) (□) versus excitation wavelength (λex). 
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Although a maximum in fluorescence intensity was found upon exciting the solutions 

of PIBSA and all b-PIBSI dispersants at λex = 360 nm, it was noticeable that the fluorescence 

of the PIBSA solution was blue shifted and weaker than that of the b-PIBSI-HMDA solution.  

Overlaying the fluorescence spectra of the 8 g/L solutions of b-PIBSI-HMDA, b-PIBSI-DETA, 

b-PIBSI-TETA, b-PIBSI-TEPA, and b-PIBSI-PEHA in Figure 2.9 clearly showed that the 

fluorescence intensity decreased with increasing number of secondary amines in the polyamine 

linker of the dispersant. Since secondary amines are known to be efficient fluorescence 

quenchers.33,34 the trends shown in Figure 2.9 indicate that b-PIBSI-HMDA with no secondary 

amine and b-PIBSI-PEHA with four secondary amines yield the highest and lowest 

fluorescence intensities, respectively. In turn, this photophysical effect might be beneficial to 

infer the chemical composition of a given b-PIBSI dispersant by comparing the decrease of its 

fluorescence intensity to that of b-PIBSI-HMDA. As a result, the photophysical properties of 

the series of b-PIBSI dispersants listed in Table 2.2 was investigated. 

The information contained in Figure 2.9 can be summarized by plotting the ratio of the 

fluorescence intensity of the unquenched emitter (i.e. b-PIBSI-HMDA) over that of the 

quenched emitters (i.e. the other b-PIBSI dispersants), namely the I0/I ratio, as a function of the 

number of secondary amines found in the polyamine linker. This was done in Figure 2.10. 

Within experimental error, the I0/I ratio was found to increase linearly with increasing number 

of secondary amines. 
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Figure 2.9. Top: Steady-state fluorescence spectra of (- - -) PIBSA and (—) b-PIBSI dispersants. Bottom: Time-resolved fluorescence 

decays. From top to bottom: b-PIBSI-HMDA, b-PIBSI-DETA, b-PIBSI-TETA, b-PIBSI-TEPA, and b-PIBSI-PEHA in A) dodecane, B) 

THF, and C) dodecanone. (CPIBSI = 8 g/L, λex = 360 nm, and em = 428 )

A) C) 

A) 

B) 

B) C) 
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More information about the nature of fluorescence quenching, particularly whether it is static, 

dynamic, or a mixture of both, can be obtained by conducting time-resolved fluorescence 

measurements. To this end, the fluorescence decays of the b-PIBSI dispersants were acquired 

using excitation and emission wavelengths of 360 and 428 nm, respectively. The corresponding 

fluorescence decays are shown in Figure 2.9. They were all strongly multiexponential. The 

decays were fitted with a sum of three-to-four exponentials and the number-average lifetime 

was determined (Equation 2.4). The pre exponential factors and decay times retrieved from this 

analysis are provided in SI (Tables S2.1-S2.4). The ratio 0/, where o and  are, respectively, 

the number-average lifetime in the absence and presence of secondary amines in the polyamine 

linker, was plotted as a function of the number of secondary amines in Figure 2.10. Here again, 

a linear increase in 0/, with increasing number of secondary amines was observed. The ratios 

I0/I and 0/ did not overlap however indicating that static quenching is taking place. 





n

i

i

n

i

ii aa
11

                                                         (2.4) 

 Static quenching occurs when interactions between fluorophore and quencher are 

present. These associations are likeliest to happen when secondary amines and fluorophores are 

located in close proximity within the macromolecule, again strongly suggesting that the 

succinimide moieties of the b-PIBSI dispersants are responsible for the fluorescence of the b-

PIBSI dispersants centered at 423  5 nm when exciting the solution at 360 nm. If one considers 

the volume Vcore defined by the two succinimide moieties and the polyamine linker, increasing 

the number of secondary amine quenchers in the polyamine spacer increases the local 

concentration of secondary amines in Vcore and thus, the efficiency of quenching as observed 

Figure 2.10. 
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Figure 2.10. Stern-Volmer plot for the quenching of b-PIBSI dispersants by secondary amines 

in A) dodecane, B) THF, and C) dodecanone. ((■) I0/I and (●) <>0/<>) 

 

The ability of amines at quenching the fluorescence of the succinimide units was confirmed by 

monitoring the quenching of N-MSI by butylamine (BUA), diethylamine (DEA), and 

triethylamine (TEA) in THF. As shown in Figure S2.6, the fluorescence intensity of N-MSI 

decreased strongly with increasing concentration of BUA, DEA, and TEA. Dynamic 

fluorescence quenching of N-MSI was also apparent in the fluorescence decays of N-MSI 

presented in Figure S2.6 that show a faster decay of N-MSI with increasing BUA, DEA, and 

TEA concentration. With the data collected for N-MSI in Figure S2.6, the I0/I and 0/ ratios 

were determined and plotted as a function of BUA, DEA, and TEA concentrations in Figure 

2.11. The trends obtained for the I0/I and 0/ ratios in Figure 2.11 are similar to those obtained 

with the b-PIBSI dispersants, the ratios showing a linear increase with increasing BUA, DEA, 

and TEA concentration. With all three amines, the I0/I ratio took larger values than the 0/ ratio 

demonstrating the existence of static quenching. The only difference between the plots shown 

A) C) B) 
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in Figures 2.10 and 2.11 is that quenching occurs intramolecularly with the b-PIBSI dispersants 

and intermolecularly with N-MSI. The similarity of the trends obtained strongly suggests that 

the secondary amines in the polyamine linker of the b-PIBSI dispersants are quenching the 

fluorescent succinimide moieties connecting PIB to the polyamine. 

 

 

 

 

 

 

 

Figure 2.11.Stern-Volmer plot for the quenching of N-MSI by A) BUA, B) DEA, and C) TEA 

in THF. ((□) I0/I and (○) <>0/<>) 

 

 In order to describe the quenching experiments more quantitatively, Scheme 2.3 was 

introduced. In Scheme 2.3, a chromophore M forms a complex MQ in the presence of a 

quencher molecule Q with an equilibrium constant KS. The absorption of a photon by the 

uncomplexed chromophore M present in solution with a molar fraction f generates the excited 

species M*, which can either fluoresce with a lifetime o or be quenched by diffusive encounter 

with Q with a rate constant kQ. A molar fraction 1–f of the chromophore M is also present in the 

form of the complex MQ in the solution. Excitation of the complex MQ results in no 

fluorescence, as the excited chromophore M* is quenched instantaneously due to its 

A) C) B) 
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complexation with Q. Scheme 2.3 yields Equations 2.5 and 2.6 that describe the 0/ and I0/I 

ratios, respectively. 

 

Scheme 2.3. Photophysical processes undergone by chromphore M subject to static and 

dynamic quenching.35 

 

 The quencher concentration [Q] in Equations 2.5 and 2.6 represents either the local 

concentration of secondary amines in the volume defined by the polyamine linker of the b-

PIBSI dispersants, or the concentration of BUA, DEA, and TEA in the N-MSI solution. The 

product kQ×0 represents the efficiency of dynamic quenching. It will be referred to as KD (= 

kQ×o) hereafter. Using this nomenclature, the slope of the plot between the I0/I ratio and [Q] 

yields the sum Kapp SD), whereas the slope of the plot between the 0/ ratio and [Q] 

yields KD. Consequently, the constants KS and KD could be estimated from the slope of the 

straight lines shown in Figures 2.10 and 2.11. Their values are listed in Tables 2.3 and 2.4. 

 

][1 0
0 QkQ  




    (2.5) 
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The quenching experiments were conducted in dodecane, dodecanone, and THF for the 

b-PIBSI dispersants.  In the case of b-PIBSI in THF and dodecane, KS/(KS+KD) is about twice 

larger than KD/(KS+KD) demonstrating the importance of static quenching in these experiments. 

The introduction of a carbonyl group by using dodecanone instead of dodecane reduces the 

ability of the secondary amines to bind to the succinimides. As expected, the KS/(KS+KD) ratio 

decreased from 0.68 ± 0.01 in dodecane to 0.58 ± 0.02 in dodecanone. 

 

Table 2.3. 0, KD, and Ks values derived from the Stern-Volmer plots for b-PIBSI shown in 

Figure 2.11.
 
 

Solvent 
0 

(ns) K
D
 K

S
 K

S
/K

app
 K

D
/K

app
  

Dodecane 4.8 
0.38 

(± 0.00) 

0.82 

(± 0.01) 

0.68 

(± 0.01) 

0.32 

(± 0.00) 

THF 4.4 
0.34 

(± 0.01) 

0.63 

(± 0.01) 

0.65 

(± 0.01) 

0.35 

(± 0.01) 

Dodecanone 4.5 
0.29 

(± 0.01) 

0.41 

(± 0.01) 

0.58 

(± 0.02) 

0.42 

(± 0.01) 

 

Due to solubility issues in dodecane and dodecanone, quenching of N-MSI by BUA, 

DEA, and TEA was solely conducted in THF. In the case of BUA and DEA, the KS/(KS+KD) 

ratio took values of 0.36 ± 0.00 and 0.30 ± 0.00, respectively. The KS/(KS+KD) value was 

slightly higher for BUA in comparison to DEA probably due to the ability of BUA to H-bond 

more strongly to b-MSI. Interestingly, the KS/(KS+KD) ratio decreased from 0.36 ± 0.00 for 
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BUA to 0.09 ± 0.00 for TEA which could not H-bond with N-MSI, thus confirming the nature 

of the interactions between the succinimide groups and the secondary and primary amines. 

Finally, kQ was found to increase according to the sequence BUA < DEA< TEA. 

The results obtained thus far suggest that the fluorescent succinimide moieties 

constituting the b-PIBSI dispersants are quenched efficiently by secondary amines. Hydrogen 

bonding between the succinimide carbonyls and the secondary amine protons leads to static 

quenching whose magnitude increases linearly with the number of secondary amines present in 

the polyamine linker joining two PIB chains. 

 

Table 2.4. Data obtained from Stern-Volmer plot with the N-MSI in presence of BUA, DEA, 

and TEA in THF. 

Name 
0 

(ns) kQ 

(Mns) 
K

D
 (M) K

app
 (M) K

S
/K

app
 K

D
/K

app
 

NMSI+BUA 10.1 
1.60 

(± 0.00) 

16.00 

(± 0.01) 

25.14 

(± 0.02) 

0.36 

(± 0.00) 

0.64 

(± 0.00) 

N-MSI+DEA 10.1 
1.74 

(± 0.02) 

17.44 

(± 0.02) 

25.17 

(± 0.01) 

0.30 

(± 0.00) 

0.70 

(± 0.00) 

N-MSI+TEA 10.1 
2.28 

(± 0.00) 

22.81 

(± 0.00) 

25.08 

(± 0.02) 

0.09 

(± 0.00) 

0.91 

(± 0.00) 

 

The linear relationship found to exist between the I0/I and 0/ratios and the moles of 

secondary amines in the polyamine spacer of the b-PIBSI dispersants is expected to provide a 

novel analytical method toward the characterization of the chemical composition of b-PIBSI 

dispersants. Based on the linear Stern-Volmer plot shown in Figure 2.10, the amines content of 

an unknown b-PIBSI dispersant could now be determined by measuring its fluorescence 

intensity I and average life time and comparing them to the corresponding I0 and 0 values 
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obtained with b-PIBSI-HMDA dispersant prepared with the same PIBSA unit used to prepare 

the unknown b-PIBSI dispersant. 

 Conclusions 

The chemical composition of several PIBSI dispersants prepared with different molar ratios of 

PIBSA and hexamethylene diamine was characterized quantitatively by using a combination of 

GPC and FTIR analysis.  This study confirmed that the existence of hydrogen bonds between 

the secondary amines of the polyamine spacer and the succinimide carbonyls of b-PIBSI 

dispersants represents a serious impediment to the characterization of the chemical composition 

of these dispersants by standard 1H NMR and FTIR spectroscopies. By contrast, the procedure 

combining GPC and FTIR analysis enabled the determination of appropriate reaction conditions 

to prepare a series of five b-PIBSI dispersants with polyamine linkers having a well-defined 

number of secondary amines. 

 Having established that techniques such as 1H NMR and FTIR provide unreliable 

information about the chemical composition of b-PIBSI dispersants, steady-state and time-

resolved fluorescence quenching experiments were carried out on the five b-PIBSI dispersants 

prepared with a known number of secondary amines in the polyamine linker to investigate 

whether the fluorescence emitted by the succinimide groups present in the b-PIBSI dispersants 

would respond to the number of secondary amines of a given b-PIBSI dispersant.  As the 

number of secondary amines was increased in the polyamine linker used to prepare the 

dispersants, the fluorescence intensity I and average lifetime  of the b-PIBSI dispersants were 

found to decrease.  Stern-Volmer plots of the ratios I0/I and 0/ as a function of the number of 

secondary amines showed a linear behavior suggesting that fluorescence quenching 

measurements can provide a reliable measure of the secondary amine content of a given b-
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PIBSI dispersant. This result should be of high practical interest to scientists involved in the 

design of dispersants used as oil-additives. 
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3 Chapter 3 

 

 

 

Chemical Modification of Polyisobutylene 

Succinimide Dispersants and Characterization of 

their Associative Properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 



 

 87 

 Overview 

The secondary amines found in b-PIBSI dispersants prepared by attaching two polyisobutylene 

chains to a polyamine core via two succinimide moieties were reacted with ethylene carbonate 

(EC). The reaction generated urethane bonds on the polyamine core to yield the modified b-

PIBSI dispersants (Mb-PIBSI). Five dispersants were prepared by reacting two molar 

equivalents (meq) of polyisobutylene terminated at one end with a succinic anhydride moiety 

(PIBSA) with one meq of hexamethylenediamine (HMDA), diethylenetriamine (DETA), 

triethylenetetramine (TETA), tetraethylenepentamine (TEPA), and pentaethylenehexamine 

(PEHA) to yield the corresponding b-PIBSI dispersants. Characterization of the level of 

secondary amine modification for the Mb-PIBSI dispersants with traditional techniques such 

as FTIR and 1H NMR spectroscopies was greatly complicated by interactions between the 

carbonyls of the succinimide groups and unreacted secondary amines of the Mb-PIBSI 

dispersants. Therefore, an alternative procedure was developed based on fluorescence 

quenching of the succinimides by secondary amines and urethane groups. The procedure took 

advantage of 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. While EC modification did not proceed for b-PIBSI-

DETA and b-PIBSI-TETA certainly due to steric hindrance, 60 and 70% of the secondary 

amines found in the longer polyamine core of b-PIBSI-TEPA and b-PIBSI-PEHA had reacted 

with EC as determined by the fluorescence quenching analysis. Furthermore, the ability of the 

Mb-PIBSI dispersants to adsorb at the surface of carbon black particles used as mimic of the 

carbonaceous particles typically found in engine oils was compared to that of their unmodified 

analogs. 



 

 88 

 Introduction 

Dispersants have been extensively used as oil additives since the 1950s. They are designed to 

improve engine oil performance and decrease fuel consumption and pollution emission.1-3 Their 

purpose is to decrease soot aggregation, a process that can thicken the oil to the point where it 

generates sludge that prevents the flow of oil. Soot and sludge are carbon-rich and/or metallic 

in nature and result from the incomplete oxidation of fuel during ignition. Soot or ultrafine 

particles (UFPs) are smaller than 100 nm in diameter, but they aggregate over time into large 

particles (LPs) with a diameter on the order of 1 µm to minimize exposure of their polar surface 

to the oil.4,5 The formation of LPs can cause engine failure through wear and oil blockage. 

Dispersants adsorb onto the surface of UFPs, stabilizing them by a steric or electrostatic 

mechanism, which reduces the aggregation of UFPs into LPs.1,5,6 

 Metallic and ashless dispersants are two types of commonly used oil additives. Metal-

containing dispersants have a good dispersancy capacity but the presence of metals can lead to 

the production of insoluble solids upon degradation. These solid salts actually add to the sludge 

problem. The other type of dispersants is referred to as ashless dispersants. Unlike metallic 

dispersants, ashless dispersants do not leave any ashes or embers in the engine.1 

Polyisobutylene succinimide (PIBSI) dispersants are the most common ashless dispersants used 

in the oil industry today and were initially developed in 1966.7-10 They are constituted of a 

polyamine head and a PIB stabilizing tail. For a given succinimide dispersant, a higher number 

of secondary amines in the polyamine head results in better adsorption of the dispersant onto 

the polar surface of UFPs, but the basic polyamine linker of PIBSI dispersants compromises 

their compatibility with the fluorocarbon elastomers that are used as engine seals and this issue 

represents a challenging problem to the industry.3,6,11,12 
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A number of approaches have been introduced to reduce the basicity of dispersant 

amines such as their modification with boric acid or ethylene carbonate.12-14 Although such 

capping agents generally improve the compatibility of the dispersants with engine seals and the 

other compounds of the oil formulation, capping makes the dispersants less efficient. The 

preparation of modified bis-polyisobutylene succinimide dispersants (Mb-PIBSI) begins by 

generating the non-modified PIBSI dispersant as follows. Reaction of a polyisobutylene chain 

terminated at one end with a succinic anhydride group (PIBSA)9,15,16 with a polyamine 

terminated at both ends with two primary amines in a 1:2 polyamine:PIBSA ratio generates bis-

PIBSI (b-PIBSI) dispersants.17-19 The b-PIBSI dispersants can be post-modified with reactants 

such as boric acid or ethylene carbonate to generate Mb-PIBSI. While these reactions have been 

reported in the literature for decades, a recent report has established that the characterization of 

b-PIBSI dispersants remains challenging by techniques based on FTIR or 1H NMR 

spectroscopies due to complications caused by interactions generated between the succinimide 

groups and secondary amines of b-PIBSI dispersants.20 

Interestingly the same study also found that the inherent fluorescence of the succinimide 

groups in the b-PIBSI dispersants was efficiently quenched by secondary and tertiary amines, 

and that the quenching efficiency increased linearly with increasing number of secondary 

amines in the polyamine linker used to prepare the b-PIBSI dispersants. Since chemical post-

modification of b-PIBSI dispersants is a common practice in the oil additive industry, and 

considering the challenges associated with the characterization of the chemical composition of 

b-PIBSI dispersants with traditional techniques, this report investigates the extent to which 

fluorescence quenching of the succinimide groups found in b-PIBSI dispersants could provide 

information about the chemical composition of Mb-PIBSI dispersants. To this end, Mb-PIBSI 
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dispersants were prepared by ethylene carbonate post-modification of b-PIBSI dispersants and 

the ability of FTIR, 1H NMR, and fluorescence at providing quantitative information about their 

chemical composition was assessed. 

The chemical composition and structure of the dispersants are known to influence the 

reduction in sludge formation. The adsorption isotherms analysis can provide information on 

how effectively different dispersants bind onto the surface of carbon black particles (CBPs) 

used as mimics of UFPs.18,21-23 The adsorption isotherms of a series of PIBSI dispersants have 

been determined in apolar hexane earlier and the results showed an increase in the association 

strength of the dispersant with increasing number of secondary amines in the polyamine core.18 

The present study compares the adsorption isotherms of b-PIBSI and Mb-PIBSI dispersants 

onto CBPs by using the inherent fluorescence of the succinimide groups.  The results indicate 

that EC-post-modification of b-PIBSI dispersants lowers their ability to bind onto CBPs. It 

confirms that a trade-off must be reached between the reduction in secondary amine basicity 

through EC modification of b-PIBSI dispersants and their ability to latch onto the surface of 

UFPs.  

 Experimental 

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

grade, 98.5%, EMD), deuterated chloroform (CDCl3, 99.8%, Cambridge Isotope Laboratory 

Inc.), tetrahydrofuran (THF, HPLC grade, Caledon), dodecane (anhydrous, 99%, Sigma-

Aldrich), ethyl ether (anhydrous, 99% Sigma-Aldrich), ethyl acetate (HPLC, 99.7% 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), 

http://www.dow.com/amines/prod/ethyl-teta.htm
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pentaethylenehexamine (PEHA, technical grade), dibutylamine (DBA, 99.5%), octylamine 

(99%), N-methyl succinimide (N-MSI, 99%), butylamine (BUA, 99%), diethylamine (DEA, 

99.5%), triethylamine (TEA, 99.5%), ethylene carbonate (EC, 98%), magnesium sulfate 

anhydrous (97%), and activated charcoal (100 mesh) 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 at a polymer concentration of about 10 

mg/mL in CDCl3. 

Fourier Transform Infrared (FTIR). A Bruker Tensor 27 FTIR spectrometer was used to 

acquire all FTIR spectra with an absorbance smaller than unity to avoid saturation of the 

detector. Polymer solutions prepared in CDCl3 were deposited drop-wise onto a NaCl FTIR 

plate. The solvent was evaporated under a stream of nitrogen leaving behind a thin polymer 

film. 

UV-Visible Spectrophotometer. Absorbance measurements were conducted on a Cary 100 UV-

Visible spectrophotometer. Absorption spectra were acquired between 200 and 600 nm with 

quartz cells having path lengths of 0.1, 1, or 10 mm.  

Steady-State Fluorescence. A Photon Technology International (PTI) LS-100 steady-state 

fluorometer was used to acquire the fluorescence spectra. The instrument was equipped with an 

Ushio UXL-75Xe Xenon arc lamp and a PTI 814 photomultiplier detection system. The 

emission spectra were excited at 360 nm and acquired from 365 to 600 nm. 

Time-Resolved Fluorescence. All solutions were excited at 360 nm with a 340 nm nano-LED 

light source fitted onto an IBH time-resolved fluorometer to acquire their fluorescence decays 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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at 428 nm. Fluorescence decay analysis included light scattering and background corrections. 

The sum of exponentials shown in Equation 3.1 was applied to fit the fluorescence decays of 

the b-PIBSI dispersants. 

 





exp

1

)/exp()(

n

i

ii tati      (3.1) 

 

 In Equation 3.1, nexp represents the number of exponentials used in the decay analysis 

and the parameters ai and i represent the amplitude and decay time of the ith exponential, 

respectively. The decay fits were deemed satisfactory if the 2 value was smaller than 1.30 and 

the residuals and the autocorrelation of the residuals were randomly distributed around zero.  

Synthesis of 2-Hydroxyethyl N,N-Dibutyl Carbamate. 2-Hydroxyethyl N,N-dibutyl carbamate 

(HEDBC) was prepared by reacting one molar equivalent of dibutylamine (DBA) with a slight 

excess of ethylene carbonate (EC) according to Scheme 3.1.  

 

N
H

CH3 CH3 N

O O

OH

CH3
CH3O

O
O

110 oC
+

 

Scheme 3.1. Reaction of dibutylamine (DBA) and ethylene carbonate (EC). 

 

 DBA (4.0 g, 31 mmol) and EC (2.8 g, 32 mmol) were added in a two neck round bottom 

flask capped with a water condenser. The reaction was carried out without solvent under 

nitrogen at 110C for 20 hours. The product mixture was dissolved in 100 mL of diethyl ether, 

and extracted with 100 mL of HCl (1 M) solution. Unreacted EC partitioned into the aqueous 

layer whereas the carbamate products stayed in the organic layer. Magnesium sulfate anhydrous 
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was used to dry the ether fraction and was removed by filtration. Column chromatography with 

silica gel was performed to isolate the desired product. A 1:1 ratio of hexane and ethyl acetate 

solution was used as the eluent and the products were separated. Three different compounds 

were found in the organic layer. The 1H NMR spectra of the desired compound obtained after 

separation via column chromatography is shown as Supporting Information in Figure S3.1. 

Comparison of the spectra of DBA and HEDBC indicates that the peak of the methylene 

protons 1 of the butyl groups next to the nitrogen shifted from 2.5 to 3.15 ppm. Proton 1 of 

HEDBC is also broader since the amine proton of DBA is substituted by the more rigid 

carbamate group in HEDBC. New peaks appeared at 2.8, 3.8, and 4.2 ppm. The triplet at 2.8 

ppm represented the alcohol proton while the peaks at 3.8 and 4.2 ppm were assigned to the 

methylene protons α and β to the alcohol, respectively.  

Synthesis of the Polyisobutylene Succinimide (PIBSI) Dispersants. The polyisobutylene 

succinimide (b-PIBSI) dispersants were prepared from the reaction of one molar equivalent 

(meq) of different polyamine derivatives with two meq of PIBSA as described in Scheme 3.2. In 

the current study, hexamethylenediamine (HMDA), diethylenetriamine (DETA), 

triethylenetetramine (TETA), tetraethylenepentamine (TEPA), and pentaethylenehexamine 

(PEHA) were used as polyamines and their chemical structure is given in Table 3.1. All b-

PIBSI dispersants were synthesized according to Scheme 3.2 based on a procedure that has 

been described in detail in an earlier publication.18,20 
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Table 3.1. Chemical structures of the amine derivatives used to prepare the b-PIBSI dispersants. 

Polyamine Chemical Structure 

Hexamethylenediamine (HMDA) H2N-(CH2CH2)3-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 
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Scheme 3.2. Synthesis and modification of succinimide dispersants. 

 

Successful reaction was confirmed by comparison of the FTIR absorption of de-

hydrated PIBSA (Trace A) with that of the b-PIBSI dispersant (Trace B) in Figure 3.1. The 

FTIR spectrum of PIBSA shows an absorption band at 1785 cm−1
 due to the carbonyl groups of 

succinic anhydride (SA). After reaction, the absorption at 1785 cm−1
 disappeared and a new 

peak appeared at cm in Trace B due to the succinimide carbonyls. 
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Figure 3.1. FT-IR spectra of A) dehydrated PIBSA, B) b-PIBSI-PEHA, and C) Mb-PIBSI-

PEHA. 

 

Modification of the Polyisobutylene Succinimide (Mb-PIBSI) Dispersants. The post-

modification of all b-PIBSI dispersants was conducted in the same manner and is described in 

detail for b-PIBSI-PEHA. b-PIBSI-PEHA (0.50 g, 77 mol) and EC (0.14 g, 1.54 mmol) were 

mixed with a 1:5 excess molar ratio of secondary amines-to-EC. The mixture was then 

dissolved in xylene (1.00 g, 1.14 mL) and TEA (0.50 g, 0.69 mL). The modification reaction 

was carried out in a sealed reaction vessel since EC tends to evaporate at the temperature used 

for the modification reaction. Furthermore, the reaction mixture was degassed with nitrogen for 

15 minutes before the reaction and after each sampling of the reaction mixture made to monitor 

the reaction progress. After degassing, the mixture was heated to 160 oC and kept at this 

temperature for 24 hrs. Aliquots were withdrawn over time through a rubber septum tightly 

fastened to the reaction vessel to follow the reaction progress. After completion, the reaction 

A) 

B) 

C) 
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product was washed with 20 mL of distilled water three times. Finally the product was dried in 

a vacuum oven at 70 oC overnight. 

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 Polyanalytik column. Tetrahydrofuran (THF) was used as the solvent at a flow rate of 1.0 

mL/min. All samples were filtered using 0.2 μm 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), 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. 

 The GPC trace obtained for PIBSA, b-PIBSI-PEHA, and Mb-PIBSI-PEHA are shown 

in Figure S3.2. PIBSA eluted at an elution volume (Vel) of 25 mL. GPC analysis of the product 

of the reaction between 1 molar equivalent (meq) of a polyamine like PEHA and 2 meq of PIBSA 

yielded a main peak in Figure S3.2 that was shifted to a lower elution volume (Vel = 23 mL) as 

compared to PIBSA, reflecting the expected increase in molecular weight. From the overlaying 

of the GPC traces obtained for b-PIBSI-PEHA (trace B) and Mb-PIBSI-PEHA (trace C) in 

Figure S3.2, it could be concluded that modification of the PIBSI dispersants with EC did not 

affect their molecular weight distribution (MWD). 
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 Results and Discussion 

In this study, fluorescence was used as an analytical method to characterize the level of 

modification of Mb-PIBSI dispersants in terms of the number of unreacted secondary amines 

per gram of dispersant. This characterization method took advantage of the fluorescence of the 

succinimide moieties found in the Mb-PIBSI dispersants and the fact that they are being 

quenched with a different efficiency by secondary amines and urethane groups.20,24-27 

Furthermore, by using the inherent fluorescence of the succinimide groups, the adsorption 

isotherm of b-PIBSI and Mb-PIBSI dispersants onto carbon black particles (CBPs) were 

obtained to determine the effect that the chemical composition of the polar core has on the 

adsorption of the dispersants. The chemical composition and adsorption of the oil soluble 

dispersants b-PIBSI-DETA, b-PIBSI-TEPA, b-PIBSI-PEHA, Mb-PIBSI-TEPA, and Mb-

PIBSI-PEHA onto CBPs were studied in dodecane. These experiments are described hereafter. 

Proton Nuclear Magnetic Resonance (1H NMR). PIBSA was used as the starting material in 

the synthesis of Mb-PIBSI. PIBSA was reacted with DETA, TETA, TEPA, and PEHA to 

produce a series of b-PIBSI dispersants which were post-modified with EC to generate Mb-

PIBSI. The 1H NMR spectra of PIBSA, b-PIBSI-TEPA, and Mb-PIBSI-TEPA are shown in 

Figure S3.3. In the spectrum of PIBSA presented in Figure S3.3A, the peaks at 2.6 and 3.3 ppm 

represent the protons in the succinic anhydride ring. After reaction with a polyamine, these 

peaks shifted to 2.5 and 3.0 ppm in Figure S3.3B, and new peaks appeared at 2.8 and 3.5 ppm 

representing the ethylene protons in the polar core of the b-PIBSI dispersant. In all polymer 

samples, the peaks at 1.1 and 1.4 ppm (not shown in Figure S3.3) represent, respectively, the 

methylene and the methyl protons of the PIB backbone obtained in a 1:3 ratio. The peak at 5.5 

ppm was found for all polymer samples and might be due to the presence of vinyl groups 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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generated during the Alder-ene reaction of PIBSA. The sharp peaks at 2.25 and 2.3 ppm in 

Figure S3.3C are due to traces of xylene. The assignment of the 1H NMR spectrum of Mb-

PIBSI-TEPA (Figure S3.3C) was done by comparing it to that of HEDBC (Figure S3.1). The 

two peaks at 3.8 and 4.2 ppm found in the 1H NMR spectrum of Mb-PIBSI-TEPA correspond 

to the methylene protons in the carbamate side chain, with a same chemical shift as that found 

in the 1H NMR spectrum of HEDBC in Figure S3.1. In the spectrum of MbPIBSITEPA, the 

peak at 2.8 ppm was reduced and the peak at 3.5 ppm was enlarged as the environment of the 

methylene protons in the α position to the central carbamate became similar to that of the 

methylene protons in the α position to the succinimide groups. Based on 1H NMR, modification 

of b-PIBSI-DETA and b-PIBSI-TETA was inefficient, showing no peak at 3.8 and 4.2 ppm 

after reaction with EC as shown in Figures S3.4A and B. The fact that modification was 

successful with b-PIBSI-TEPA and b-PIBSI-PEHA (Figures S3.4C and D) which both have a 

longer, and thus more accessible, polyamine spacer suggests that the absence of reaction 

observed with b-PIBSI dispersants having a shorter linker might be the result of steric 

hindrance.  

 In an ideal case, when all secondary amines have reacted, 1H NMR spectroscopy can be 

used to determine the exact yield of the modified dispersants. But in practice, there remain some 

unreacted secondary amines in the polyamine linker that might cause aggregation due to H-

bonding between the secondary amine protons and the succinimide carbonyls, and lead to 

distortion by broadening of the 1H NMR peaks due to slower tumbling. Equation 3.2 was 

applied to calculate the modification yield of b-PIBSI dispersants by using the number of 

urethane moieties (NUR) generated in the polyamine linker per number of isobutylene monomers 

(NIB). 
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 According to our previous paper,20 the ratio of succinimide moiety to NIB in a b-PIBSI 

molecule equals 1:52 for b-PIBSI dispersants, but distortion of the 1H NMR spectra due to 

aggregation of the dispersants resulted in an apparent 1:32 ratio based on integration of the 1H 

NMR peaks. Thus (NUR/NIB)Ideal in Equation 3.2 equals 
2

m
(NSI/NIB) where m represents the 

number of secondary amines in the polymer linker and NSI/NIB equals 1:52 or 1:32 assuming 

that aggregation of the dispersants does not or does occur, respectively. Assuming no 

aggregation, reaction yields of 106 ± 2 % and 95 ± 1 % were calculated for Mb-PIBSI-TEPA 

and Mb-PIBSI-PEHA, respectively, suggesting complete modification of the secondary amines 

of the polyamine linker. On the other hand, reaction yields of 66 ± 2 % and 62 ± 2 % were 

calculated for Mb-PIBSI-TEPA and Mb-PIBSI-PEHA, respectively, assuming aggregation of 

the dispersant and using the apparent NSI/NIB ratio equalled to 1:32. As it turns out, the 

fluorescence quenching experiments described later on demonstrate unambiguously that 

complete modification of the secondary amines did not occur, but that partial modification of 

the secondary amines took place in a proportion similar to what was determined by 1H NMR 

assuming aggregation of the modified dispersants. 

Fourier Transform Infrared (FTIR). The FTIR spectra were obtained for the b-PIBSI and Mb-

PIBSI dispersants. The peak at 1705 cm characteristic of the succinimide or carbamate 

carbonyls was monitored in terms of its band intensity Imax (with respect to the signal at 1390 

cm) and full width at half maximum (FWHM). The results presented in Table 3.2 showed that 
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b-PIBSI-DETA, b-PIBSI-TETA, b-PIBSI-TEPA, and b-PIBSI-PEHA have a larger Imax and 

FWHM in comparison to b-PIBSI-HMDA due to intermolecular aggregation induced by H-

bonding between the secondary amines of the spacer and the succinimide carbonyls (Figure 3.1 

and Table 3.2).20 Furthermore, the FTIR results for Mb-PIBSI-DETA and Mb-PIBSI-TETA did 

not show any changes in Imax and FWHM within experimental error when compared to their 

unmodified analogs as expected since 1H NMR analysis indicated that EC modification did not 

proceed with these two samples. The FTIR results for Mb-PIBSI-TEPA and Mb-PIBSI-PEHA 

indicated that Imax and FWHM for the peak at 1705 cm became larger after modification 

(Figure 3.1 and Table 3.2). This analysis confirmed the successful modification of the b-PIBSI 

dispersants prepared with a longer polyamine linker observed by 1H NMR. The increase in Imax 

and FWHM results from the increased number of carbonyl groups found in the polar core of 

these dispersants after EC modification. The summary of the Imax and FWHM values for the b-

PIBSI dispersants before and after modification are shown in Table 3.2. 

 

Table 3.2. Maximum peak intensity (
)cm  (1390 I

 )cm  (1705 I
1-

max

-1
max

) and full width half max (FWHM) values 

calculated from FTIR spectrum.  

Polymer 
)cm  (1390 I

 )cm  (1705 I
1-

max

-1
max

 

FWHM Polymer 
)cm  (1390 I

 )cm  (1705 I
1-

max

-1
max

 

FWHM 

b-PIBSI-HMDA 0.35 13    

b-PIBSI-DETA 0.54 14 Mb-PIBSI-DETA 0.49 15 

b-PIBSI-TETA 0.53 16 Mb-PIBSI-TETA 0.51 16 

b-PIBSI-TEPA 0.49 16 Mb-PIBSI-TEPA 0.64 26 

b-PIBSI-PEHA 0.52 20 Mb-PIBSI-PEHA 0.65 35 
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Steady-State and Time-Resolved Fluorescence Measurements. Fluorescence was applied to 

estimate the level of modification of the Mb-PIBSI dispersants. The intrinsic fluorescence of 

the succinimide groups has been shown to be efficiently quenched by the secondary amines of 

the polyamine spacer of b-PIBSI dispersants.20 Since the EC modification of b-PIBSI 

dispersants replaces the secondary amines of the b-PIBSI polyamine linker by urethane 

functions, the ability of a urethane group to quench the fluorescence of succinimide moieties 

was determined by monitoring the fluorescence of N-methyl succinimide (N-MSI) as a function 

of 2-hydroxyethyl N,N-dibutyl carbamate (HEDBC) concentration in THF. Figure 3.2A for the 

steady-state fluorescence spectra and Figure 3.2B for the time-resolved fluorescence decays 

showed that addition of up to 0.3 M HEDBC to the N-MSI solution resulted in a smaller than 

50% decrease in the fluorescence intensity (I) and number average lifetime <>.20 By 

comparison, quenching of the fluorescence of N-MSI by 0.3 M diethylamine (DEA) would have 

resulted in a much more pronounced 88% decrease in I and a 78% reduction in <>.20 The pre-

exponential factors and decay times retrieved from the multiexponential analysis of the 

fluorescence decays have been reported in Table S3.1 in Supporting Information (SI). The 

spectra and decays shown in Figures 3.2A and B were then used to determine the ratios I0/I and 

<>0/<> which were then plotted as a function of HEDBC concentration in Figure 3.2C. I0 and 

<>0 represent the fluorescence intensity and number average lifetime of N-MSI in the absence 

of HEDBC. The trends obtained in Figure 3.2C with I0/I and <>0/<> yield similar straight 

lines which suggested that little static quenching occurred contrary to what was observed for 

the quenching of N-MSI by DEA.20 The similar lines observed for the I0/I and <>0/<> trends 

reflect the absence of static quenching and thus aggregation between MSI and HEDBC. It also 

indicates that the propensity of the hydroxyl proton of HEDBC to H-bond with the carbonyls 
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of N-MSI is much weaker than the amine proton of DEA. The slope obtained for <>0/<> in 

Figure 3.2C can be used to determine the quenching rate constant (kQ) found to equal 2.5 ± 

0.2×108 M.s, 7 times smaller than the kQ value of 17.4 ± 0.2×108 M.s obtained for the 

quenching of N-MSI by DEA indicating that the urethane moiety of HEDBC constitutes a much 

weaker quencher for N-MSI compared to the secondary amine group of DEA. The substantial 

reduction in quenching observed from DEA to HEDBC should lead to obvious changes in the 

fluorescence response of the succinimide moieties found in the b-PIBSI dispersants after 

modification of their secondary amines by EC. 

 

   

Figure 3.2. A) Steady-state fluorescence spectra and B) fluorescence decay of N-MSI quenched 

with HEDBC in THF. C) Stern-Volmer plot for the quenching of N-MSI with HEDBC ((■) I0/I 

and (●) <>0/<>) and DEA ((□) I0/I and (○) <>0/<>) in THF. From top to bottom: The 

HEDBC concentrations in Figures 3.2A and 3.2B varied from 0 M to 0.3 M. (CNMSI 0.45 

mol/L, ex = 360 nm, em = 428 nm). 

 

 This was indeed observed in Figure 3.3A and B where the fluorescence intensity 

increased after modification of the b-PIBSI dispersants with EC. However the increase in 

fluorescence intensity shown in Figure 3.3A and B was quite minor compared to what would 
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have been expected based on the reduction in fluorescence quenching observed in Figure 3.2C 

upon replacing a secondary amine by a urethane group. In fact, the complete modification of 

the secondary amines in the linker into urethane groups should have resulted in an increase in 

the fluorescence intensity of MbPIBSITEPA and Mb-PIBSI-PEHA corresponding to 81% 

and 77% of the fluorescence intensity of b-PIBSI-HMDA shown as a reference in Figure 3.3. 

The fact that this was not observed led to the conclusion that not all secondary amines in b-

PIBSI-TEPA and b-PIBSI-PEHA had been modified upon reaction with EC. This conclusion 

was further supported by the visual inspection of the fluorescence decays of MbPIBSI-TEPA 

and Mb-PIBSI-PEHA, which showed hardly any difference with the dispersants before 

modification.   

 The fluorescence spectra and decays shown in Figures 3.3A–D were analyzed to 

determine the corresponding fluorescence intensity I and number average lifetime <> for Mb-

PIBSI-TEPA and Mb-PIBSI-PEHA. The pre-exponential factors and decay times retrieved 

from the decay analysis have been listed in Table S3.2.  Using b-PIBSI-HMDA as a reference 

for the I0 and <>0 values of unquenched succinimide groups in b-PIBSI dispersants as done in 

an earlier publication,20 the ratios I0/I and <>0/<> for the two modified dispersants were 

plotted in Figure 3.4 as a function of the number of secondary amines in the linker, along the 

I0/I and <>0/<> ratios which were obtained earlier for the unmodified dispersants b-PIBSI-

DETA, b-PIBSI-TETA, b-PIBSI-TEPA, and b-PIBSI-PEHA.20 The same trends were obtained 

in dodecane, THF, and dodecanone. The <>0/<> ratios showed minor differences for the 

dispersants before and after modification. The I0/I ratios showed more substantial changes but 

took values that were much larger than unity, contrary to what was expected if the EC 

modification had been complete. 



 

 104 

  

  

Figure 3.3. Steady-state fluorescence spectra (A and B) and time-resolved fluorescence decays 

(C and D). From top to bottom A) and C): b-PIBSI-HMDA, Mb-PIBSI-TEPA, and b-PIBSI-

TEPA dispersants in dodecane and B) and D): b-PIBSI-HMDA, Mb-PIBSI-PEHA, and b-

PIBSI-PEHA dispersants in dodecane. (λex = 360 nm, em = 428 nm) 

  

 

A) 
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B) 
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b-PIBSI-HMDA 

 b-PIBSI-TEPA 

             = 

Mb-PIBSI-TEPA 
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Figure 3.4. (●) I0/I and (■) <>0/<> of b-PIBSI dispersants and (○) I0/I and () <>0/<> of 

Mb-PIBSI dispersants versus number of secondary amines, in A) dodecane, B) THF, and C) 

dodecanone.  

 

 The poor recovery in fluorescence signal observed after the EC modification of the 

polyamine linkers was attributed to the incomplete transformation of the secondary amines in 

the linker into the urethane groups. In turn, the unreacted secondary amines could H-bond 

effectively with the carbonyls of the succinimide and urethane groups, resulting in a substantial 

static quenching as observed from the different I0/I and <>0/<> ratios. The I0/I ratio probes 

both the static and dynamic quenching of the succinimide groups and its expression is provided 

in Equation 3.3. Because I0/I responds to both types of quenching, it is much more sensitive 

than the ratio <>0/<> that is influenced by dynamic quenching only. Therefore, the I0/I ratio 

was selected to probe the effect that EC modification of the PIBSI secondary amines would 

have on the efficiency of quenching. 

 

A) C) B) 

I 0
/I

 a
n

d
 <
>

0
/<
>

 

I 0
/I

 a
n

d
 <
>

0
/<
>

 

I 0
/I

 a
n

d
 <
>

0
/<
>

 



 

 106 

)][)1(][(1 00
0 QKQK

I

I M
SVSV     (3.3) 

 

 In Equation 3.3, I0 and I represent the fluorescence intensity of b-PIBSI-HMDA and 

that of the modified dispersants, respectively. The constants KSV (= KS+KD) and KM
SV are the 

Stern-Volmer constants resulting from dynamic (KD) and static quenching (KS) of the 

unmodified and modified dispersants, respectively. [Q]0 corresponds to the local concentration 

of secondary amines in the unmodified b-PIBSI dispersant and is equal to m/Vcore where m and 

Vcore are, respectively, the number of secondary amines (m) in the polyamine spacer of the 

dispersant and the core volume (Vcore) which is assumed to be the same for our dispersants. The 

fraction α represents the molar fraction of unreacted secondary amines in the polyamine linker 

remaining after EC modification. The fraction α after EC modification was retrieved by 

rearranging Equation 3.3 into Equation 3.4. 
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 In Equation 3.4, 
core

SV

V

K
is the slope of the plot I0/I versus the number of amines obtained 

for unmodified dispersants shown in Figure 3.4. 
core

SV

V

K
 was found to equal 0.96 ± 0.01 for the 

b-PIBSI dispersants in THF, but the ratio 
SV

M

SV

K

K
 in Equation 3.4 is unknown. Therefore, K’ 

whose expression is given in Equation 3.5 was used to calculate α. K’ can be approximated by 
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taking the ratio of HEDBC
SVK for HEDBC to DEA

SVK  for DEA obtained in THF whose values have 

been listed in Table 3.3. This derivation takes advantage of the similarity in chemical 

composition between DEA and the secondary amines in the polyamine linker of the b-PIBSI 

dispersants on the one hand and between HEDBC and the urethane groups on the other hand. 

Based on the data listed in Table 3.3, the K’ value was found to equal 0.079 ± 0.001. 
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Table 3.3. Ksv constants obtained from Stern-Volmer plot resulting from quenching of N-MSI 

by DEA, TEA, and HEDBC in THF. 

Name KSV (M1) 

DEA 25.17 ± 0.01 

TEA 25.08 ± 0.02 

HEDBC 1.98 ± 0.02 
 

 Application of this procedure to the I0/I ratios shown in Figure 3.4 for Mb-PIBSI-TEPA 

and Mb-PIBSI-PEHA yielded an α value in Equation 3.4 of 0.4 and 0.3, respectively, suggesting 

that 60± 1 and 70 ± 1 % of the secondary amines had reacted (Table 3.4). Incidentally, this 

conclusion agrees remarkably well with the findings by 1H NMR that 66 ± 2 and 62 ± 2 % of 

all secondary amines in the polyamine linker of, respectively, Mb-PIBSI-TEPA and Mb-PIBSI-

PEHA had reacted when assuming that dispersant association took place in solution and 

assuming an apparent NSI/NIB ratio of 1:32. The fact that none of the one and two secondary 

amines in the linker of, respectively, b-PIBSI-DETA and b-PIBSI-TETA reacted with EC, and 

that about one of the three secondary amines of b-PIBSI-TEPA and one of the four secondary 
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amines of b-PIBSI-PEHA did not react with EC strongly suggests that steric hindrance as well 

as H-bonding with succinimide carbonyls must contribute to lowering the extent of EC 

modification. This conclusion agrees with all experimental evidence obtained thus far such as 

the difficulty in using 1H NMR and FTIR to determine the extent of modification in the Mb-

PIBSI dispersants due to the existence of strong H-bonds, and the fluorescence quenching 

experiments that clearly demonstrate that not all secondary amines have reacted with EC. The 

higher reactivity of the secondary amines of Mb-PIBSI-PEHA is attributed to their better 

accessibility to, and thus better reactivity with EC. 

 

Table 3.4. Number of unreacted secondary amines and level of modification for Mb-TEPA 

and Mb-PEHA in THF determined by fluorescence quenching measurements. 

Dispersant # of unreacted secondary 

amines 

Level of Modification 

Mb-PIBSI-TEPA 1.21 ± 0.04  60 ± 1% 

Mb-PIBSI-PEHA 1.13 ± 0.03  70 ± 1% 

 

Adsorption of b-PIBSI Dispersants onto Carbon Black Particles. After having characterized 

the extent of EC modification applied to the b-PIBSI dispersants, the adsorption of the oil-

soluble dispersants b-PIBSI-DETA, b-PIBSI-TEPA, b-PIBSI-PEHA, Mb-PIBSI-TEPA, and 

Mb-PIBSI-PEHA onto carbon black particles (CBPs) used as models for the ultrafine particles 

(UFPs) generated in engine oil was investigated in dodecane. Since the construction of 

adsorption isotherms always requires the knowledge of the quantity of unbound ligand, earlier 

reports used the absorption of a pH-indicator to determine the concentration of secondary 

amines, and thus dispersant molecules in the solution.18,19 But since pH-indicators are usually 

water-soluble weak acids or bases that cannot dissolve in hexane, the procedure required a 
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change of solvent from hexane where the adsorption measurements were conducted to THF 

where the unbound dispersant concentration was determined from the absorption response of 

the pH-indicator. By contrast, fluorescence of the succinimide groups of the dispersants offers 

a means to determine the concentration of unbound dispersant in the same solvent where the 

adsorption measurements were carried out, down to extremely low dispersant concentrations 

by taking advantage of the extraordinary sensitivity of fluorescence. 

A number of precautions needed to be taken when conducting these fluorescence 

experiments. First, while absorption is an absolute measurement, fluorescence only provides 

quantitative information with respect to a reference. Consequently, all the fluorescence 

measurements on dispersant solutions were benchmarked against the fluorescence signal of a 

standard which was a 2.8×10 M 1-pyrenemethanol solution in methanol that was degased, 

sealed, and kept in the dark for the duration of these experiments. Second, a small fraction of 

the succinimide chromophore was found to photobleach upon irradiation in the 

spectrofluorometer. While photobleaching could not be detected after acquisition of a single 

fluorescence spectrum, repeated irradiation for successive acquisitions of  fluorescence spectra 

led to a noticeable decrease in fluorescence intensity. Consequently, each dispersant solution 

was discarded after the acquisition of its fluorescence spectrum.  

Following this procedure, calibration curves were generated by plotting the fluorescence 

intensity of the solution normalized to that of the standard against the concentration of PIBSI 

dispersant. The calibration curves are shown in Figure S3.5. The slope of these lines could be 

used as a massic fluorescence coefficient (MFC) to retrieve the concentration of an unknown 

b-PIBSI dispersant. Table 3.5 lists the values of the MFCs obtained for the b-PIBSI dispersants. 

As the secondary amine content of the spacer increased, the MFC decreased as expected since 
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secondary amines were found to quench the succinimide fluorescence.20 EC modification 

increased the MFC of the modified dispersants Mb-PIBSI-TEPA and Mb-PIBSI-PEHA to a 

level close to that of bPIBSI-DETA. This result is reasonable since those two modified 

dispersants were found to retain one unreacted secondary amine (Table 3.5) making their 

secondary amine content similar to that of b-PIBSI-DETA. 

 

Table 3.5. Summary of the massic fluorescence coefficients (MFC) calculated from steady-

state measurements in dodecane. (λex = 360 nm) 

Polymer 
MFC 

 (L. g1) 
Polymer 

MFC 

(L.g1) 

b-PIBSI-DETA 16.6 ± 0.5   

b-PIBSI-TEPA 14.1 ± 0.2 Mb-PIBSI-TEPA 17.1 ± 0.0 

b-PIBSI-PEHA 8.6 ± 0.1 Mb-PIBSI-PEHA 15.5 ± 0.7 

  

 The MFCs could be used to determine the concentration of unbound dispersants in the 

adsorption experiments which were conducted as follows. A 3 g/L dispersant solution was 

prepared in dodecane and masses of 0.01 to 0.4 g of CBPs were added to the solutions. The 

solutions were agitated at room temperature for 24 hrs, long enough for the solutions to reach 

equilibrium.18 The solids were then filtered through 0.2 m Millipore Teflon filters and each 

sample was weighed to determine the solution volume from the known density of dodecane 

(0.78 g.mL1). The fluorescence emission of the b-PIBSI and Mb-PIBSI dispersant solutions 

were measured at 420nm and it was converted to the concentration of unbound dispersant Ceq 

using the corresponding MFC value. The amount of adsorbed dispersant at equilibrium per unit 

surface of CBPs () expressed in mol/m2 was calculated using Equation 3.6,  
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       (3.6) 

 

where C0 and Ceq represent the initial dispersant concentration and the equilibrium 

concentration of unbound dispersant after adsorption, respectively, V is the volume of the 

solution, m is the mass of CBPs, and A (= 764 m2/g) is the surface area of the CBPs.18 

 Two concentration regimes could be identified for the adsorption isotherms of the 

bPIBSI dispersants onto the CBPs as shown in Figure 3.5. At low Ceq, binding of dispersant 

molecules occurs at single sites on the CBPs surface. As those sites become occupied, additional 

surfactant molecules adsorb on top of already adsorbed dispersant molecules leading to 

multilayer coverage of the CBPs that is associated with the precipitous increase in  observed 

for larger Ceq values (Ceq > 400 mmol/m3) in Figure 3.5. Consequently, the binding equilibrium 

constant of the b-PIBSI dispersants onto single sites at the surface of CBPs could be determined 

from the analysis of the  values in the concentration regime corresponding to low Ceq 

values.19,25 

 

 
Figure 3.5. Adsorption isotherms of (●) b-PIBSI-PEHA, (○) Mb-PIBSI-PEHA, (♦) b-PIBSI-

TEPA, (◊) Mb-PIBSI-TEPA, and (■) b-PIBSI-DETA dispersants in dodecane. 
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 The binding isotherms Γ of b-PIBSI-DETA, b-PIBSI-TEPA, and b-PIBSI-PEHA are 

shown in Figure 3.5 where Γ was plotted as a function of Ceq to study the contribution of the 

different polyamine spacers on adsorption. For all three dispersants, the adsorption isotherm or 

the amount of dispersant adsorbed onto the CBPs increased as more dispersant was added to 

the solutions. For a given concentration of free dispersant in dodecane, b-PIBSI-DETA had the 

largest amount of dispersant adsorbed onto the CBPs, followed by b-PIBSI-TEPA and b-PIBSI-

PEHA. 

Comparison of the adsorption isotherms of the different PIBSI dispersants was 

conducted with the Langmuir model, which only handles the binding of the dispersants at low 

coverage of CBPs. To this end, Equation 3.7 was applied. In Equation 3.7, Γmax is the maximum 

amount of dispersant adsorbed per unit area and K is the binding constant of the adsorption 

process. 
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 Γmax and K were retrieved by rearranging Equation 3.7 into Equation 3.8. The simple 

Langmuir model could not fit the whole concentration range shown in Figure 3.5 for b-PIBSI-

DETA, b-PIBSI-TEPA and b-PIBSI-PEHA since multiple binding regimes were observed from 

the low to high end of the Ceq range. Therefore, Equation 3.8 was only used to fit the linear 

region of Figure 3.6A corresponding to the larger 1/Ceq values as shown in Figure 3.6B. 
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Figure 3.6. Plot of 1/Γ-vs-1/Ceq for A) entire concentration range and B) fitted concentration 

range for (●) b-PIBSI-PEHA, (♦) b-PIBSI-TEPA, and (■) b-PIBSI-DETA dispersants in 

dodecane. 

 

 The Γmax and K values retrieved by fitting the data shown in Figure 3.6B with Equation 

3.8 are listed in Table 3.6. The results indicate that the binding constant K increased strongly 

with the number of secondary amines in the polar core of b-PIBSI dispersants. The amount of 

dispersant needed to saturate the adsorption sites Γmax decreased with increasing number of 

amines. Based on the K values, these trends indicate that the binding of the dispersants is more 

efficient when the dispersants contain a higher number of secondary amines. 

 

 

 

 

 

 

 

 

A) B) 
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Table 3.6. Γmax and K values retrieved by fitting the data shown in Figures 3.6 and 3.7 with 

Equation7. 

Dispersant Solvent Γmax×1010 (mol/m2) K (m
3/mol) 

b-PIBSI-DETA dodecane 464 ± 29 54 ± 1 

b-PIBSI-TEPA dodecane 233 ± 6 268 ± 1 

b-PIBSI-PEHA dodecane 211 ± 6 412 ± 1 

Mb-PIBSI-TEPA dodecane 260 ± 1 239 ± 1 

Mb-PIBSI-PEHA dodecane 307 ± 8 130 ± 1 

 

 The binding isotherms of b-PIBSI-TEPA and b-PIBSI-PEHA were also compared to 

those given in Figure 3.7 for Mb-PIBSI-TEPA and Mb-PIBSI-PEHA, respectively. The results 

in Table 3.6 indicate that the binding constant K decreased for b-PIBSI-TEPA and b-PIBSI-

PEHA after modification. Urethane groups were found to decrease the drive of Mb-PIBSI 

dispersants to adsorb on the surface of CBPs. Since Mb-PIBSI-PEHA had a higher fraction of 

modified secondary amines, the decrease was more pronounced for Mb-PIBSI-PEHA than for 

Mb-PIBSI-TEPA. The amount of dispersant needed to saturate the adsorption sites Γmax 

increased after modification. In effect, EC modification of b-PIBSI-TEPA and b-PIBSI-PEHA 

generated dispersants whose adsorption onto CBPs was more akin to that of b-PIBSI-DETA 

with smaller and larger K and Γmax values compared to the values obtained with the non-

modified dispersant analogues. Overall, these trends indicate that the binding of the dispersants 

onto CBPs is more efficient before modification as expected, since the purpose of the 

modification is to decrease the basicity of the solution and not increase the ability of the 

dispersants to adsorb onto carbonaceous particulate matter. 
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Figure 3.7. Plot of 1/Γ-vs-1/Ceq for A) (♦) b-PIBSI-TEPA and (◊) Mb-PIBSI-TEPA, and B) 

(▲) b-PIBSI-PEHA and (Δ) Mb-PIBSI-PEHA dispersants in dodecane. 

 

 Conclusions 

Four b-PIBSI dispersants were prepared and the secondary amines in their polyamine core were 

modified by reaction with ethylene carbonate (EC). Successful modification of the dispersants 

was assessed by visual inspection of the 1H NMR and FTIR spectra, but quantitative analysis 

of these spectra to extract the extent of secondary amine modification was complicated by 

inherent distortions of the spectra due to H-bonding between unreacted secondary amines and 

succinimide carbonyls. The existence of unreacted secondary amines in the polyamine core of 

the Mb-PIBSI dispersants was unambiguously demonstrated by fluorescence measurements. 

As demonstrated in an earlier report,20 secondary amines quench the fluorescence of 

succinimide groups very efficiently. However, quenching of succinimide moieties by urethane 

groups is much less efficient. Consequently, complete modification of secondary amines with 

EC was expected to result in a substantial increase in succinimide fluorescence for the Mb-

A) B) 
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PIBSI dispersants. This increase in fluorescence intensity would have been 216 and 271 % for 

Mb-PIBSI-TEPA and Mb-PIBSI-PEHA, respectively. Instead, a rather low 42 and 71 % 

increase in fluorescence intensity was observed for Mb-PIBSI-TEPA and Mb-PIBSI-PEHA, 

respectively. This result led to two conclusions. First, a substantial fraction  of secondary 

amines did not react with EC during the modification reaction. Second, fluorescence quenching 

experiments with the succinimide moieties should enable the determination of the level of 

modification of the b-PIBSI dispersants. 

 With this in mind, the fluorescence signal retrieved from the partially modified Mb-

PIBSI dispersants was analyzed to account for the reduction in fluorescence quenching 

experienced by the succinimide pendants when secondary amines were replaced by urethane 

groups. This analysis took advantage of the similarity in chemical structure between small 

organic molecules (DEA and HEDBC) and the secondary amines and urethane species found 

in the polyamine linker. The Stern-Volmer (KSV) constants obtained for the quenching of N-

methyl succinimide by DEA and HEDBC were used to estimate the KSV constant for the 

quenching of succinimide groups in Mb-PIBSI dispersants by urethane functions.  In turn, this 

information was used to determine that 60 and 70% of the secondary amines of b-PIBSI-TEPA 

and b-PIBSI-PEHA, respectively, had reacted with EC. This result was in good agreement with 

an estimate of the level of secondary amine modification obtained by 1H NMR assuming 

association of the Mb-PIBSI dispersants in solution. The partial reaction of the secondary 

amines was attributed to steric hindrance due to the presence of the bulky succinimide and 

urethane groups as well as H-bonding between secondary amine protons and succinimide 

carbonyls. 
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 After having quantified the extent of modification in the Mb-PIBSI dispersants, their 

ability to adsorb onto the surface of carbon black particles (CBPs), used as mimics of the 

carbonaceous ultrafine particles (UFPs) found in engine oils, was compared to that of their 

unmodified analogs. The binding constants retrieved for the Mb-PIBSI dispersants were smaller 

than those of the unmodified dispersants suggesting that the modification had reduced their 

ability to act as colloidal stabilizers in oil. Together, these results illustrate that fluorescence 

quenching experiments can be employed to quantify the level of EC modification in b-PIBSI 

dispersants and how this modification affects the ability of dispersants to stabilize the UFPs 

generated in engine oils. 
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4 Chapter 4 

 

Quantifying the Level of Intermacromolecular 

Interactions in Ethylene-Propylene Copolymers by 

Using Pyrene Excimer Formation 
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 Overview 

A unique methodology based on fluorescence measurements is introduced to quantitatively 

measure the actual level of interpolymeric association between ethylene-propylene (EP) 

copolymers used as viscosity index improvers (VIIs) in engine oils. To this end, two EP 

copolymers, one amorphous (EP(AM)) and the other semicrystalline (EP(SM)), were maleated 

and then fluorescently labeled with 1-pyrenemethylamine and 2-(2-naphthyl)ethylamine to 

yield Py-EP and Np-EP, respectively. Successful maleation and fluorescence labeling were 

confirmed by Fourier transform infrared (FTIR) spectroscopy. The level of crystallinity of the 

EP copolymers were inferred from FTIR, carbon nuclear magnetic resonance (13C NMR), and 

differential scanning calorimetry (DSC) experiments. The solution behaviour of the EP 

copolymers was characterized by conducting intrinsic viscosity measurements as a function of 

temperature, to define the temperature range where fluorescence studies should be conducted. 

Fluorescence resonance energy transfer (FRET) experiments were used to demonstrate the 

existence of interpolymeric associations, but a quantitative measure of the actual level of 

association, such as the molar fraction of interpolymeric interaction (finter) between EP 

copolymers, could not be determined by FRET. However, taking advantage of the fact that the 

fluorescence intensity ratio IE/IM of excimer-to-monomer is directly proportional to the local 

pyrene concentration [Py]loc of a pyrene-labeled polymer, a quantitative measure of the actual 

level of intermolecular association was obtained by measuring the IE/IM ratio. The results 

showed that finter of pyrene-labeled EP(SM) increased upon decreasing the temperature and 

increasing the polymer concentration, as would have been expected from such a polymer. This 

result suggests that pyrene excimer formation provides a reliable method to quantitatively 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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determine finter for EP copolymers used as VIIs, an information which is otherwise difficult to 

extract from standard FRET experiments. 

 Introduction 

Engine oils provide the necessary lubrication between the moving parts of engines, and as a 

result, are vital to all internal combustion powered vehicles. Viscosity index improvers (VIIs), 

dispersants, detergents, antioxidants, and antiwear components are chemicals that are 

deliberately added to engine oils to enhance oil performance during the operation of engines.1 

In particular, VIIs are added to the oil to reduce the inherent decrease in oil viscosity that occurs 

with increasing temperature. Without VIIs, the oil would be too thin at high temperature to 

properly coat the engine parts, thus undermining its lubricating purpose, and too viscous to flow 

at low temperature, resulting in the lack of lubrication and possible ceasure 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.2-4 

Thus, VIIs play a key role in substantially enhancing the oil efficiency and durability while 

providing maximum engine protection.5,6 

 Synthetic polymers such as polymethacrylates, ethylene-propylene copolymers (EP), 

and hydrogenated styrene-diene copolymers have been used as VIIs by taking advantage of the 

unique polymer coil expansion undergone by these polymers with increasing solution 

temperature.4,7-9 Among these polymers, EP copolymers were first introduced as a lubricant 

additive by Exxon in the late 1960s.10 The ethylene-to-propylene ratio in EPcopolymers defines 

the quality of such a polymer as a VII.7 High ethylene contents of 50-70 mol% provide optimum 

oil thickening and oxidative stability.11 However, at low temperature, such high ethylene 

contents lead to polymer crystallization and thus insolubility, and strong interactions with wax, 
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an ubiquitous component of base oils.11 Despite these drawbacks, semicrystalline 

EPcopolymers are being used as VIIs due to their ability to undergo coil expansion with 

increasing temperature. As a matter of fact, an oligoethylene sequence within a semicrystalline 

EP copolymer will crystallize at low temperature and form dense crystalline microdomains, 

resulting in polymer coils having small hydrodynamic volumes (Vh). Increasing the solution 

temperature melts the crystalline microdomains, which 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 coil leads to a viscosity increase. 

Therefore, the decrease in engine oil viscosity that follows an increase in temperature is 

mitigated by the expansion of the polymer coils associated with the melting of the crystalline 

microdomains. By comparison, the change in Vh with temperature is less sudden and more 

progressive for amorphous EP copolymers so that the viscosity of their solution is less affected 

by temperature.  The effect of the ethylene content of an EP copolymer on the temperature 

dependency of Vh has been well documented.3,4 

 So far, the variation of Vh with temperature has been discussed in terms of an 

intramolecular phenomenon happening with semicrystalline EPcopolymers. However the 

formation of microcrystals in solution indicates that polymer-polymer interactions are favored 

over polymer-solvent interactions. In other words, the polymer becomes less soluble, a 

condition which normally leads to uncontrolled interpolymeric aggregation and eventually 

precipitation of the polymer. In the case of an engine oil, precipitation of a VII from the oil 

would have catastrophic consequences on the lubrication performance of the oil. These 

observations lead to the conclusion that the characterization of the extent of polymeric 

associations in solution, and the study of the chemicals known to affect them, is of paramount 
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interest to the oil-additive industry. One of the tools most commonly applied to probe 

intermolecular associations is fluorescence resonance energy transfer (FRET), which explains 

its intensive use to study polymeric systems.2,12-14 Since an excited donor (D) can only transfer 

its energy to a ground-state acceptor (A) if the distance separating D from A (dD-A) is less than 

twice the Förster radius (Ro), which is itself less than 10 nm for any given D-A pair, evidence 

of FRET between a D and an Alabeled macromolecule provides strong evidence for 

intermacromolecular interactions. The strength of these interactions can be inferred 

qualitatively from the FRET efficiency (EFRET) with EFRET taking values between zero and unity 

depending on how dD-A averaged over all D-A pairs compares to Ro. Interestingly, a quantitative 

measure of the actual level of association, such as the molar fraction (finter) of macromolecules 

involved in intermolecular associations, is rarely provided when FRET is used, probably 

because of the complex relationship that exists between efficiency of energy transfer (EFRET) 

and the distribution of dD-A values when D and A are subject to Brownian motions in solution, 

as well as the unavoidable contamination of the acceptor fluorescence signal by direct excitation 

of the acceptor. 

 By comparison, we provide herein evidence that finter can be determined in a simple and 

straightforward manner from the fluorescence intensity ratio IE/IM of excimer-to-monomer 

obtained from the fluorescence spectrum of pyrene-labeled macromolecules. These 

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

upon encounter with a ground-state pyrene.15 Since the fluorescence intensity ratio IE/IM is 

directly proportional to the local pyrene concentration [Py]loc, an increase in IE/IM reflects an 

increase in [Py]loc that would follow from intermolecular associations.16-20 Comparison of the 

IE/IM ratio obtained at low and high pyrene concentrations when pyrene excimer formation 
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occurs, respectively, intra- and intermolecularly yields finter which can be used to probe the level 

of interpolymeric interactions. This study describes how these concepts can be applied to 

determine finter for two EP copolymers. 

 Experimental 

Chemicals. Acetone (HPLC grade), dodecane (anhydrous, 99%), toluene (HPLC, 99.9%), 

biphenyl (99%), maleic anhydride (98%), succinic anhydride (99%), N-methyl succinimide (N-

MSI, 99%), 2-(2-naphthyl)ethylamine hydrochloride (NpC2H4NH2 HCL, 97%), 

1pyrenemethylamine hydrochloride (PyCH2NH2 HCL, 95%), dimethyl sulfoxide-d6 (DMSO-

d6, 99.9 %), dichloromethane (DCM, 99.8%), 1,1,2,2-tetrachloroethane-d2 (TCE-d2), sodium 

acetate (anhydrous), and tert-butyl peroxide (98%) were purchased from Sigma-Aldrich and 

were employed without further purification. Acetic acid (99.7 %, reagent) was purchased from 

Fischer Scientific. Two ethylene-propylene copolymers were supplied by Afton. One was 

semicrystalline and the other was amorphous. They were referred to as EP(SM) and EP(AM), 

respectively. 

Fourier Transform Infrared (FTIR). All FTIR spectra were obtained with a Bruker Tensor 27 

FTIR spectrophotometer. Polymer solutions prepared with toluene were deposited drop wisely 

onto a sodium chloride (NaCl) FTIR plate. The solvent was evaporated under a stream of 

nitrogen leaving behind a thin polymer film. All the samples had an absorbance of less than 

unity to optimize the signal-to-noise ratio. 

Gel Permeation Chromatography (GPC). Weight- and number-average molecular weights and 

polydispersity indices (PDI) were determined with a Polymer Char high-temperature gel 

permeation chromatograph (GPC) instrument at 145 °C using a flow rate of 1 mL/min of 1,2,4-

trichlorobenzene (TCB).21 The GPC instrument was equipped with the three following 
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detectors placed in series, namely a differential refractive index, 15o angle light scattering, and 

differential viscosity detectors. The GPC instrument was also calibrated with polystyrene 

standards having a narrow molecular weight distribution. 

UV-Visible Spectrophotometer (UV-Vis). Absorbances were measured on a Cary 100 UV-Vis 

spectrophotometer with quartz cells having a 0.1-10 mm path length. Absorbances were 

measured in the 200–600 nm wavelength range. 

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. To avoid the inner filter effect 

when acquiring the fluorescence spectra, a triangular cell was used for front-face geometry 

measurements at polymer concentrations of 10 g.L. For concentrations of 0.01 and 0.1 g.L, 

a square cell was used to acquire the fluorescence spectra with the right-angle geometry. All 

solutions were degassed for 30-40 minutes under a gentle flow of N2 to remove oxygen.  

Depending on whether the fluorescence experiments were targeting a naphthalene or pyrene 

chromophore, the solutions were excited at a wavelength of 290 or 344 nm, and the emission 

spectra were acquired from 300 to 550 nm or 350 to 600 nm, respectively. The fluorescence 

measurements were also carried out at temperatures ranging from 30 ( 0.2) °C to +25 

(0.2)°C using a cryostat from Oxford Instruments (Optistat DN) placed in the steady-state 

fluorometer. Before each measurement, the solutions were heated to room temperature to erase 

all pre-association history before bringing the solution to the desired temperature. After the set 

temperature of the cryostat had been reached, the solution was left in the cryostat for 10 min 

before any fluorescence spectrum was acquired. 
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Time-Resolved Fluorescence. An IBH time-resolved fluorometer with a 290 and 340 nm nano-

LED light source was used to acquire the fluorescence decays of naphthalene and pyrene, 

respectively. Light scattering and background corrections were applied to fit the fluorescence 

decays. The monomer and excimer fluorescence decay curves of the pyrene-labeled 

EPcopolymers were fitted globally with the fluorescence blob model (FBM) according to, 

respectively, Equations S1 and S2, which are given as Supporting Information (SI). The decay 

fits were considered good if the 2 value was smaller than 1.30 and the residuals and the 

autocorrelation of the residuals were randomly distributed around zero. 

Differential Scanning Calorimeter (DSC). DSC measurements were performed on a TA 

Q2000 calorimeter calibrated with indium (Tm = 156 oC). Samples containing approximately 6 

mg of material were weighed and sealed in crimped Tzero aluminum pans prior to analysis. An 

empty aluminum pan was used as the reference and the chamber was purged with nitrogen at a 

purge rate of 50 mL/min during analysis. Each sample underwent three temperature cycles: 

heating from 30 to +200 oC, cooling from +200 to 30 oC and heating from 30 to +200 oC. 

The temperature scanning rate for all cycles was 10 oC/min and the samples were allowed to 

equilibrate isothermally for 5 min between each cycle. 

Carbon Nuclear Magnetic Resonance (13C NMR). A Bruker 500 MHz high resolution NMR 

spectrometer was used to acquire the 13C NMR spectra of the EPcopolymers in TCE-d2 at 

120oC.21 A mass of 0.14 g of each sample was dissolved in TCE-d2 and the solution was placed 

in an NMR tube. The solution was homogenized by heating the NMR tube in a heating block 

at 120oC for a minimum of 4 hrs. The 13C NMR spectra of EP(SM) and EP(AM) are shown in 

Figure S4.1. 13C NMR was used to calculate the molar ethylene content of the EP copolymers 

using a well-documented procedure.22 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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Proton Nuclear Magnetic Resonance (1H NMR). A Bruker 300 MHz high resolution NMR 

spectrometer was used to acquire the 1H NMR spectra of the model compounds in DMSO-d6. 

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. 

Labeling of the EP Copolymers. The polymers were first maleated to yield EP-MA23 and then 

fluorescently labeled with PyCH2NH2 and NpC2H4NH2 to yield Py-EP-MA and Np-EP-MA, 

respectively,24 according to the protocols shown in Scheme 4.1. The synthesis of Py-EP-MA is 

described in more details hereafter. The EP copolymer (2 g) and biphenyl (60 g) were added 

into a two-neck round-bottom flask equipped with a condenser. The flask was heated to 160 C 

for 12hrs to ensure good dissolution of the polymers. After complete dissolution, tert-butyl 

peroxide (202 mg, 1.4 mmol) radical initiator was added along with maleic anhydride (MA) 

(61 mg, 0.8 mmol). The flask was heated to 180-190C and left to react under nitrogen for only 

4 hrs since longer reaction times led to crosslinking. After the reaction was completed, the hot 

biphenyl solution was poured into acetone to precipitate the polymer. The polymer was re-

dissolved in toluene and precipitated in acetone four times to ensure that no unreacted MA 

remained in the sample. The drying step was omitted for maleated samples as earlier attempts 

showed that the maleated samples crosslinked in the vacuum oven. 

 

 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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Scheme 4.1. Reaction scheme for A) the maleation of the EPcopolymer and the labeling of the 

maleated EP copolymers with B) pyrene and C) naphthalene.  

 

 

 Since the succinic anhydride of EP-MA is moisture sensitive and can react with water 

to yield less reactive succinic acid, dehydration of the succinic acid was carried out. To this 

end, purified EP-MA (1 g) and dodecane (60 mL) were placed in a two-neck round-bottom 

flask equipped with a dean-stark apparatus to remove the water generated during the 

dehydration conducted at 150-160oC for 10 hrs under nitrogen atmosphere. Successful 

dehydration was confirmed by FTIR spectroscopy (Figure 4.1B). After 10 hrs, PyCH2NH2 (185 

mg, 0.8 mmol) prepared from PyCH2NH2 HCl according to a published procedure24 was added 

to the reaction vessel and the temperature was kept at 180 °C for another 12 hrs. After the 

reaction was complete, the reaction mixture was poured into acetone to precipitate out the 

pyrene-labeled polymer. The precipitate was redissolved in toluene to be precipitated in acetone 

five more times to remove any unreacted PyCH2NH2. The final product was dissolved in 

A) 

 

B) 

 

 

C) 
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toluene and kept in solution to avoid crosslinking of the sample in the dry state. Full conversion 

of the succinic anhydride (SAH) groups into succinimides after labeling with PyCH2NH2 was 

also confirmed by FTIR spectroscopy (Figure 4.1C). A similar procedure was also used to label 

EP-MA with NpC2H4NH2 (Scheme 4.1C and Figure 4.1D).  

Synthesis of 1-Pyrenemethyl Succinimide (Py-MSI) and 2-(2-Naphthyl)ethyl Succinimide 

(NpESI). 1-Pyrenemethylamine hydrochloride (PyCH2NH2·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, PyCH2NH2 was extracted using hexanes (~100 mL) and deionized 

water.24 Finally, the extracted PyCH2NH2 was dried in a vacuum oven at 60 oC for 2-3 hrs.  

 

 
Figure 4.1. FTIR spectra of A) EP(SM), B) EP(SM)-MA, C) Py(116)-EP(SM), and D) 

Np(116)-EP(SM). 

 

A) 

 

B) 

 
C) 
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Succinic anhydride (214 mg, 2.14 mmol) was dissolved in a solution of acetic acid (13 

mL) and sodium acetate (629 mg, 7.68 mmol). Afterward, PyCH2NH2 (146 mg, 0.61mmol) was 

added to the mixture and placed in a round-bottom flask equipped with a water condenser. The 

solution was heated to 170-180 °C for 12 hrs. The product was then dissolved in toluene (30 

mL) and washed with Na2CO3 aqueous solution (1 M) 5-6 times followed by 3 water washes. 

Finally the organic layer was slowly evaporated under a gentle flow of nitrogen. The product 

was dried in a vacuum oven at 80-90 °C overnight. Py-MSI was further purified by column 

chromatography using a 70:30 mixture by volume of DCM:hexanes. A similar method was also 

used to synthesize the Np-ESI. The 1H NMR spectra of Np-ESI and Py-MSI are shown in Figure 

S4.2. 

 Results and Disscussion 

Considering the importance of characterizing the interpolymer interactions that take place 

between VIIs in an apolar solution, this study aimed to determine the extent to which 

fluorescence techniques can be applied to characterize the intermolecular associations taking 

place between fluorescently labeled EP copolymers in toluene as a function of temperature. 

How this was accomplished is described hereafter. 

Chemical Characterization of EPcopolymers. The FTIR spectra of EP(SM), EP(SM)-MA, 

Py(116)EP(SM), and Np(116)-EP(SM) were acquired and are shown in Figure 4.1. The 

absorption bands at 1462 cm and 1379 cm in the FTIR spectra of the EP copolymers are due 

to the methylene and methyl groups of the EP backbone, respectively. Since the FTIR spectrum 

of a partially hydrated EP-MA sample has two absorptions at 1710 cm−1and 1785 cm−1
 due to 

the carbonyl groups of succinic acid and SAH, respectively, FTIR was applied to ensure 

complete dehydration of EP-MA. After dehydration, the absorption at 1710 cm−1
 disappeared, 
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demonstrating that all succinic acids were converted back to their SAH form. The 

Py(116)EP(SM) and Np(116)-EP(SM) samples showed a new absorption peak at 1710 cm1 

due to the carbonyl groups of the succinimide ring, while the peak at 1785 cm1 disappeared 

due to the reaction of succinic anhydride with the amine group of the fluorescent derivatives 

(Scheme 4.1). No absorption was detected between 1600 and 1700 cm confirming the absence 

of amide and the formation of the succinimide. 

Normalization of the FTIR spectra at 1462 cm provided a simple means to determine 

the Abs(1379 cm1)/Abs(1462 cm1) ratio which, in turn, yielded a measure of the propylene 

content of the EPcopolymers. These ratios are listed in Table 4.1. Comparison of the 

Abs(1379cm1)/Abs(1462 cm1) ratios in Table 4.1 obtained for the maleated and fluorescently 

labeled EPcopolymers showed that the ratio did not change after the polymer had undergone 

the different chemical reactions. This observation led to the conclusion that the chemical 

composition of the EPcopolymers was not affected by maleation and the subsequent 

naphthalene and pyrene labeling. In Table 4.1, the number in the parenthese after Py or Np for 

the pyrene- and naphthalene labeled polymers refers to their dye content expressed in mol.g. 

 The 13C NMR spectra of EP(SM) and EP(AM) were also acquired and are shown in  

Figure S4.1. The ethylene content of the EP copolymers as calculated according to a published 

procedure.22 This analysis yielded ethylene contents of 78 and 60 mol% for EP(SM) and 

EP(AM), respectively. The ethylene content of EP(SM) was found to be larger than that of 

EP(AM), as expected, since a larger ethylene content results in a stronger semicrystalline 

character for an EP copolymer. 
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Table 4.1. Summary of the FTIR and GPC results for the EPcopolymers. 

Batch Polymer Type 
)1462(

)1379(
1

1





cmAbs

cmAbs

 

)1462(

)1790(
1

1





cmAbs

cmAbs

 

)1462(

)1710(
1

1





cmAbs

cmAbs

 

Mn 

(g/mol) 

Mw 

(g/mol) 

PDI 

(MW/Mn) 

1 

EP(AM) 0.80 - - 59,000 125,000 2.11 

EP(AM)-MA 0.79 0.22 - - - - 

Py(108)-EP(AM) 0.80 - 0.20 25,000 61,000 2.42 

2 

EP(AM) 0.80 - - 59,000 125,000 2.11 

EP(AM)-MA 0.82 0.26 - - - - 

Np(108)-EP(AM) 0.84 - 0.18 - - - 

3 

EP(SM) 0.55 - - 55,000 145,000 2.63 

EP(SM)-MA 0.55 0.23 - - - - 

Py(116)-EP(SM) 0.56 - 0.28 33,000 92,000 2.77 

3 

EP(SM) 0.55 - - 55,000 145,000 2.63 

EP(SM)-MA 0.55 0.21 - - - - 

Py(96)-EP(SM) 0.56 - 0.28 - - - 

4 

EP(SM) 0.55 - - 55,000 145,000 2.63 

EP(SM)-MA 0.57 0.26 - - - - 

Np(116)-EP(SM) 0.59 - 0.23 - - - 

5 

EP(SM) 0.55 - - 55,000 145,000 2.63 

EP(SM)-MA 0.54 0.11 - - - - 

Py(65)-EP(SM) 0.58 - 0.11 - - - 

  

 E arlier reports have shown how the SAH content of maleated EPcopolymers (EP-MA) 

can be determined by FTIR after establishing a calibration curve using mixtures of known 

quantities of the naked EP copolymer and methyl succinic anhydride.25 Unfortunately this 

method did not apply to EP(SM) and EP(AM) since aromatic solvents like toluene appeared to 

be the only solvents capable of solubilizing these EP copolymers at room temperature and 

methyl succinic anhydride was not soluble in toluene, therefore preventing the preparation of 
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homogenous mixtures in toluene of EPcopolymers and methyl succinic anhydride. 

Consequently, 1-pyrenylmethyl succinimide (PyMSI) and 2-(2-naphthyl)ethyl succinimide 

(Np-ESI) were synthesized as model compounds to estimate the SAH content of the EP-MA 

samples.  This estimate of the SAH content assumed that the labeling reaction of the maleated 

EP copolymer went to completion, a reasonable assumption based on the FTIR spectra shown 

in Figure 1. The molar extinction coefficient of the model compounds was then measured in 

toluene and THF based on their absorption spectra (Figures 4.2 and S4.3). A summary of the 

extinction coefficients of Py-MSI and Np-ESI at different wavelengths is given in Table 4.2. 

 

Table 4.2. Summary of the extinction coefficients for Py-MSI and Np-ESI in toluene and THF. 

Model Compound 
at 277 nm 

M1.cm1) 

at 290 nm 

M1.cm1) 

at 305 nm 

M1.cm1) 

at 344 nm 

M1.cm1) 

τm 

(ns)

Py-MSI 
Toluene * * 5,100±50 44,800±300 243 

THF 45,500±500 4,000±500 6,100±300 40,600±500 - 

Np-ESI 
Toluene * * 366±5 0 68 

THF 4,800±10 2,600±10 339±5 0 - 

* The absorption wall of toluene located between 280-290 nm prevents the determination of 

the molar absorbance coefficients at wavelengths lower than 290 nm. 
 

 The molar absorbance coefficients py and Np were found to equal 44,800 

(±340)M1.cm1 at 344 nm and 366 (±5) M1.cm1 at 305 nm for Py-MSI and Np-ESI in 

toluene, respectively. Since Np at 305 nm was about two orders of magnitude lower than py at 

344 nm, a 100 fold higher polymer concentration was required to measure the naphthalene 

content of the Np-EP samples (Figure 4.2).  

 High polymer concentrations however caused light scattering, and scattered light 

interferred with the absorbance peak at 305 nm. Furthermore, the naked EPcopolymers 
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themselves showed residual absorbance in the wavelength range where naphthalene absorbed 

which interferred further with the weak naphthalene absorbance at 305 nm (Figure 4.2B). This 

did not cause a problem for the pyrene-labeled EP copolymers since the much larger py value 

at 344 nm enabled the use of much smaller polymer concentrations (Figure 4.2A). 

Consequently, the determination of the naphthalene content of the polymers was not attempted 

and it was assumed to be similar to that of the corresponding Py-EP samples since they were 

prepared in a similar manner. Consequently, the naphthalene content of Np(116)-EP(SM) and 

Np(108)-EP(AM) was assumed to the same as the one determined for Py(116)-EP(SM) and 

Py(108)-EP(AM), respectively. Comparison of the absorbance at 344 nm for the Py-EP samples 

and the model compound Py-MSI enabled the determination of the pyrene content λpy of the 

samples. The λpy values listed in Table 4.3 for Py(116)-EP(SM) and Py(108)-EP(AM) are 

similar thus indicating that on a mass basis, both contained a similar number of pyrene labels. 

More detailed analysis of the absorption spectra and the fluorescence decays acquired with 

Py(116)-EP(SM) and Py(108)-EP(AM) provided further information about the distribution of 

the fluorescent labels along the chain. 

 One advantage of using a pyrene derivative is that its absorption spectrum reflects the 

existence of pyrene-pyrene interactions. This is achieved by monitoring the peak-to-valley ratio 

(PA) of the 𝑆2
0 ←  𝑆0

0transition band at 344 nm in the absorption spectrum.  The ratio of the 

absorbance peak at 344 nm to that of the adjacent trough at 335 nm in Figure 4.2 was used to 

obtain the PA value. A PA value of 3.0 or greater suggests that no pyrene-pyrene interactions 

are present (Scheme 4.2) whereas a lower PA value indicates that pyrene aggregates exist in the 

ground state. PA values of 3.0 and 2.6 were obtained for Py(116)-EP(SM) and Py(108)-EP(AM), 

respectively, thus indicating a higher level of aggregation for Py(108)-EP(AM) (Table 4.3). 
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Figure 4.2. Molar extinction coefficient calculated from UV-Vis absorption (─) and 

fluorescence spectra (- - -) of A) 2-(2-naphthyl)ethyl succinimide normalized at 305 nm and B) 

1-pyrenemethyl succinimide normalized at 344 in toluene. Note that the absorbance at 

wavelengths lower than 290 nm is unreliable due to the absorption wall of toluene and were not 

shown. (CNp-ESI = 1.78 mmol.L1, CPy-MSI = 13 μmol.L1) 

 

 

Scheme 4.2. Illustration of the effect of pyrene aggregation on the PA value. 

 

 This conclusion was further supported by characterizing the distribution of the pyrene 

labels along the chain according to whether they were isolated and incapable of forming an 

excimer, they were not isolated and could form an excimer by diffusion, or they were 

aggregated. The molar fractions of the different pyrene species were calculated by applying the 

A) B) A) 
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fluorescence blob model (FBM) analysis to the fluorescence decays.26 The pyrene monomer 

and excimer fluorescence decays were fitted according to the FBM according to Equations S4.1 

and S4.2, given in the Supporting Information. All the parameters retrieved from the FBM 

analysis of the fluorescence decays are listed in Tables S4.1 and S4.2 as SI. A sample decay 

analysis is shown in Figure S4.5. Fitting the fluorescence decays with Equations S4.1 and S4.2 

yielded the molar fractions fdiff, ffree, fk2, and fagg of those pyrenes that are forming excimer by 

diffusion, isolated, forming excimer via rapid rearrangement with a rate constant k2, and 

aggregated, respectively. The molar fractions fdiff, ffree, fk2, and fagg are listed in Table 4.3.  

 

Table 4.3. PA values amd molar fractions of the different pyrene species obtained from the 

FBM analysis of the pyrene monomer and excimer fluorescence decays acquired with the Py-

EP samples.  

Sample Description 
λpy 

 ( µmol/g of 

polymer) 

fdiff  ffree fagg fk2 PA 

Py(108)-EP(AM) 108 0.37 0.11 0.26 0.27 2.60 

Py(116)-EP(SM) 116 0.61 0.10 0.10 0.19 3.00 

 

According to the molar fractions, around 10 mol% of isolated pyrene did not form 

excimer (ffree~0.10) for both samples. The molar fraction fagg of 0.26 for Py(108)-EP(AM) was 

larger than that of 0.11 found for Py(116)-EP(SM), in good agreement with the PA value 

obtained by UV-Vis spectroscopy, with a larger fagg value resulting in a smaller PA value. This 

analysis also indicates that pyrene excimer is formed principally from the encounter between 

an excited pyrene and ground state pyrene since fdiff+fk2 equals 64% and 80% for Py(108)-

EP(AM) and Py(116)-EP(SM), respectively. 
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Microstructure of the EPCopolymers. Viscosity measurements were carried out between 

10oC and +20 oC for solutions of EP(SM) and EP(AM) in toluene to determine how the 

intrinsic viscosity [η] of the polymers varied as a function of temperature. [η] remained constant 

with temperature for EP(AM) as expected due to the inability of EP(AM) to form microcrystal 

in solution and thus undergo drastic conformational changes in solution. For EP(SM), [η] 

decreased sharply with decreasing temperature for temperatures lower than 0 oC (Figure 4.3A). 

This decrease in [η] for EP(SM) is most likely due to a change in the hydrodynamic volume of 

the polymer coil (Vh) resulting from the formation of crystalline microdomains between long 

ethylene stretches inside the polymer coil at temperatures lower than 0 oC.2-4 

 

  

Figure 4.3. Intrinsic viscosity of A) () Py(116)-EP(SM) and (○) EP(SM) obtained using 

relative viscosity measurements, and of  (×) Py(116)-EP(SM)  and (+) EP(SM) obtained by 

using specific viscosity measurements, and of B) () Py(108)-EP(AM) and (○) EP(AM) 

obtained by using relative viscosity measurements, and of (×) Py(108)-EP(AM) and (+) 

EP(AM) obtained by using specific viscosity measurements in toluene at various temperatures. 

A) B) 
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 Gel permeation chromatography (GPC) experiments were also conducted on the 

Py(116)EP(SM) and Py(108)-EP(AM) samples where the reactive succinic anhydride groups 

had been capped with 1-pyrenemethylamine. The parameters describing the molecular weight 

distribution (MWD) of the samples obtained by GPC analysis are listed in Table 4.1. They show 

that the number- and weight-average molecular weights decreased and the polydispersity index 

(PDI) increased after maleation and pyrene labeling. Consequently, [η] was expected to vary 

from sample to sample due to these alterations in MWD. These changes were more pronounced 

in the case of Py(108)-EP(AM) suggesting that since the amorphous EPcopolymer had more 

propylene groups, chain cleavage was more likely to happen during maleation.27,28 But another 

explanation could be a change in polymer polarity after pyrene-labeling which might affect the 

hydrodynamic volume of the coils as the Py-EP copolymers permeate through the GPC column. 

Despite the variation in MWDs induced by the maleation of the EPcopolymers, the trends 

shown in Figure 4.3 demonstrate that  pyrene labeling did not change the overall [η] behavior 

of the EPcopolymers, [η] showing a breakpoint at a similar temperature for EP(SM) and little 

change with temperature for EP(AM). 

 Finally, differential scanning calorimetry (DSC) experiments were carried out for 

EP(SM) and EP(AM) samples in the solid state. As shown Figure S4.5, a thermal transition due 

to melting was observed at 26 oC for the semicrystalline sample while no thermal transition was 

observed for the amorphous sample.  

Fluorescence Resonance Energy Transfer (FRET). FRET experiments are typically used to 

help differentiate whether interactions between macromolecules such as the EPcopolymers 

investigated in this study occur inter- or intramolecularly. To this end, the EP-MA samples were 

labeled with NpC2H4NH2 and PyCH2NH2 which can act as energy donor and acceptor, 



 

 138 

respectively. The emission spectra of the solutions prepared with Py-EP only, Np-EP only, and  

mixtures of the Py-EP and Np-EP samples at low (0.1 g.L) and high (10 g.L)  concentration 

of EP copolymer were acquired to investigate the nature of the interactions taking place between 

the different polymers. The experiments were conducted in toluene and at temperatures between 

25 and +25 °C, a temperature range that covers the temperatures at which a break point is 

observed for [η] in Figure 4.3A. Although naphthalene exhibits an absorption peak maximum 

around 277 nm, an excitation wavelength of 290 nm was selected in order to minimize the 

emission of both toluene and the EPcopolymers. The fluorescence intensity of the naphthalene 

monomer, INp, was calculated by taking the integral of the naphthalene emission intensity 

between 332 and 338 nm while that of the pyrene monomer, IPy, was obtained from the integral 

of the pyrene emission intensity between 372 and 378 nm (Figure 4.2). The IPy/INp ratio provides 

a qualitative description of the extent of FRET efficiency, a higher IPy/INp ratio indicating more 

efficient FRET and thus stronger intermolecular association. 

The fluorescence spectra of the Np(108)-EP(AM) and Py(108)-EP(AM)  mixtures 

acquired at different temperatures are shown in Figure 4.4. The pyrene emission intensity was 

found to increase with decreasing temperature whereas the naphthalene emission intensity 

remained relatively constant. The IPy/INp ratio for Np(108)-EP(AM) and Py(108)-EP(AM) 

obtained for the 0.1 g.L and 10 g.Lpolymer mixtures was plotted as a function of 

temperature in Figure 4.5.  

For the 0.1 g.Lof naphthalene- and pyrene-labeled EP(AM) mixture, IPy/INp showed a 

continuous decrease with increasing temperature. A higher IPy/INp ratio was obtained for the 10 

g.L EP(AM) mixture due to the shorter average distance between the fluorophores and the 

existence of direct energy transfer at higher polymer concentration. At this higher polymer 
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concentration, the IPy/INp ratio decreased also continuously with increasing temperature. The 

plots of IPy/INp-vs-T obtained with both the 0.1 and 10 g.L EP(SM) mixtures differed markedly 

from those obtained with the EP(AM) mixtures by showing a pronounced break point in the 

mid-temperature range of Figure 4.5. Since an increase in IPy/INp reflects an increase in 

intermolecular interactions, the sharp increase in IPy/INp with decreasing temperature observed 

at 10 and 5 oC for, respectively, the 0.1 and 10 g.L EP(SM) solutions indicates a dramatic 

enhancement in intermolecular association, a consequence of the formation of crystalline 

microdomains as expected from the intrinsic viscosity measurements. It is worth pointing out 

that the polymer concentrations used for the intrinsic viscosity measurements ranged between 

0.5 and 3.5 g.Land are thus intermediate between the two EP(SM) concentrations used for 

the FRET experiments. It is thus quite satisfying that the onset temperature between 10 and 

5 oC for intermolecular associations observed by FRET matches relatively well that found for 

the drop in intrinsic viscosity observed in Figure 4.3 for EP(SM). The 0.1 g.L solution used 

in the FRET experiment being more dilute, a lower temperature of –10 oC was required to 

worsen the solvent quality toward EP(SM) sufficiently to induce EP(SM) to associate 

intermolecularly. 
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Figure 4.4. Fluorescence spectra of EPcopolymers obtained from of a 9:1 mass ratio mixture 

of Np(108)-EP(AM):Py(108)-EP(AM) as a function of temperature for an overall polymer 

concentration of A) 10 g.L and B) 0.1 g.L. From top to bottom, the temperature increases 

from C to +25 oC. (solvent: toluene; ex = 290 nm)  

 

 

  

Figure 4.5. IPy/INp ratio for mixtures of a 9:1 mass ratio of (■) Np(108)-EP(AM):Py(108)-

EP(AM) and (●) Np(116)-EP(SM):Py(116)-EP(SM) as a function of temperature. A) 0.1 

g.Land B) 10g.L. 

 

A) B) 

A) B) 
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 The existence of FRET at low temperature for both polymers can be demonstrated for 

the low concentration mixtures where direct energy transfer can be neglected. This is achieved 

by comparing the sum of the individual fluorescence spectra acquired with a 0.09 g.L solution 

of the Np-EP sample and with a 0.01 g.L solution of the Py-EP sample with the fluorescence 

spectrum of the mixture containing 0.09 g.L Np-EP and 0.01 g.L Py-EP. On the one hand, 

a perfect overlap between the sum of the spectra acquired with the individual Np-EP and Py-

EP samples and the spectrum acquired with the mixture of Np-EP and Py-EP ensures that no 

FRET is taking place and that no intermolecular association occurs. On the other hand, an 

enhancement in the pyrene fluorescence for the spectrum acquired with the mixture would be a 

clear indication that intermolecular association is taking place. The result of these comparisons 

can be seen in Figure4.6. At low concentration, Figure 4.6 demonstrates that for both polymers, 

intermolecular associations can be ruled out at high temperature but not at low temperature, 

even for EP(AM). However, it is noticeable that the enhancement in pyrene fluorescence is 

much stronger for EP(SM) than for EP(AM) as a consequence of the crystalline microdomains 

generated in solution by the latter polymer. 

The existence of intermolecular interactions for the high polymer concentration mixture 

is further supported by the appearance of a pronounced fluorescence emission at 353 nm in the 

fluorescence spectra shown in Figure 4.4A.29,30 This peak is only detected in the concentrated 

Np-EP and Py-EP mixtures and is absent from the individual fluorescence spectra of Np-EP 

and Py-EP. Diluting a 5 g.L1 solution of a 9:1 Np-EP:Py-EP mixture results in a progressive 

decrease of the peak at 353 nm, as shown in Figure S4.7. Together, these experiments where 

naphthalene is excited selectively at 290 nm where pyrene has little absorbance suggest that an 

excited naphthalene can form an exciplex with a ground state pyrene upon diffusive encounters 
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and that this exciplex emits at 353 nm. Dilution of the 9:1 Np-EP:Py-EP mixtures prevent 

naphthalene-pyrene encounters and no exciplex is formed. A similar behavior was also 

observed for a mixture of Py-MSI (1 mmol/L) and Np-ESI (9 mmol/L) as shown in Figure S4.8. 

Most importantly, the evidence of exciplex formation between an excited naphthalene and a 

ground state pyrene further support the existence of intermolecular interactions at high polymer 

concentration. 

 

EP(AM) 

   

EP(SM) 

   

Figure 4.6. Fluorescence spectra of EPcopolymers obtained from a 9:1 mixture (─) of (top) 

Np(108)-EP(AM) and Py(108)-EP(AM) and (bottom) Np(116)-EP(SM) and Py(116)-EP(SM) 

and from the addition of the individual spectra acquired with separate solutions of the labeled 

polymers (- - -) in toluene. Temperatures A) 20C, B) 0 oC, and C) 25 oC. 

A) B) C) 

A) B) C) 
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Pyrene Excimer Formation. While FRET experiments demonstrate the existence of 

interpolymeric association, a quantitative measure of the actual level of intermolecular 

association between fluorescently labeled macromolecules is usually quite challenging to 

obtain by FRET. By comparison, the molar fraction of pyrene labels forming pyrene excimer 

intermolecularly (finter) can be determined in a straightforward manner as illustrated hereafter. 

 In the fluorescence spectrum of pyrene-labeled macromolecules (PLMs), the excited 

pyrene monomer emission is characterized by several sharp peaks between 360 nm and 425 

nm, whereas the pyrene excimer features a broad and structureless emission centered at 480 

nm.15 The fluorescence intensity of the pyrene excimer (IE) and monomer (IM) can be calculated 

by integrating the fluorescence spectrum over the wavelength ranges between 372 and 379 nm 

and between 500 and 530 nm, respectively. The fluorescence intensity ratio IE/IM is widely 

accepted to be directly proportional to the local pyrene concentration [Py]loc as described by 

Equation 4.1.31 

 

IE/IM=K(T)×[Py]loc    (4.1) 

 

 In Equation 4.1, the multiplication factor K(T) is a function of the quantum yields of the 

pyrene monomer and excimer, the bimolecular rate constant of excimer formation, the 

acquisition geometry and the instrument response of the fluorometer. As such, K(T) is expected 

to vary with temperature according to the activation energy of the different photophysical 

parameters associated with the process of pyrene excimer formation.  According to this 

relationship, an increase in IE/IM observed at a same temperature reflects an increase in [Py]loc 

which would result from intermolecular interactions.  In turn, intermolecular interactions can 

be the result of an increase in the concentration of the PLM or a change in the solvent quality 
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toward the macromolecule. If experimental conditions can be determined where a PLM of 

interest undergoes both intra- and intermolecular interactions, its fluorescence spectrum will 

yield the ratio IE/IM 








inter

&intra
 whereas if the PLM undergoes solely intramolecular interactions, 

the fluorescence spectrum will yield the ratio IE/IM(intra).  In turn, the ratios IE/IM 








inter

&intra
 and 

IE/IM(intra) are equal to K(T)×[Py]loc 








inter

&intra
 and K(T)×[Py]loc(intra), respectively, so that the 

molar fraction of pyrene labels forming excimer intermolecularly (finter) can be determined from  

Equation 4.2. 
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    (4.2) 

 

 In Equation 4.2, finter is also equal to the molar fraction of macromolecules that interact 

intermolecularly. We note with interest that the constant K(T) introduced in Equation 4.1 

cancels out in the expression of finter, a welcomed simplification as the determination of the 

activation energies of all the photophysical parameters related to the process of excimer 

formation with randomly labeled polymers would be a challenging task. 

 Experimentally, the ratio IE/IM 








inter

&intra
 can be obtained in a straightforward manner, 

simply by acquiring the fluorescence spectrum of a PLM under conditions where it undergoes 

intermolecular interactions. In the case of the EP(SM) sample where intrinsic viscosity 

measurements established that the hydrodynamic volume decreased substantially with 

decreasing temperature thus reflecting a decrease in the solvent quality toward EP(SM), an 
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increase in polymer concentration and a decrease in temperature both contribute to induce 

intermolecular interactions. For such a sample, IE/IM(intra) is more challenging to determine as 

EP(SM) has an inherent tendency to associate intermolecularly even at low polymer 

concentration as the FRET experiments have established. To ensure that intramolecular excimer 

formation would only be observed for the determination of IE/IM(intra), the fluorescence 

spectrum of dilute (0.01 g.L) solutions of the PLMs was acquired in the presence of 10 g.L 

of the unlabeled macromolecule.  Under such conditions, the large excess of unlabeled 

macromolecule ensures that the formation of intermolecular polymeric aggregates would only 

incorporate one PLM per aggregate thus ensuring that the fluorescence spectrum of such a 

solution would report solely on pyrene excimer formed intramolecularly from PLMs isolated 

in large aggregates of unlabeled macromolecules. 

Since engine oils are polymer solutions containing a few wt% of VII, the fluorescence 

spectra of 10 g.LPy(116)-EP(SM) and Py(108)-EP(AM) solutions in toluene were acquired 

as a function of temperature andare shown in Figure 4.7. In the case of Py(108)-EP(AM), the 

fluorescence intensity of the excimer (IE) at 480 nm remained more or less constant with 

temperature, but the fluorescence intensity of the pyrene monomer (IM) at 375 nm increased 

continuously with decreasing temperature, a consequence of the increase in solvent viscosity 

associated with a decrease in temperature, which reduces pyrene excimer formation by 

diffusion and increases the monomer quantum yield. The behavior of Py(116)-EP(SM) was 

similar to that of Py(108)-EP(AM) at temperatures lower and higher than 10 oC whereby IE 

decreased a little and IM increased more substantially and continuously with decreasing 

temperature. Compared to these gradual variations in fluorescence signal with decreasing 
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temperature, IE showed a step-increase at 10 oC for Py(116)-EP(SM) however, a consequence 

of an increase in intermolecular associations taking place for that sample around 10 oC.  

 

  

Figure 4.7. Fluorescence spectra of A) Py(108)-EP(AM) (10 g.L) and B) Py(116)-EP(SM) 

(10 g.L). From top to bottom: temperature increases from C to +25 oC. Solvent is toluene 

and ex = 344 nm. 

 

 Beside the experiments conducted in Figure 4.7, the fluorescence spectra of toluene 

solutions containing 0.01 g.L Py-EP were also acquired as a function of temperature for the 

EP(SM) and EP(AM) samples as well as the fluorescence spectra of a solution in toluene 

containing 10 g.L of unlabeled EP copolymer and 0.01 g.L Py-EP to obtain the ratio 

IE/IM(intra). The IE/IM ratios of all the fluorescence spectra were calculated and they were 

plotted in Figure 4.8 as a function of temperature. For all Py(108)-EP(AM) solutions, the IE/IM 

ratio increased continuously with increasing temperature in Figure 4.8B and D. This is the 

expected behavior for pyrene-labeled macromolecules at temperatures lower than 35 oC.32 In 

this temperature regime, the dissociation rate constant of the pyrene excimer is negligible and 

A) B) 
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IE/IM is proportional to the product of the bimolecular rate constant for excimer formation by 

diffusion (kdiff) and [Py]loc. Since EP(AM) is soluble in toluene at all temperatures, [Py]loc does 

not change much with temperature and the increase in IE/IM with increasing temperature reflects 

the increase in kdiff due to the decrease in the solvent viscosity associated with an increase in 

temperature. 

Interestingly EP(SM) yields a very different plot of IE/IM as a function of temperature 

in Figure 4.8A and C.  For both the 10 g.L Py(116)-EP(SM) and 0.01 g.L Py(96)-EP(SM) 

solutions without an excess of unlabeled EP(SM), an increase in solution temperature induces 

first an increase in IE/IM, followed by a decrease in IE/IM at intermediate temperatures, before 

the expected increase in IE/IM resumes at higher temperatures. The anomalous behavior 

observed for Py(116)-EP(SM) and Py(96)-EP(SM) at intermediate temperatures reflects a 

change in excimer formation which could have two origins. The first origin would be the result 

of the volume expansion of the polymer coil happening as the compact crystalline 

microdomains of EP(SM) melt, thus decreasing [Py]loc. The second cause would be the 

dissociation of Py-EP(SM) aggregates happening at intermediate temperatures which would 

also result in a decrease in [Py]loc. The FRET experiments discussed earlier confirmed that 

intermolecular association takes place for EP(SM) at low temperatures, but a reduction in the 

overall dimension of the polymer coil happening in the low temperature regime cannot be ruled 

out. In any case, both effects contribute to the decrease in [Py]loc that is probed through the 

decrease in the IE/IM ratio with increasing temperature observed at intermediate temperatures. 

We also note with interest that the break point seen in the IE/IM profile shown in Figure 4.8A 

and C matches that observed with another pyrene-labeled semicrystalline EP copolymer, 

implying that this behavior seems to be representative of such polymers.2 
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Figure 4.8. IE/IM -vs-T. A) ( ) Py(116)-EP(SM) (10 g.L), () mixture of Py(116)-EP(SM) 

(0.01 g.L and EP(SM) (10 g.L( ) Py(108)-EP(AM) (10 g.L, () mixture of 

Py(108)-EP(AM) (0.01 g.L and EP(AM) (10 g.LC) (○) Py(96)-EP(SM) (0.01 g.L, 

() mixture of Py(96)-EP(SM) (0.01 g.L and EP(SM) (10 g.L. D) (○) Py(108)-EP(AM) 

(0.01g.L, () mixture of Py(108)-EP(AM) (0.01 g.L) and EP(AM) (10 g.L.  

 

 

 

 

A) B) 

C) D) 
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In the presence of 10 g.L excess EP copolymer, all 0.01 g.L Py-EP solutions showed 

a continuous increase in IE/IM with increasing temperature. This behaviour is expected for a 

pyrene-labeled macromolecule where excimer formation occurs intramolecularly and with a 

rate constant that increases with increasing temperature. This behaviour confirms that the 

presence of 10 g.L excess unlabeled EP prevents intermolecular interactions so that these 

trends yield IE/IM(intra) in Equation 4.2. 

 Equation 4.2 was applied to the trends shown in Figure 4.8 to yield finter that was plotted 

as a function of temperature in Figure 4.9. Compared to the complex trends obtained with the 

IE/IM-vs-T profiles in Figure 4.8, the finter-vs-T plots shown in Figure 4.9 are much simpler to 

interpret. For all EP(AM) solutions, finter remained constant with temperature as expected from 

a polymer for which temperature does not induce intermolecular associations. At a low 0.01 

g.L Py(108)-EP(AM) concentration, little-to-no intermolecular interactions should be 

observed for this non-associative polymer as is indeed the case in Figure 4.9B that yields an 

finter value of 0.03 ± 0.03 over the entire temperature range. Increasing the Py(108)-EP(AM) 

concentration to 10 g.L in Figure 4.9B increases the probability of pyrene-pyrene encounters 

in the solution and diffusive intermolecular excimer formation results in the higher finter value 

of 0.31± 0.02. The transition induced by the formation of crystalline microdomains for the 

Py(116)-EP(SM) solutions appears now quite clearly in Figure 4.9A where the two regimes at 

temperature below and above the transition can be easily assigned. For the 10 g.L Py(116)-

EP(SM) solution, finter increases from 0.23  ± 0.03 at high temperature to 0.62  ± 0.07 at low 

temperature, the inflexion point of the transition being at T = 5 ± 3 oC. For the more dilute 

Py(96)-EP(SM) solution of 0.01g.L, no intermolecular interactions are taking place at high 
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temperatures where finter equals 0.04 ± 0.02. After passing through an inflexion point at T = 

 oC, finter increases to 0.43±0.03 at low temperature. The shift in the transition 

temperature from 5 to 5 oC when the concentration is reduced from 10 to 0.01 g.L reflects 

the difficulty for two polymer coils to encounter each other at such a low concentration. At a 

Py(96)-EP(SM) concentration of 0.01g.L, the quality of the solvent needs to be made 

considerably worse for intermolecular associations to take place. This explains why these 

interactions are observed at a lower temperature for this polymer concentration. The finter values 

obtained in the different temperature regimes have been listed in Table 4.4. 

 

 

  

Figure 4.9. Molar fraction finter of pyrene labeled EP copolymers forming excimer 

intermolecularly for A) (●) Py(116)-EP(SM) and (×) Py(65)-EP(SM) at a concentration of 10 

g.L1, and (○) Py(96)-EP(SM) at a concentration of 0.01 g.L1 and B) Py(108)-EP(AM) at a 

concentration of  (●) 10 g.L1 and (○) 0.01 g.L1. 

 

 To investigate the robustness of the procedure, a Py(65)-EP(SM) sample was also 

synthesized with a lower pyrene content Py of 65 µmol.g1. finter was determined as a function 

A) B) 
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of temperature as shown in Figure 4.9A. Interestingly, despite the difference in pyrene content 

for the two Py-EP(SM) samples, the procedure used to obtain finter appears to yield a same trend 

regardless of pyrene content. This result demonstrates the validity of the procedure which 

appears to report on the solution behaviour of the EPcopolymers and is not influenced by 

differences in pyrene labeling.  

 

Table 4.4. Summary of the molar fraction (finter) obtained for the different Py-EPsamples. 

 λpy 
Concentration 

(g.L) 

Temp (oC) 

30  to 10 

Temp (oC) 

5 to 25 

Py-EP(SM) 
116 10 0.62 ± 0.07 0.23 ± 0.03 

65 10 0.57 ± 0.07 0.24 ± 0.03 

Py-EP(AM) 108 10 0.31 ± 0.02 

Py-EP(SM) 96 0.01 0.43 ± 0.03 0.04 ± 0.02 

Py-EP(AM) 108 0.01 0.03 ± 0.03 

 

Naphthalene Excimer Formation. Naphthalene was used as the energy donor in the FRET 

experiments conducted to assess whether EP(SM) and EP(AM) associate intermolecularly in 

solution. To this end, the fluorescence of Np-EP(SM) and Np-EP(AM) was characterized as a 

function of temperature. The fluorescence spectra of the Np-EP samples where acquired for 

dilute (0.09 g.L) and concentrated (9.0 g.L) solutions in toluene and plotted in Figure 4.10. 

Between 310 and 370 nm, the fluorescence spectrum exhibits well-defined peaks characteristic 

of the fluorescence of the naphthalene monomer. A broad structureless emission centered at 

400 nm is observed that is due to the naphthalene excimer. The monomer and excimer 

fluorescence intensities were integrated from 332 to 338 nm and 420 to 450 nm to yield IM and 
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IE, respectively. The IE/IM ratios obtained from the spectra shown in Figure 4.10 were 

determined and plotted as a function of temperature in Figure 4.11. 

Most trends in Figure 4.11 showed a decreasing IE/IM ratio with increasing temperature 

for naphthalene, a quite different behavior compared to what was previously observed for 

pyrene (see Figure 4.8). The conflicting trends observed for pyrene and naphthalene can be 

reconciled by considering a Steven-Ban (SB) plot where the ratio IE/IM is plotted as a function 

of temperature. A SB plot exhibits a bell-shaped curve.33 At low temperature where the excimer 

dissociation is negligible, IE/IM increases with increasing temperature as chromophore 

encounters are favored and excimer formation is increased. At high temperature, excimer 

dissociation becomes the dominant process and the excimer dissociates more quickly than it is 

being formed. As a result, IE/IM decreases with increasing temperature. The main question to 

resolve when probing excimer formation as a function of temperature is to determine which 

side of the bell-shaped SB plot is being probed. Pyrene with its four fused benzene rings has a 

negligible k at temperature below 35oC32 and IE/IM increases with increasing temperature. In 

the case of naphthalene with its two fused benzene rings excimer has a much weaker binding 

energy and has a larger kvalue at room temperature. As the temperature is decreased, k 

decreases and IE/IM increases for naphthalene which rationalized the different trends obtained 

for pyrene (Figure 4.8) and naphthalene (Figure 4.11). 
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Figure 4.10. Fluorescence spectra for A) Np(108)-EP(AM) (0.09 g.L), B) Np(116)-EP(SM) 

(0.09g.L), C) Np(108)-EP(AM) (9 g.L), and D) Np(116)-EP(SM) (9 g.L) as a function of 

temperature  from C to 25 oC. (solvent: toluene; ex = 290 nm) 

 

  Furthermore, the trends shown in Figure 4.11 lead to a number of interesting 

observations.  First, the trends of IE/IM-vs-T were similar regardless of the nature of the polymer 

showing very little difference between Np-EP(SM) and Np-EP(AM). This observation suggests 

that the fluorescence signal emitted by the Np-EPs is insensitive to the changes in solubility 

experienced by the polymers at low temperature despite the fact that these changes should be 

substantial according to the intrinsic viscosity measurements. This result was somewhat 

unexpected because the IE/IM ratio is supposed to be proportional to the local naphthalene 

concentration [Np]loc which should increase when the volume of the Np-EP(SM) coil decreases 

A) B) 

C) D) 
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at low temperatures. Second, the IE/IM ratios remained more or less constant with temperature 

for the 0.09 g.L Np-EP solutions but the IE/IM ratios of the concentrated solutions took larger 

values at low temperature before decreasing at high temperature to the IE/IM ratios obtained 

with the low Np-EP concentration. Again, this result was unexpected as an increase in [Np]loc 

should result in a larger IE/IM ratio as observed at low temperature, but surprisingly not at high 

temperature. 

We believe that these effects are due to the fact that the naphthalene monomer does not 

form excimer efficiently, particularly so at room temperature where the excimer dissociation 

rate constant is large, and its short lifetime does not allow an excited naphthalene to probe a 

sufficiently large sub-volume of the polymer coil. The monomer lifetime of Np-ESI is more 

than three times smaller than Py-MSI in toluene (Table 4.2). Consequently, excimer formation 

occurs over shorter distances at high temperature, certainly within naphthalene clusters along 

the chain which all form excimer in the same manner regardless of the overall polymer 

concentration. At low temperature, the longer lifetime of naphthalene allows the excited 

naphthalene to probe a larger volume, excimer formation is facilitated by the smaller excimer 

dissociation rate constant, and it becomes sensitive to the increase in [Np]loc induced by 

increasing the concentration from 0.09 g.Lto 9.0 g.L. However, the distance travelled by 

a relatively short-lived excited naphthalene tethered to the much larger EP chain remains much 

shorter than the length scale reflecting the contraction undergone by EP(SM) at low temperature 

which results in no obvious difference in the IE/IM ratios of Np-EP(SM) and Np-EP(AM) in the 

low-temperature range. Contrary to naphthalene excimer formation that takes place over short 

distances, FRET between a naphthalene donor and pyrene acceptor and pyrene excimer 

formation are two photophysical phenomena that occur over several nanometers and these two 
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techniques report on the volume contraction experienced by EP(SM) upon decreasing the 

solution temperature as observed experimentally earlier.2 

 

  

Figure 4.11.  IE/IM -vs-T for (×) Np-EP (9 g.L) and (+) Np-EP (0.09 g.L).                  A) 

Np(108)-EP(AM) and B) Np(116)-EP(SM). 

 

 Conclusions 

Two different EP copolymers were maleated and subsequently labeled with 1-

pyrenemethylamine or 2-(2-naphtyl)ethylamine.  FTIR and DSC measurements performed in 

the solid state confirmed that EP(SM) was semicrystalline while EP(AM) was amorphous.  The 

FTIR measurements also confirmed that the chemical composition of the copolymers in terms 

of ethylene and propylene content was not affected by the maleation and labeling reaction, 

although GPC experiments showed that some chain scission took place after these reactions. 

Nevertheless, intrinsic viscosity experiments indicated that the solution behaviour of the 

fluorescently labeled EP copolymers was similar to that of the unmodified polymers.    

 To probe the interactions taking place between polymer chains at the molecular level, 

fluorescence experiments based on FRET and excimer formation were conducted on the 

A) B) 



 

 156 

pyrene- and naphthalene-labeled EP copolymers. The FRET experiments showed that low 

temperatures induced intermolecular interactions in toluene for both EP copolymers, but that 

these interactions were much stronger for the EP(SM) sample. While informative, the FRET 

experiments did not yield a parameter that would qualify the strength of these intermolecular 

interactions. 

Fluorescence experiments based on pyrene excimer formation were implemented to 

achieve this goal. The pyrene-labeled EP(AM) and EP(SM) samples yielded very different 

profiles of IE/IM-vs-T. While IE/IM increased continuously with increasing temperature for 

Py(108)-EP(AM) as would be expected for any pyrene-labeled macromolecule in solution, a 

much more complex profile was found for Py(116)-EP(SM) with a marked transition in the 

same temperature range where a breakpoint had been observed for the profile of the intrinsic 

viscosity versus temperature in Figure 4.3. Comparison of the IE/IM profiles obtained with 10 

g.L toluene solution of pyrene-labeled EP copolymer with a toluene solution containing 0.01 

g.L of pyrene-labeled EP and 10 g.L of unlabeled polymer yielded finter, the molar fraction 

of pyrene labels that formed excimer intermolecularly. Although the derivation of finter was 

based on the determination of the IE/IM ratio that depended on the activation energy of numerous 

photophysical processes, this complicated temperature-dependency was fortuitously eliminated 

in the calculation of finter. Plots of finter as a function of temperature showed that finter did not 

depend much on temperature for a 10 g.L EP(AM) solution in toluene remaining constant at 

0.31 ± 0.02. For the 10 g.L EP(SM) solution, two clear regimes were identified depending on 

whether the solution temperature was below or above 5 oC where finter took a large or small 

value of about 0.60 ± 0.07 or 0.23 ±0.03, respectively.  The increase in finter at low temperature 

observed for EP(SM) was attributed to the intermolecular formation of microcrystals. Finally 
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the trend obtained with Py(116)-EP(SM) was duplicated with Py(65)-EP(SM), an EP(SM) 

copolymer prepared with a lower pyrene content to demonstrate that the results obtained with 

finter were describing the behaviour of the polymer itself and were insensitive to the pyrene 

content of the polymer. 

The successful interpretation of the IE/IM trends obtained with pyrene-labeled polymers 

to determine finter led us to investigate whether this procedure could be applied to other excimer 

forming chromophores such as naphthalene. To this end, the IE/IM ratio of solutions of the 

naphthalene-labeled EP copolymers was monitored as a function of temperature and polymer 

concentration.  Surprisingly, the trend obtained with the IE/IM ratio of the 10 g.L naphthalene 

labeled EP copolymers were similar regardless of their ethylene content. The similarity in the 

trends obtained with the IE/IM ratio for the two naphthalene-labeled EP copolymers were 

attributed to the much lower efficiency of naphthalene at forming an excimer, particularly at 

room temperature where its dissociation constant is large, and its shorter lifetime compared to 

pyrene.  Both effects resulted in naphthalene excimer formation taking place between nearby 

naphthalenes through a process that depends much more weakly on the local chromophore 

concentration. 

In summary, this study has demonstrated that FRET and pyrene excimer formation that 

occur over distances of several nanometers respond to changes in the local polymer 

concentration induced by a worsening of the solvent quality toward the polymer.  But whereas 

FRET provides qualitative evidence that intermolecular interactions are taking place, analysis 

of the fluorescence spectra acquired with the pyrene-labeled EP copolymers yielded finter, a 

parameter that describes quantitatively the strength of intermolecular associations. Considering 

how strongly the rheological properties of polymer solutions are affected by intermolecular 
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associations, the ability to describe the strength of these intermolecular associations via a single 

parameter should prove extremely valuable to the numerous scientists aiming to rationalize the 

complex rheological behaviour of solutions of associating polymers. 
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5 Chapter 5  

 

 

 

Using Pyrene Excimer Fluorescence to Study the 

Microcrystallization of Ethylene-Propylene 

Copolymers in Solution 
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 Overview 

Fluorescence experiments were carried out on six different ethylene-propylene (EP) 

copolymers to study their intermolecular association in solution. These six EP copolymers were 

maleated to yield EP-MA and then fluorescently labeled with 1-pyrenemethylamine to yield 

Py-EP. Successful labeling was confirmed by Fourier transform infrared (FTIR) and UV-Vis 

absorption spectroscopy. Differential scanning calorimetry (DSC), Carbon Nuclear Magnetic 

Resonance (13C NMR), and FTIR measurements confirmed that four of the EP copolymers were 

semicrystalline and two were amorphous. The intrinsic viscosity of the EP copolymers was also 

measured as a function of temperature. The semicrystalline samples showed a decrease in 

intrinsic viscosity around 5 °C suggesting a decrease of the hydrodynamic volume of the 

polymer coils, as would be expected if these polymers formed microcrystalline domains at 

lower temperatures in solution. The associative behaviour of the EP copolymers were 

characterized by pyrene excimer formation, which was used to quantitatively measure the molar 

fraction of intermolecular interaction (finter) between different EP copolymer chains. Plots of 

finter as a function of temperature provided a description of the associative behaviour of a given 

EP copolymer in solution. The results of this study indicate that with decreasing temperature, 

finter increased in a stepwise manner for the semicrystalline samples with a high ethylene content, 

increased continuously for the semicrystalline sample having a lower ethylene content, and 

remained constant for the amorphous samples. The close agreement observed between the 

expected behaviour of these EP copolymers and their chemical composition confirms the 

robustness of this method and suggests that pyrene excimer fluorescence provides a reliable 

tool to quantitatively determine the level of intermolecular associations for different types of 

EP copolymers used as viscosity index improvers (VIIs). 
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 Introduction 

Viscosity index improvers (VIIs) are polymers that are purposely added to engine oils. As their 

name suggests, these polymers boost the viscosity index (VI) of the engine oil. The VI was 

introduced in 1929 as a measure of the change in viscosity of an oil with temperature, with the 

lowest VI corresponding to the largest change in viscosity with temperature.1 Since an engine 

oil is expected to retain a constant viscosity from the moment the cold engine is started to the 

time the engine operates with some of its parts reaching up to 200 oC, there has been a sustained 

effort since the 1940s’ to increase the VI of engine oils.1 A higher VI ensures that a proper 

lubrication is attained at the high temperature where the engine operates and that an easy oil 

flow is achieved at the low temperature where the engine is started.2-4 Higher VIs are attained 

through the addition of VIIs to the oil. 

 A number of synthetic polymers are being used as VIIs. They include acrylate 

copolymers, polyolefins such as ethylene-propylene (EP) copolymers, and hydrogenated 

styrene-diene copolymers.4-7 In the case of semicrystalline EP copolymers having a high 

ethylene content, long ethylene sequences crystallize at low temperature to form dense 

crystalline microdomains resulting in polymer coils having small hydrodynamic volumes (Vh). 

Therefore their presence has a small influence on the overall viscosity of the oil which depends 

on the fraction of the solution volume that is occupied by the polymer. Upon increasing the 

temperature, these semicrystalline microdomains melt which results in a higher Vh reflecting 

the expansion of the polymer coils, a larger fraction of the solution volume being occupied by 

the polymer, and thus an increase in viscosity.2 Therefore addition of a VII to an oil counteracts 

the inherent decrease in the viscosity of the base oil with increasing temperature and ensures 



 

 162 

that the engine oil viscosity does not change significantly as a function of temperature during 

the operation of the engine. 

 The quality of EP copolymers as VIIs depends on their ethylene content. The ethylene 

contents of EP copolymers used as VIIs are normally in the 50–70 mol% range.8 A higher 

ethylene content results in a higher thickening efficiency, but also in lower solubility at low 

temperature that induces the formation of polymer aggregates which thicken the oil and lowers 

its VI. Additionally, copolymers with high ethylene contents interact with wax at low 

temperatures. On the other hand, higher propylene contents result in EP copolymers having a 

lower oxidative stability.  Consequently, the selection of an optimal chemical composition for 

an EP copolymer must be based on several factors that include its effect on the oil VI and the 

solubility and stability of the VII in the oil. Nowadays EP copolymers can be prepared with 

randomly distributed monomers to improve the oil flow at low-temperature and minimize 

undesirable wax interactions.8 The excellent thickening ability of EP copolymers has led to 

their extensive use in the oils of both diesel and gasoline engines. 

 There are scattered reports in the literature that have discussed the behaviour of EP 

copolymers in solution.3,4,9-11 Intermolecular interactions between EP copolymers in solution 

have been investigated by viscosity, light scattering, differential scanning calorimetry (DSC), 

and pyrene excimer formation.2,3,12-14 In 1990, Rubin and Sen used viscosity measurements to 

study the behaviour of EP copolymers in toluene.3 They observed a sharp decrease in the 

intrinsic viscosity of semicrystalline EP copolymers upon decreasing the solution temperature 

below 20 °C which they attributed to the formation of microcrystalline domains below the 

crystallization temperature (Tc) of the copolymers. In 2007, Zhang et al. used fluorescence 

resonance energy transfer (FRET) and pyrene excimer formation to study the 
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microcrystallization of EP copolymers in toluene, where the polymers had an ethylene-rich 

semicrystalline core flanked by two amorphous overhangs.2 These experiments demonstrated 

that the crystallization of this semicrystalline EP copolymer in toluene occurred mostly 

intramolecularly. However, the majority of EP copolymers used as VIIs are prepared with 

ethylene and propylene randomly distributed along the chain and such a chemical composition 

leads to their intermolecular association.  In this context, it becomes important to quantify the 

level of intermolecular interactions of these EP copolymers with random distributions of 

ethylene and propylene monomers. A quantitative measure of the intermolecular interactions 

of EP copolymers in solution such as the molar fraction (finter) of intermolecular associations 

can only be determined from the excimer fluorescence generated by pyrene labels that were 

covalently attached onto an EP backbone.15 The fraction finter can be calculated directly from 

the fluorescence intensity of the excimer (IE) over that of the monomer (IM) obtained from the 

fluorescence spectrum of any type of pyrene-labeled macromolecules including pyrene labeled 

EP copolymers (Py-EP). The ability to measure the fraction finter provides a novel and powerful 

analytical tool that allows one to probe and compare the behaviour of different macromolecules 

in solution. So far, the procedure applied to determine finter has been used to monitor the level 

of intermolecular association taking place in solution as a function of temperature for one 

amorphous and one semicrystalline EP copolymer.15  The fraction finter reported faithfully on 

the expected behavior of these two polyolefins, indicating a substantial increase at the 

temperature (Tc) where the semicrystalline EP copolymer underwent microcrystal formation 

while remaining constant for the amorphous EP copolymer over the entire temperature range. 

 These interesting results led us to further investigate the sensitivity of the procedure and 

its robustness.  To this end, six EP copolymers were investigated, two amorphous samples with 
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an ethylene content of 60 mol% (EP(60)), three semicrystalline samples with an ethylene 

content of 78 mol% (EP(78)), and one semicrystalline sample with an intermediate ethylene 

content of 70 mol% (EP(70)).  Application of the procedure yielded finter-vs-T profiles whose 

shape reflected faithfully the level of crystallinity of the polyolefins, showing a sharp transition 

at Tc for all semicrystalline EP(78) samples, a constant profile for the two amorphous EP(60) 

samples, and an intermediate behaviour for the EP(70) sample. These experiments establish on 

firm ground the suggestion made earlier15 that Py-EP copolymers can be used to determine 

quantitatively their level of intermolecular interactions using the parameter finter.  A description 

of the experiments carried out to reach this conclusion is presented hereafter. 

 Experimental 

Chemicals. Acetone (HPLC grade), dodecane (anhydrous, 99%), toluene (HPLC, 99.9%), 

biphenyl (99%), maleic anhydride (98%), 1,1,2,2-tetrachloroethane-d2 (TCE-d2), 1-

pyrenemethylamine hydrochloride (PyCH2NH2 HCL, 95%), and tert-butyl peroxide (98%) 

were purchased from Sigma-Aldrich and were employed without further purification. Six EP 

copolymers with different ethylene contents were supplied by Afton. Four of the EP copolymers 

were semicrystalline and two were amorphous. 

Carbon Nuclear Magnetic Resonance (13C NMR). The 13C NMR spectra of the EPcopolymers 

were acquired on a high resolution Bruker 500 MHz spectrometer at 120oC. Before each 

measurement, the EP copolymers were first dissolved in TCE-d2 and kept at 120oC for 4 hrs in 

a heating block to homogenize the solutions.16 The molar ethylene and propylene contents of 

the EP copolymers were calculated by using a reported procedure based on their 13C NMR 

spectra.17 The 13C NMR spectra of Py(108)-EP(60-1) and Py(116)-EP(78-1) are presented in 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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Figure S5.1. The 13C NMR spectra for the four other EP copolymers are patent protected and 

are not presented here.   

Differential Scanning Calorimeter (DSC). The melting point (Tm) and enthalpy () of the 

EP copolymers were determined using DSC with TA Q2000 calorimeter with temperature 

scanning rate of 10 oC/min. The samples were prepared following a procedure described 

previously.15 Each sample was first heated from 30 to +200 oC followed by cooling from +200 

to 30 oC, and finally heating from 30 to +200 oC. 

Fourier Transform Infrared (FTIR). The FTIR spectra of all polymer solutions in toluene 

were obtained with a Bruker Tensor 27 FTIR spectrophotometer. To obtain a thin film on a 

NaCl FTIR plate, a few drops of polymer solutions were deposited onto the cell and the toluene 

was then evaporated under a stream of nitrogen. The absorbance of all polymer films was kept 

smaller than unity to optimize the signal-to-noise ratio. 

Steady-State Fluorescence.  Steady-state fluorescence emission spectra of EP copolymers were 

acquired with a Photon Technology International (PTI) LS-100 equipped with an Ushio UXL-

75Xe xenon arc lamp. The pyrene-labeled EP solutions were excited at a wavelength of 344 nm 

and their emission spectra were acquired between 350 to 600 nm. The fluorescence 

measurements were carried out at various temperatures using a cryostat from Oxford 

Instruments (Optistat DN) placed in the steady-state fluorometer. Before bringing the solutions 

to the desired temperature, the solutions were heated to +25 ( 0.2) °C to erase all pre-

association history. Furthermore, the solutions were left in the cryostat for 10 min after reaching 

the desired temperature. Additionally, all the solutions were degassed for 30-40 minutes under 

a gentle flow of N2 to remove oxygen before any fluorescence spectrum was acquired.15 
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UV-Visible Spectrophotometer. A Cary 100 UV-Vis spectrophotometer was used to acquire 

the absorption spectra between 200–600 nm. These experiments were carried out in quartz cells 

with a 0.1-10 mm path length.  

Labeling of the EP Copolymers. The EP copolymers were first reacted with maleic anhydride18 

and then labeled with 1-pyrenemethylamine (PyCH2NH2)
19 according to a published 

procedure15 based on the reactions shown in Scheme 5.1. 

 

 

Scheme 5.1. Reaction scheme for A) the maleation of an EPcopolymer and B) the labeling of 

the maleated EP copolymer with pyrene. 

 

 Results and Discussion 

As already alluded to in the introduction, the characterization of the level of intermolecular 

interactions in solution is of paramount importance to industries that rely on the specific 

properties of multicomponent mixtures such as the oil formulations used by the oil additive 

industry.  Since intermolecular associations induced by other additives can lead to uncontrolled 

viscosity changes that could be detrimental to the performance of an engine oil, the 

A) 

 

 

B) 
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determination of finter via pyrene excimer fluorescence described in an earlier report provides a 

crucial means to probe the level of intermolecular interactions.15 The procedure developed to 

determine finter was established by comparing the finter-vs-T profiles of solutions of one 

semicrystalline and one amorphous EP copolymer that showed characteristic features reflecting 

the different chemical compositions of these two polyolefins. This earlier study is now 

expanded to investigate the reproducibility and reliability of the proposed procedure by 

acquiring the finter-vs-T profiles for solutions of six different EP copolymers, two amorphous 

samples with an ethylene content of 60 mol% (EP(60-1) and EP(61-2)), one semicrystalline 

sample with an ethylene content of 70 mol% (EP(70)), and three semicrystalline samples with 

an ethylene content of 78 mol% (EP(78-1), EP(78-2), and EP(78-3)).  The determination of the 

chemical composition of these samples, their level of crystallinity, solution behavior, and finter-

vs-T profiles is described hereafter.  

Chemical Composition of the Py-EP Samples.  The ethylene content of the EP samples was 

determined by using a procedure developed by Randall based on 13C NMR.  To this end, 13C 

NMR spectra of all EP copolymers were acquired and two representative examples are shown 

in Figure S5.1. Using Randall’s procedure, the ethylene content was determined and provided 

in Table 5.1. In this report, the polyolefin samples are described based on their ethylene content 

in mol% where EP(78) indicates an EP copolymer with a 78 mol% ethylene content. 

  The EP copolymers were then maleated to yield EP-MA and fluorescently labeled with 

1pyrenemethylamine according to Scheme 5.1. To this end, FTIR spectroscopy was applied 

to assess the success of the different reactions. The FTIR spectrum of EP(78) in Figure S5.2 

shows two absorption bands at 1462 cm1 and 1379 cm1 which are due to the methylene and 

methyl units along the EP backbone, respectively. Since the FTIR spectrum of a completely 
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hydrated EP-MA sample has a strong absorption band at 1785 cm1 due to the succinic 

anhydride carbonyls and no absorption at 1705 cm1 where the succinic acid carbonyl absorb, 

FTIR was applied to ensure complete dehydration of EP-MA by monitoring the absence of 

absorption at 1705 cm1. After pyrene-labeling, a new absorption band appeared at 1710 cm1 

characteristic of the succinimide carbonyls while the band at 1785 cm1 disappeared (trace C in 

Figure S5.2) following the reaction of succinic anhydride with 1-pyrenemethylamine. 

 

Table 5.1. Chemical composition of Py-EP sample. 

Polymer Type 

λpy 

(µmol.g1) 
(UV-Vis 

absorption) 
)1462(

)1379(
1

1





cmAbs

cmAbs

 

)1462(

)1785(
1

1





cmAbs

cmAbs

 

)1462(

)1710(
1

1





cmAbs

cmAbs

 

 

 

Ethylene 

Content Mole% 

(13C NMR) 

EP(60-1) - 0.80 - - 60 

EP(60-1)-MA - 0.79 0.22 - - 

Py(108)-EP(60-1) 108 0.80 - 0.20 - 

EP(61-2) - 0.79 - - 61 

EP(61-2)-MA - 0.78 0.23 - - 

Py(103)-EP(61-2) 103 0.78 - 0.17 - 

EP(70-1) - 0.72 - - 70 

EP(70-1)-MA - 0.71 0.21 - - 

Py(82)-EP(70-1) 82 0.71 - 0.22 - 

 EP(78-1) - 0.55 - - 78 

EP(78-1)-MA - 0.55 0.23 - - 

Py(116)-EP(78-1) 116 0.56 - 0.28 - 

EP(78-2) - 0.55 - - 78 

EP(78-2)-MA - 0.54 0.23 - - 

Py(81)-EP(78-2) 81 0.54 - 0.29 - 

EP(78-3) - 0.66 - - 78 

EP(78-3)-MA - 0.60 0.21 - - 

Py(123)-EP(78-3) 123 0.61 - 0.22 - 
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 All FTIR spectra were normalized at 1462 cm1 and the absorbance ratios Abs(1379 

cm1)/Abs(1462 cm1), Abs(178 cm1)/Abs(1462 cm1), and Abs(1710 cm1)/Abs(1462 cm1) 

were determined. They are listed in Table 5.1.  The Abs(1379 cm1)/Abs(1462 cm1) provided 

a measure of the ethylene content of the EP copolymers which agreed with the 13C NMR results, 

with a larger Abs(1379 cm1)/Abs(1462 cm1) ratio indicating a smaller ethylene content. EP 

copolymers having a similar ethylene content as determined by 13C NMR also yielded similar 

Abs(1379 cm1)/Abs(1462 cm1) ratios. Finally, the Abs(1379 cm1)/Abs(1462 cm1) ratio of the 

EP copolymers did not change after conducting the maleation and pyrene-labeling reaction 

confirming that the chemical composition of the copolymers in terms of ethylene and propylene 

contents was not affected by these reactions. 

 The pyrene content (Py) of the Py-EP samples was determined by UV-Vis absorption by 

comparison of the pyrene absorbance at 344 nm in toluene with that of 1-pyrenemethyl-

succinimide used as a model compound as was done in an earlier publication.15 The Py values 

are listed in Table 5.1 and they were used to describe the Py-EP samples. For example, the 

sample Py(116)-EP(78-1) had a pyrene content of 116 mol/g and was the first sample with an 

ethylene content of 78 mol% to be studied. 

Microstructure of EP Copolymers. Differential scanning calorimetry (DSC) experiments were 

conducted on the EP copolymer samples in the solid state. As shown in Figure S5.3, a thermal 

transition due to melting was observed for the semicrystalline samples while no thermal 

transition was observed for the amorphous samples. The Tm and enthalpy (H) values retrieved 

from the DSC experiments conducted with the EP copolymers are listed in Table 5.2. The H 

and Tm results for EP(781-1), EP(78-2), and EP(78-3) clearly indicate that these samples are 
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similar in terms of crystallinity and melting profile.  In turn this conclusion agrees with their 

similar chemical composition found by FTIR and 13C NMR spectroscopy (see Table 5.1). 

EP(70-1) had a substantially lower H value in comparison with the EP(78) copolymer series 

as a consequence of its lower ethylene content and thus lower crystallinity.  

Solution Behaviour of EP Copolymers. Viscosity measurements were carried out between 

10oC and +20 oC for all EP copolymers in toluene to determine how their intrinsic viscosity 

[η] varied as a function of temperature. The resulting trends are shown in Figure 5.1. For all the 

semicrystalline samples (Figure 5.1C-F), [η] increased sharply with increasing temperature up 

to 0 oC and remained relatively constant afterward. The break point in the [η] profile is most 

likely due to a change in the hydrodynamic volume of the polymer coil (Vh) resulting from the 

melting of crystalline microdomains between long ethylene stretches inside the polymer coil at 

temperatures higher than 0 oC.4  For the amorphous Py(103)-EP(61-2) and Py(108)-EP(60-1) 

samples, [η] remained relatively constant with increasing temperature in Figures 5.1A and B as 

expected based on the inability of the amorphous samples to form crystalline microdomains in 

solution and thus undergo drastic changes in hydrodynamic volume.  

 

Table 5.2. Melting temperature (Tm) and enthalpy (H) of EP copolymers obtained from DSC 

measurements. 

Polymer Type Polymer Name Tm (oC)  (J.g1) 

Semicrystalline 

EP(70-1) 33 5 

EP(78-1) 31 31 

EP(78-2) 31 32 

EP(78-3) 32 25 
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Figure 5.1. Intrinsic viscosity obtained by using (×) relative and () specific viscosity 

measurements in toluene at various temperatures, for A) Py(108)-EP(60-

1)Py(103)EP(61-2)C) Py(82)-EP(70-1), D) Py(116)-EP(78-1), E) Py(81)-EP(78-2), and 

F) Py(123)-EP(78-3). 

A)                                                                        B) 

 

 

 

 

 

C)                                                                      D) 

 

 

 

 

E)                                                                       F) 
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Pyrene Excimer Formation. According to an earlier report, the level of intermolecular 

interactions between EP copolymers can be measured by applying a procedure based on pyrene 

excimer fluorescence.15 These experiments yield the molar fraction (finter) of pyrene labels 

covalently attached onto the EP backbone that form excimer intermolecularly in solution. This 

method was applied to compare the level of intermolecular interactions between the EP 

copolymers whose chemical composition has been described earlier (see Table 5.1 and 5.2). 

The process of excimer formation between pyrene labels covalently attached onto a 

macromolecule, or PLM for pyrene labeled macromolecule, is described in Scheme 5.2. 

 

 

Scheme 5.2. Kinetic scheme for excimer formation in a PLM. 

 

 Irradiation of a PLM with UV light results in the emission of the pyrene monomer which 

is characterized by several sharp peaks between 360 nm and 425 nm and that of the pyrene 

excimer which is broad, structureless, and centered at 480 nm.20 The fluorescence intensity of 

the pyrene excimer (IE) and monomer (IM) for the Py-EP samples can be calculated by 

integrating the fluorescence spectrum over the wavelength ranges between 372 and 379 nm and 

between 500 and 530 nm, respectively. As described in Equation 5.1, the fluorescence intensity 

ratio IE/IM is directly proportional to the local pyrene concentration [Py]loc experienced by an 

excited pyrene monomer covalently attached to a PLM.21 
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IE/IM=K(T)×[Py]loc    (5.1) 

 

 In Equation 5.1, K(T) is a temperature-dependent multiplication factor whose origin has 

been described in more details earlier.15 It depends on the fluorescence quantum yield of the 

pyrene monomer and excimer, the rate constants of formation and dissociation of the excimer, 

all quantities that depend on the solution temperature. However under isothermal conditions, 

an increase in IE/IM reflects an increase in [Py]loc as a result of intermolecular interactions 

between PLMs. When a PLM undergoes solely intramolecular interactions, the fluorescence 

spectrum yields the ratio IE/IM(intra) whereas if the PLM undergoes both intra- and 

intermolecular interactions, its fluorescence spectrum yields the ratio 
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ME / II . The 

molar fraction of pyrene labels forming excimer intermolecularly (finter) can be determined by 

Equation 5.2. 
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 In this study, the ratio 








inter

&intra

ME / II  was obtained simply by acquiring the 

fluorescence spectrum of a 10 g.L Py-EP samples in toluene. Calculating the ratio IE/IM(intra) 

was more challenging for the semicrystalline samples since they have an inherent tendency to 

associate intermolecularly even at low polymer concentration as shown previously.15 Therefore, 

IE/IM(intra) was calculated from a dilute (0.01 g.L) solution of Py-EP in the presence of 10 
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g.L of the unlabeled macromolecule to ensure that only intramolecular excimer formation 

would be observed. 

 The fluorescence spectra of solutions containing 10 g.L of a Py-EP sample in toluene 

were acquired as a function of temperature to obtain the ratio 








inter

&intra

ME / II . The IE/IM ratios 

of all the fluorescence spectra were calculated and they were plotted in Figure 5.2 as a function 

of temperature. The IE/IM ratio of the Py(108)-EP(60-1) and Py(103)-EP(61-2) solutions 

increased continuously with increasing temperature in Figure 5.2A and B, respectively. Since 

[Py]loc is not expected to change much with temperature for the amorphous EP copolymers as 

determined by the [] measurements shown in Figures 5.1A and B, the increase in IE/IM with 

increasing temperature only reflects the increase in the diffusion rate constant (kdiff).
22 The 

increase in kdiff is due to the decrease in toluene viscosity associated with an increase in 

temperature. The 








inter

&intra

ME / II ratio obtained for Py(82)-EP(70-1) in Figure 5.2C showed a 

minimal increase with increasing temperature, a behavior which is similar to that of the Py-EP 

amorphous samples observed in Figure 5.2A-B.  
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Figure 5.2. Plots of IE/IM -vs-T for ( ) Py-EP (10 g.L) and the mixtures of () Py-EP (0.01 

g.L) and EP (10 g.L1). A) Py(108)-EP(60-1)Py(103)EP(61-2)C) Py(82)-EP(70-1), D) 

Py(116)-EP(78-1), E) Py(81)-EP(78-2), and F) Py(123)-EP(78-3).  

 

 

 A)                                                                      B) 

 

 

 

 

 

C)                                                                      D) 

 

 

 

 

 

E)                                                                   F) 
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 The 








inter

&intra

ME / II vs-T plots for Py(116)-EP(78-1), Py(81)-EP(78-2), and Py(123)-

EP(78-3) samples showed a very different trend in Figure 5.2D-F. For all the samples, IE/IM 

first increased, then decreased at intermediate temperatures, before increasing again as the 

solution temperature was increased from 30 tpo 25 oC. The change in the IE/IM profiles for the 

Py-EP semicrystalline samples at intermediate temperatures has been attributed to a decrease 

in excimer formation due to a decrease in [Py]loc.
2,15 The decrease in [Py]loc can be due to the 

expansion of the polymer coil happening as the compact crystalline microdomains melt and 

also, the dissociation of polymer aggregates occurring at intermediate temperatures, both effects 

resulting in a decrease in [Py]loc. 

The fluorescence spectra of toluene solutions containing a 10 g.L excess of unlabeled 

EP copolymer and 0.01 g.L Py-EP were also acquired for all six EP copolymers to obtain the 

ratio IE/IM(intra). The IE/IM ratios of all the fluorescence spectra were calculated and they were 

plotted in Figure 5.2 as a function of temperature. For all six Py-EP solutions, the ratio 

IE/IM(intra) increased continuously with increasing temperature. This behavior was expected 

since the Py-EP macromolecules were well separated with the excess of unlabeled EP 

copolymer present in the solution. Therefore, [Py]loc remained constant with temperature so that 

the IE/IM ratio responded solely to the decrease in solvent viscosity taking place with increasing 

temperature.  

 Equation 5.2 was applied to the trends shown in Figure 5.2 to yield finter which was 

plotted as a function of temperature in Figure 5.3. The finter-versus-T plots presented much 

simpler trends to interpret compared to those shown in Figure 5.2. For the amorphous Py(108)-

EP(60-1) and Py(103)-EP(61-2) samples, finter remained constant with temperature as expected 
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from a polymer whose conformation in solution is unaffected by temperature. The fraction finter 

took a similar value for Py(108)-EP(60-1) and Py(103)-EP(61-2) since they both had a similar 

ethylene content. On the other hand, the transition induced by the formation of crystalline 

microdomains for Py(116)-EP(78-1), Py(81)-EP(78-2), and Py(123)-EP(78-3) samples 

appeared now quite clearly in Figure 5.3D-F where two regimes at temperatures below and 

above the transition could be easily assigned. For all semicrystalline solutions, finter increased 

from 0.23 ± 0.02 at high temperature to 0.60 ± 0.07 at low temperature, the inflexion point of 

the transition being at T = 5 ± 3 oC. The fact that similar finter values were obtained for EP 

copolymers having similar crystallinity levels confirm that the proposed procedure yields 

reproducible finter values with different types of polyolefins.  

  

Table 5.3. Molar fraction (finter) of intermolecular associations between EPcopolymer in a 10 

g.L copolymer solution in toluene. 

Polymer Type Polymer Name 
Temp (oC) 

30  to 10 

Temp (oC) 

5 to 25 

Amorphous 

Py(108)-EP(60-1) 0.31±0.02 

Py(103)-EP(61-2) 0.27±0.01 

Semicrystalline 

Py(82)-EP(70-1) * * 

Py(116)-EP(78-1) 0.62±0.07 0.23±0.03 

Py(81)-EP(78-2) 0.62±0.02 0.23±0.02 

Py(123)-EP(78-3) 0.56±0.06 0.22±0.02 

*  This sample did not yield a constant finter value between 30 and 10 oC and 5 and 25 oC. 
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Figure 5.3. Molar fraction finter of pyrene labeled EP copolymers forming excimer intermolecularly 

for A) Py(108)-EP(60-1)Py(103)EP(61-2)C) Py(82)-EP(70-1), D) Py(116)-EP(78-1), E) 

Py(81)-EP(78-2), and F) Py(123)-EP(78-3) at a concentration of 10 g.L1.  

A) B) 

C) D) 

E) F) 
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 In the case of Py(82)-EP(70-1), finter decreased with increasing temperature over the 

entire temperature range and no clear break point was observed. The Py(82)-EP(70-1) solution 

showed an intermediate behaviour between the semicrystalline and amorphous samples as 

expected from the ethylene content of Py(82)-EP(70-1) which was determined by 13C NMR 

and FTIR measurements to be intermediate between those of the semicrystalline and amorphous 

samples. The finter values obtained in the different temperature regimes have been listed in 

Table 5.3 for the different polyolefins. 

 The results listed in Table 5.3 reflect accurately and quantitatively the expected solution 

behaviour of the EP copolymers under study. It appears that the procedure used to determine 

finter by pyrene excimer fluorescence provides a powerful analytical means to probe the 

associations of polyolefins in solution. 

 Conclusions 

Six different EP copolymers were maleated and then labeled with 1-pyrenemethylamine. DSC, 

FTIR, and 13C NMR measurements were performed in the solid state and in solution. They 

confirmed that four of the EP copolymers were semicrystalline and two were amorphous, 

although EP(70) with an intermediate ethylene content was less crystalline than the  EP(78) 

samples. Intrinsic viscosity measurements were also carried out in toluene as a function of 

temperature. They showed that [η] did not change much with temperature for the amorphous 

samples. For the semicrystalline samples, [η] remained relatively constant between 5 and 30 

°C while showing a marked decrease with decreasing temperature when the temperature was 

below 5 °C. This behaviour reflected the progressive shrinkage of the polymer hydrodynamic 

volume with decreasing temperature. 
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 To probe the intermolecular associations between EP copolymers, fluorescence 

experiments based on pyrene excimer formation were conducted on the Py-EP copolymers. The 

Py-EP samples yielded very different trends of IE/IM-vs-T based on their crystallinity. While 

IE/IM remained relatively constant for Py(82)EP(70-1) and increased continuously for 

Py(108)EP(601) and Py(103)-EP(61-2) with increasing temperature, a much more complex 

profile was found for the Py(116)-EP(78-1), Py(81)-EP(78-2), and Py(123)-EP(78-3) samples. 

As concluded earlier,15 this behaviour was due to the formation of microcrystals in solution. 

 The combination of the results obtained for the chemical composition of the EP 

copolymers by FTIR and 13C NMR, their level of crystallinity by DSC, their solution behaviour 

from intrinsic viscosity measurements, and the level of intermolecular association by 

fluorescence provides a solid understanding of the effect that the ethylene content of EP 

copolymers has on their ability to self-assemble in solution at low temperature due to 

microcrystallization. In this context, this study has demonstrated that experiments based on 

pyrene excimer formation provide a powerful tool to characterize the intermolecular 

associations between polyolefins in solution.  
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6 Chapter 6  

 

 

Using Pyrene Excimer Fluorescence to Probe the 

Interactions Between Viscosity Index Improvers and 

Waxes Present in Automotive Oil 
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 Overview 

A new methodology based on pyrene excimer formation was applied to quantitatively measure 

the actual level of intermolecular association between ethylene-propylene (EP) copolymers in 

toluene in the presence of wax typically present in engine oils. EP copolymers are commonly 

used as viscosity index improvers (VIIs) in engine oils. Unfortunately engine oils contain 

waxes, an undesirable by-product that thickens the oil and associates with VIIs at low 

temperature. In this study, four EP copolymers were maleated to yield EPMA and then 

fluorescently labeled with 1-pyrenemethylamine to yield Py-EP. Successful maleation and 

fluorescence labeling were confirmed by Fourier transform infrared (FTIR) and UV-Vis 

absorption spectroscopy. The solution behaviour of the EP copolymers in the presence of wax 

was characterized by pyrene excimer formation, which was used to quantitatively measure the 

molar fraction of intermolecular interactions (finter) between EP copolymers in the absence or 

presence of wax. The fraction finter was determined through the analysis of the fluorescence 

spectra of the Py-EP solutions acquired as a function of temperature. Upon excitation, the Py-

EP solutions generated excimer upon encounter between an excited and a ground state pyrene. 

The ratio of the excimer fluorescence intensity (IE) over that of the monomer (IM) yielded the 

IE/IM ratio which was employed to determine finter. Plots of finter as a function of temperature 

provided a description of the solution behaviour of a given VII with or without wax present in 

solution. The results of this study indicate that wax in solution binds onto EP copolymers 

dissolved in toluene, which increases macromolecular associations as reflected by an increase 

in finter.  The formation of polymeric microcrystals however induces strong polymer-polymer 

interactions that result in the dissociation of the wax from the polymers. 
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 Introduction 

An engine oil formulation is usually a mixture of base oils and oil-additives. Oil-additives 

enhance the base oil lubricating properties and the base oil must maintain proper solvency of 

these oil additives during the operation of the engine. Dispersants, detergents, viscosity index 

improvers (VIIs), pour point depressants (PPDs), and antiwear and antioxidant agents are 

different types of oil additives typically present in an engine oil.1 VIIs are long chain, high 

molecular weight polymers used to reduce the decrease in viscosity of the base oil upon 

increasing temperature without excessively increasing the viscosity of the oil at lower 

temperatures.24 Consequently, VIIs are essential components in engine oil to enhance the oil 

efficiency and durability while providing maximum engine protection. The performance of the 

VII depends on the polymer solubility, its interactions with other species in the oil, and its shear 

and oxidation resistance.5,6 

 The best known VIIs are polymethacrylates, polyisoprene-polybutadiene-polyisoprene 

star polymers, ethylene-propylene copolymers (EP), and hydrogenated styrene-diene 

copolymers.4,7-10  As they are the focus of this study, EP copolymers are described in more 

details hereafter. EP copolymers were first introduced as VIIs in the late 1960s.11 The ethylene-

to-propylene molar ratio defines the quality of a given EP copolymer as a VII.7,11 The presence 

of long ethylene sequences in EP copolymers induces polymer crystallinity that changes the 

hydrodynamic volume of the polymer coil in a way that yields desirable lubrication properties 

for an engine oil as a function of temperature. But higher ethylene contents can also interact 

strongly with wax present in the engine oil at very low temperatures.12 Even though most of the 

wax is removed during dewaxing, a small amount of wax is required in the oil to obtain a desired 

viscosity. These waxes are composed of asphaltenes and long chain hydrocarbons which vary 
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in molecular weight and composition.13,14 Consequently the study of the effect that the presence 

of wax has on the interactions taking place between EP copolymers is of high interest to the oil-

additive industry. 

  Intermolecular association between macromolecules is typically investigated by 

fluorescence resonance energy transfer (FRET)2,15-17 and pyrene excimer formation.2 But a 

quantitative measure of the molar fraction (finter) of macromolecules involved in intermolecular 

association is only provided when pyrene excimer fluorescence is used.18 As was shown in a 

previous study,18 finter can be determined in a simple and straightforward manner from the ratio 

IE/IM of the fluorescence intensity of the excimer over that of the monomer obtained from the 

fluorescence spectrum of pyrene-labeled macromolecules. Since the fluorescence intensity ratio 

IE/IM is directly proportional to the local pyrene concentration [Py]loc experienced by an excited 

pyrene surrounded by ground state pyrenes covalently attached onto a macromolecule,19-23 an 

increase in IE/IM due to intermolecular interactions reflects an increase in [Py]loc which can be 

taken advantage of to measure finter. The ability to measure the fraction finter provides a novel 

and powerful analytical tool that allows one to probe macromolecular interactions in solution 

under different conditions. In the present study, the effects induced on finter by temperature and 

the presence of wax are being investigated in solution for a series of EP copolymers exhibiting 

a range of crystallinity. 

 Experimental 

Chemicals. Acetone (HPLC grade), dodecane (anhydrous, 99%), toluene (HPLC, 99.9%), 

biphenyl (99%), 1,1,2,2-tetrachloroethane-d2 (TCE-d2), methyl ethyl ketone (MEK, 99.5%), 

maleic anhydride (98%), 1-pyrenemethylamine hydrochloride (PyCH2NH2 HCL, 95%), and 

tert-butyl peroxide (98%) were purchased from Sigma-Aldrich and were employed without 
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further purification. Four EP copolymers, two amorphous polymers with an ethylene content of 

60 mol% and two semicrystalline polymers with an ethylene content of 78 mol%, and an engine 

oil wax were supplied by Afton.  

Carbon Nuclear Magnetic Resonance (13C NMR). 13C NMR was used to calculate the molar 

ethylene content of the EP copolymers.24 To acquire the 13C NMR spectra of the EPcopolymers 

at 120 oC, a Bruker 500 MHz high resolution NMR spectrometer was used.25 EP copolymers 

(0.14 g) were dissolved in TCE-d2. Before acquiring each NMR spectrum, the solution in the 

NMR tube was homogenized by placing it in a heating block at 120 oC for a minimum of 4 hrs.  

Fourier Transform Infrared (FTIR). A Bruker Tensor 27 FTIR spectrophotometer was used 

to obtain all FTIR spectra. To produce a thin polymer film on a NaCl FTIR plates, a few drops 

of polymer solution in toluene were deposited onto the cell and the solvent was then evaporated 

under a stream of nitrogen. All samples had an absorbance of less than unity to optimize the 

signal-to-noise ratio. 

Oil Dewaxing. Engine oil lubricants are formulated from a range of base oils and additives. The 

base oil is mostly produced by the refining of crude oil. The American Petroleum Institute (API) 

has categorized base oils into five categories as shown in Table 6.1. Oils from Group I – III are 

derived from petroleum crude oil and are ranked according to their sulfur and saturated alkane 

content and their viscosity index (VI).  Group IV oils are synthesized from olefins and are 

thus sulfur-free and fully saturated while Group V oils represent all other types of oil that do 

not belong to the Group I – IV oils. A group II base oil was used in this study. The base oil was 

mixed with methyl ethyl ketone (MEK, 5.0 wt%) at room temperature until an homogenous 

solution was obtained. The solution was placed in a 20 oC freezer for 24 hrs to allow 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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precipitation of the wax. The wax was separated by suction filtration with a filter paper and 

application of vacuum. The final product was dried in a vacuum oven at 70 oC for 2 hrs. 

 

Table 6.1. American Petroleum Institute (API) base oil categories.26 

Group Sulfur (wt%) Saturates (wt%) 
Viscosity Index 

(VI) 

I >0.03 <90 80-120 

II >0.03  >90 80-120 

III >0.03 >90 >120 

IV Polyalphaolefins Synthetic Lubricants 

V All base oils not included above 

 

Steady-State Fluorescence. Acquisition of the fluorescence spectra of the pyrene-labeled EP 

copolymers (Py-EPs) was conducted on 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. A 1 cm × 1 cm quartz cell was used to acquire the 

fluorescence spectra with the right-angle geometry for a Py-EP concentration of 0.01 g.L1. A 

triangular quartz cell was used for front-face geometry measurements to avoid the inner filter 

effect when acquiring the fluorescence spectra at Py-EP concentrations of 10 g.L. 

Fluorescence spectra of solutions of Py-EPs in toluene were acquired by exciting the solution 

at 344 nm and acquiring the emission spectra from 350 to 600 nm. The fluorescence spectra of 

the wax were acquired between 300 and 600 nm using different excitation wavelengths. The 

fluorescence measurements were acquired with a cryostat from Oxford Instruments (Optistat 

DN) fitted inside the steady-state fluorometer. Before each measurement, the solutions were 
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placed in the cryostat where they were degassed for 30-40 minutes under a gentle flow of N2 to 

remove undesired oxygen that quenches pyrene fluorescence. Measurements were carried out 

at temperatures ranging from 30 ( 0.2) to +25 ( 0.2) °C and before each set of experiments, 

the solutions were heated to room temperature to erase all pre-association history before 

bringing the solution to the desired temperature. The solutions were left in the cryostat for 10 

min after the set temperature of the cryostat had been reached before any fluorescence spectrum 

was acquired. 

UV-Visible Spectrophotometer. Absorption spectra were acquired between 200-600 nm on a 

Cary 100 UV-Vis spectrophotometer. Quartz cells having a 0.1-10 mm path length were 

employed for these measurements.  

Labeling of the EP Copolymers. The polymers were first maleated to yield EP-MA27 and then 

fluorescently labeled with 1-pyerenemethylamine (PyCH2NH2)
28 according to a procedure 

described earlier18,21 and shown in Scheme 6.1. 

 

 

Scheme 6.1. Reaction scheme for A) the maleation of the EPcopolymer and B) the labeling 

of the maleated EP copolymers with pyrene. 

A) 

 

 

B) 
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 Results and Discussion 

An earlier study has established that the parameter finter accurately describes the level of 

interactions between Py-EP copolymers in toluene.18 In particular, a plot of finter as a function 

of temperature provides valuable information on the effect of temperature on the interactions 

between EP copolymers. Such finter-vs-T plots were constructed in the present study to assess 

the effect that the presence of wax has on the interactions between EP copolymers having 

different crystallinities. The crystallinity of the different EP copolymers was characterized 

earlier,18 as well as their maleation and pyrene labeling.  

Table 6.2 summarizes the main chemical properties of these polymers. 

 

Table 6.2. Pyrene content (py) and ethylene content of EP copolymers obtained from UV-Vis 

and 13C NMR measurements, respectively. 

Polymer Name Polymer Type 
py 

(µmol.g1) 

Ethylene Content 

(mol %) 

Py(108)-EP(60-1) 

Amorphous 

108 60 

Py(103)-EP(61-2) 103 61 

Py(116)-EP(78-1) 
Semicrystalline 

 

116 78 

Py(123)-EP(78-3) 123 78 

 

 The nomenclature used to describe the chemical composition of the Py-EP samples is 

described by using the sample Py(108)-EP(60-1) as example. The number in brackets after Py 

indicates the pyrene content of the polymer expressed in µmol of pyrene per gram of polymer 

whereas the number in brackets after EP refers to the ethylene content of the polyolefin 
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expressed in mol%.  The number “1” following the ethylene content indicates that this sample 

with a 60 mol% ethylene content was the first to be investigated.  The EP samples listed in  

Table 6.2 with an ethylene content of 60 and 78 mol% where amorphous and semicrystalline 

respectively.18   

Pyrene Excimer Formation in the Presence of Wax. Previous experiments based on FRET 

and pyrene excimer fluorescence demonstrated that the existence of intermolecular associations 

between EP copolymers could be demonstrated qualitatively and quantitatively by the former 

and latter techniques, respectively.18 In particular, pyrene excimer fluorescence experiments 

were shown to yield the molar fraction of pyrene labels forming pyrene excimer 

intermolecularly (finter) in solution.18 This procedure is now employed to determine the effect 

that the presence of wax has on the level of EP interactions in the solution as a function of 

temperature. The process of excimer formation between pyrene labels covalently attached onto 

a macromolecule, or PLM for pyrene-labeled macromolecule, is described inScheme 6.2. 

 

 

 

Scheme 6.2. Kinetics of pyrene excimer formation for a PLM. 
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 In Scheme 6.2, irradiation of a PLM with UV light leads to the excitation of some pyrene 

monomers and pyrene aggregates. Excitation of a pyrene aggregate results in instantaneous 

excimer formation with excimers that emit with a natural lifetime E0. Excitation of a pyrene 

monomer can lead to monomer fluorescence that occurs with a lifetime M or excimer formation 

if diffusive encounters take place between the excited pyrene and a nearby ground state pyrene. 

The excited pyrene monomer emission is characterized by four sharp fluorescence bands 

between 360 nm and 425 nm, whereas the pyrene excimer features a broad and structureless 

emission centered at 480 nm. These spectral features are presented in Figure 6.1 that shows the 

typical fluorescence spectrum of a Py-EP sample in toluene in the absence and presence of wax. 

The fluorescence intensity of the pyrene excimer IE and monomer IM can be calculated by 

integrating the fluorescence spectrum over a well-defined range of wavelengths. Traditionally, 

this laboratory has used a wavelength range between 372 and 379 nm corresponding to the first 

peak (I) in the fluorescence spectrum to calculate IM for Py-EP samples in toluene. The choice 

of the fluorescence peak furthest to the left to calculate IM was made to minimize a possible 

overlap between the monomer and excimer emissions. In the present case however this 

procedure appeared to be flawed as the presence of wax led to an apparent decrease in the 

intensity of the fluorescence peak at 376 nm. The origin of this effect was attributed to light 

scattering generated by wax aggregates that resulted in a sunstantial reabsorption of the first 

fluorescence peak. As shown in Figure 6.1A and B, the peak at 376 nm was supressed after 

adding wax to the 10 g.L1 Py(81)-EP(78-3) solution. Inspection of the fluorescence spectra 

indicated that the fourth peak (IV) was much less affected by the presence of wax. Therefore, 

the wavelengths between 394 and 399 nm corresponding to the fourth peak (IV) in the spectrum 

were selected instead to calculate IM to minimize the interference induced by light scattering on 
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the fluorescence spectrum at the lower wavelengths. The wavelengths range between 500 and 

530 nm was chosen for IE to minimize any overlap that might exist between the fluorescence 

of the monomer and excimer.  

 

  

Figure 6.1. Steady-state fluorescence spectra of a Py-EP sample A) without wax and B) with 

wax in toluene. ([Poly] = 10 g.L1, ex = 344 nm)  

 

 Having determined the IE/IM ratio for the Py-EP samples, Equation 6.1 could be applied 

to relate the IE/IM ratio to the local pyrene concentration [Py]loc experienced by an excited 

pyrene monomer attached onto the Py-EP samples.29 In Equation 6.1, K(T) is a multiplication 

factor which is a function of the quantum yields of the pyrene monomer and excimer and the 

rate constants for excimer formation and dissociation.  As a result, K(T) is expected to vary with 

temperature as already discussed in an earlier report.18 At a same temperature however, an 

increase in IE/IM reflects an increase in [Py]loc which results from increased intermolecular 

interactions. In turn, a rise in intermolecular interactions can be due to an increase in the 

concentration of the PLMs, a change in the solvent quality toward the macromolecule, or the 

A) B) I IV 

II 

III 

I 

IV 

II 

III 
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presence of an external species that would enhance intermolecular associations such as wax 

could do to the Py-EP chains in solution. When a PLM undergoes both intra- and intermolecular 

interactions, its fluorescence spectrum yields the ratio 








inter

&intra

ME / II  whereas if the PLM 

undergoes solely intramolecular interactions, the fluorescence spectrum yields the ratio 

IE/IM(intra). In turn, the ratios 








inter

&intra

ME / II and IE/IM(intra) are equal to K(T)×[Py]loc 








inter

&intra
 

and K(T)×[Py]loc(intra), respectively. The molar fraction of PLMs forming excimer 

intermolecularly (finter) can then be determined from Equation 6.2. Consequently, the purpose 

of this study was to determine the temperature profile of finter for the Py-EP copolymers listed 

in Table 6.2 where the EP backbone exhibits different levels of crystallinity, in the absence and 

presence of wax. Comparison of the trends obtained for plots of finter-vs-T without and with wax 

should provide valuable information on the effect that wax has on the aggregation of Py-EP 

samples in solution. 

 

IE/IM=K(T)×[Py]loc     (6.1) 
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 To this end, the ratio 








inter

&intra

ME / II  was obtained by acquiring the fluorescence spectra 

of the Py-EP samples in the presence of wax. To calculate IE/IM(intra), the fluorescence 

spectrum of a dilute (0.01 g.L) solution of Py-EP needed to be acquired in the presence of 10 
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g.L of the unlabeled macromolecule to ensure that only intramolecular excimer formation 

would be observed. Calculating IE/IM(intra) in the presence of wax was challenging due to the 

strong emission of the 10 g.Lwax solution that interfered with the emission of a 0.01 g.LPy-

EP solution as shown in Figure 6.2.  

 

 

Figure 6.2. Fluorescence spectra of (__) the mixture of 0.01 g.L Py(108)-EP(60-1), 10 g.L 

EP(60-1), and 10 g.Lwax, (····) the mixture of 0.01 g.L Py(108)-EP(60-1) and 10 

g.LEP(60-1), and (- - -) the 10 g.L wax solution.(Solvent: toluene, λex=344 nm) 

 

The fluorescence spectra of the 10 g.Lwax solution were acquired at several excitation 

wavelengths between 280-400 nm.  They are presented in Figure 6.3A. The fluorescence spectra 

of the wax showed several emission bands. The emission shifted to higher wavelengths as the 

excitation wavelength was increased (Figure 6.3A). This behaviour indicates that different 

emitting species are present in the wax sample since changing the excitation wavelength 

enabled the photoselection of these different chromophores. Therefore, subtracting the 

fluorescence spectrum of the 10 g.Lwax solution in toluene from the fluorescence spectrum 
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of the mixture containing 10 g.Lwax, 10 g.LEP and 0.01 g.LPy-EP was necessary to 

obtain the actual spectrum of Py-EP which was used to calculate IE/IM(intra). The fluorescence 

spectra of the 10 g.L1 wax solution were acquired as a function of temperature as shown in 

Figure 6.3B. To account for differences in fluorometer configuration between the different days 

that the fluorescence experiments were carried out, the fluorescence spectra of the 10 g.L1 wax 

solution and the 10 g.Lwax, 10 g.LEP and 0.01 g.LPy-EP mixture were normalized at 

360 nm where pyrene does not emit and the wax spectrum was subtracted from the latter 

spectrum to yield the fluorescence spectrum of the 0.01 g.L Py-EP and 10 g.L EP mixture 

as shown by the dotted line in Figure 6.2. 

Since engine oils contain a few wt% of VII and wax, the fluorescence spectra of toluene 

solutions containing 10 g.L Py-EP and 10 g.L1 wax were acquired as a function of 

temperature to obtain the ratio 








inter

&intra

ME / II . The IE/IM ratios of all the fluorescence spectra 

were calculated and they were plotted in Figure 6.4 as a function of temperature. The IE/IM ratio 

of the Py(108)-EP(60-1) and Py(103)-EP(61-2) solutions were found to increase continuously 

with increasing temperature in Figure 6.4A and B, respectively. This is the expected behavior 

for amorphous samples because the dissociation rate constant (k1) of the pyrene excimer is 

negligible in this temperature regime,29 and [Py]loc does not change much with temperature for 

these amorphous samples. Under these conditions, the increase in IE/IM with increasing 

temperature only reflects the increase in the rate constant (kdiff) for diffusion-controlled pyrene 

excimer formation associated with the decrease in solvent viscosity due to the increase in 

temperature. 
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Figure 6.3. Steady-state fluorescence spectra of wax (10 g.L1) in toluene. A) Excitation at 

different wavelength (ex=280-400 nm). B) As a function of temperature. From top to bottom, 

temperature increases from C to +25 oC. (ex = 344 nm) 

 

For the two EP(78) semicrystalline samples shown in Figure 6.4C and D, the plots of 

IE/IM in the presence of wax as a function of temperature resulted in a very different behavior 

from that of the amorphous samples. An increase in solution temperature induced first an 

increase in IE/IM, followed by a decrease in IE/IM at intermediate temperatures, before the 

increase in IE/IM resumed upon increasing the solution temperature further. The anomalous 

behavior observed for the Py-EP semicrystalline samples at intermediate temperatures has been 

attributed to a decrease in excimer formation due to a decrease in [Py]loc resulting from the 

melting of microcrystals generated by long polyethylene sequences in the copolymer.2,18  

A) B) 
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Figure 6.4. Plots of IE/IM -vs-T for the mixtures of ( ) Py-EP (10 g.L) and wax (10g.L) 

and () Py-EP (0.01 g.L), EP (10 g.L1), and wax (10 g.L). A) Py(108)-EP(60-1) 

Py(103)EP(61-2)C) Py(116)-EP(78-1), and D) Py(123)EP(78-3).  

 

Beside the experiments conducted on the mixture containing 10 g.L1 Py-EP and 10 g.L1 

wax, the fluorescence spectra of toluene solutions containing a 10 g.L excess of unlabeled EP 

copolymer, 0.01 g.L Py-EP, and 10 g.L1 wax were also acquired as a function of temperature 

for all the EP copolymers to obtain the ratio IE/IM(intra). The IE/IM ratios of all the fluorescence 

spectra were calculated and they were plotted in Figure 6.4 as a function of temperature. For all 

four Py-EP solutions, the ratio IE/IM(intra) increased continuously with increasing temperature 

 

A) B) 

C) D) 

 

30 
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in Figure 6.4. This behavior was expected, since the Py-EP macromolecules were well separated 

thanks to the excess of unlabeled EP copolymer present in the solution ensuring that [Py]loc 

remained constant with temperature and that the IE/IM ratio responded solely to the decrease in 

viscosity taking place with increasing temperature. As was already pointed out, a decrease in 

viscosity leads to an increase in diffusive encounters, which is reflected by an increase in 

excimer formation, and thus in the IE/IM ratio.  It is important to point out at this stage that 

pyrene excimer formation is a phenomenon that involves a few tens of monomers in a PLM so 

that polymer entanglements are not relevant at the low polymer concentrations studied.3032 

Equation 6.2 was applied to the trends shown in Figure 6.4 to yield the finter values which 

were plotted as a function of temperature in Figure 6.5. The finter values obtained in Chapter 4 

in the absence of wax were also shown in Figure 6.5 for comparison. For all Py-EP amorphous 

solutions, finter increased after adding wax to the solution. This behavior indicates that the 

presence of wax in the oil induces aggregation of amorphous Py-EP copolymers. The 

aggregation then resulted in an increase in the probability of having pyrene-pyrene encounters 

in the solution and thus a higher finter value. In the case of the two Py(108)-EP(60-1) and 

Py(103)-EP(61-2) samples, finter increased from 0.28 ± 0.02 to 0.43 ± 0.01 and from 0.22 ± 0.02 

to  0.40 ± 0.01 upon addition of wax, respectively. 
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Figure 6.5. Molar fraction finter of pyrene-labeled EP copolymers forming excimer 

intermolecularly calculated from the ratio IE(500-530 nm)/IM(394-399 nm) (●) without wax 

and (○) with 10 g.L1 wax. (×) Molar fraction finter calculated from the ratio IE(500-530 

nm)/IM(372-379 nm) without wax. For A) Py(108)-EP(60-1)Py(103)EP(61-2)C) 

Py(116)-EP(78-1), and D) Py(123)-EP(78-3) at a concentration of 10 g.L1.  

   

 For the solutions of all semicrystalline Py-EPs, the transition induced by the formation 

of crystalline microdomains was still observed in the presence of wax. Moreover, finter increased 

after addition of wax at temperatures larger than the crystallization temperature (TC) where the 

polymers were soluble. At temperatures lower than TC however, the formation of microcrystals 

A) B) 

C) D) 
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in the Py-EP semicrystalline samples maximized polymer-polymer contacts and the wax 

molecules were expelled from the microcrystals. Since finter reflected [Py]loc after the wax had 

been expelled from the microcrystals, it was little affected by the presence of wax at 

temperatures lower than TC. The finter values obtained in the different temperature regimes for 

all EP samples have been listed in Table 6.3. 

 To investigate the validity of the finter values calculated from the ratio of  IE(500-530 nm) 

over IM(394-399nm), finter was also calculated by taking the ratio of IE(500-530 nm) over 

IM(372-379nm) for polymer solutions that were determined in Chapter 4 without wax. These 

alternative finter values were plotted as a function of temperature in Figure 6.5. Despite the 

difference in the wavelength range to calculate IM, similar finter-vs-T profiles were obtained. This 

result demonstrates that the new integration range used to calculate IM did not affect much the 

trends for finter.  The importance of these results are now briefly discussed. 

 Due to their importance in numerous applications that involve oil flow, the interactions 

of waxes and polymers have been the object of intensive research as illustrated by a number of 

recent reviews.33-35 Wax crystallization in the oil as stacked lamellar crystals leads to gelation 

of the oil that can no longer flow at a temperature referred to as the pour point (PP). Copolymers 

of ethylene and vinyl acetate, polyethylene-b-poly(ethylene-co-propylene) diblock copolymers 

(PE-PEP), or poly(maleic anhydride amide-co-olefin) have been used as pour point 

depressants (PPDs). Their co-crystallization with waxes changes the size and shape of the wax 

crystals in a process that lowers the PP of the oil.  In comparison with the vast pool of studies 

documenting the interactions between wax and PPDs, much less seems to be known about the 

interactions between waxes and VIIs such as the EP copolymers studied herein. In particular, 

interactions between waxes and EP copolymers having a high ethylene content were found to 
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be reduced at low temperatures as illustrated in Figures 6.5C and D contrary to reported 

expectations.12 The suggestion that waxes do not co-crystallize with long polyethylene stretches 

of the EP(78) copolymers at low temperature is supported by studies of the interactions of 

waxes with PE-PEP. The diblock copolymers were found to self-assemble into platelets 

composed of the PE blocks stabilized by the amorphous PEP blocks.36 Addition of wax to the 

solution did not result in co-crystallization of wax and the PE blocks. Rather, the wax 

crystallized at the surface of the PE platelet.37 The EP(78) samples seemed to behave similarly 

with their long polyethylene stretches forming microcrystals in a process that releases into the 

bulk the wax responsible for increasing intermolecular interactions at high temperatures. As a 

result, the presence of wax did not increase intermolecular interactions of the EP(78) 

copolymers at low temperatures as indicated by the similar finter value obtained with or without 

wax in Figures 6.5C and D.  The amorphous EP(60) copolymers consistently interacted with 

wax over the entire temperature range, maintaining a constant finter value in the presence of wax 

that was larger than the finter value obtained without wax. 

 Wax is believed to interact with long ethylene sequences in EP(60) and since the 

polymer remains fully soluble in toluene over the entire temperature range, these long ethylene 

sequences do not form microcrystals and interact effectively with wax in a process that induces 

intermolecular association. Interestingly, the semicrystalline EP copolymers were also found to 

interact strongly with wax at temperatures above TC where they were fully soluble in toluene.  

In effect, amorphous and semicrystalline EP copolymers above TC behaved similarly in 

solution, interacting strongly with wax in a process that resulted in increased intermolecular 

interactions. 
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Table 6.3. Molar fraction (finter) representing the intermolecular interactions between 

EPcopolymer for 10 g.L copolymer and 10g.L wax solutions in toluene. 

 

Temp (oC) 

30  to 10 

Temp (oC) 

5 to 25 

Temp (oC) 

30  to 10 

Temp (oC) 

5 to 25 

Without Wax With Wax 

Py(108)-EP(60-1) 0.28±0.02 0.43±0.01 

Py(103)-EP(61-2) 0.22±0.02 0.40±0.01 

Py(116)-EP(78-1) 0.56±0.07 0.20±0.03 0.57±0.07 0.39±0.01 

Py(123)-EP(78-3) 0.55±0.06 0.23±0.02 0.63±0.07 0.39±0.01 

 

 Conclusions 

Four EP copolymers were maleated and then labeled with 1-pyrenemethylamine. Two EP 

copolymers were semicrystalline and two were amorphous.18 To probe the interactions taking 

place between polymer chains in the presence of wax, fluorescence experiments based on 

pyrene excimer formation were conducted on the Py-EP copolymers. The Py-EP samples 

yielded very similar trends for the IE/IM-vs-T plots in the presence or absence of wax. While 

IE/IM increased continuously with increasing temperature for Py(108)-EP(60-1) and Py(103)-

EP(61-2), a much more complex profile was found for Py(116)-EP(78-1) and Py(123)EP(78-

3). As concluded earlier,18 this behaviour was due to the formation of microcrystals in solution 

that took place at low temperatures. 

Application of Equation 6.2 to the IE/IM profiles obtained with a 10 g.L Py-EP 

copolymer solution and a solution containing 0.01 g.L of Py-EP and 10 g.L of EP copolymer 

in the presence of 10 g.L of wax yielded finter, the molar fraction of pyrene labels that formed 
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excimer intermolecularly when wax was added to toluene. Plots of finter as a function of 

temperature for the two amorphous polymers, namely Py(108)-EP(60-1) and Py(103)EP(61-

2), showed that the presence of wax led to an increase in finter from 0.28 ± 0.02 to 0.43 ± 0.01 

and from 0.22 ± 0.02 to 0.40±0.01, respectively. For the semicrystalline Py-EP solutions, two 

regimes were clearly identified depending on whether the solution temperature was below or 

above C. The increase in finter upon addition of 10 g.L1 wax was more pronounced at 

temperatures higher than TC where the semicrystalline EP copolymers did not form 

microcrystals. At lower temperatures, much smaller changes in finter were observed.  The 

presence of 10 g.L1 waxin the EP solutions seemed to increase intermolecular associations 

between EP copolymers under solution conditions where no microcrystals could form (T > TC). 

This observation suggests that the formation of polymer microcrystals at temperatures below 

TC led to the release of wax from the polymers.  It also supports the notion that wax interacts 

strongly with long ethylene sequences along the EP copolymer since wax would not be released 

into the bulk if it was binding to amorphous propylene-rich sequences that are unaffected by 

microcrystal formation. As a result, the semicrystalline polymers at low temperatures showed 

little-to-no difference in behaviour with or without wax present in the solution. 

In summary, this study illustrates how the parameter finter can be used to probe the 

association between PLMs in solution. In the present application, it was employed to probe the 

effect that wax present in engine oils has on the aggregation of VIIs. While this information is 

highly relevant to scientists aiming to control the viscosity of engine oils, the use of finter is 

general and is applicable to probe the solution behaviour of any associating polymers. 
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7 Chapter 7 

 

 

 

Summary and Future Work 
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  Summary of Thesis 

Since the early 1900’s, polymeric oil additives have been used in engine oils to improve overall 

engine durability and performance and decrease pollution emission.1 These polymeric oil 

additives include dispersants, pour point depressants (PPDs), and viscosity index improvers 

(VIIs). The goals of this thesis were several but could be divided into two main categories.  The 

first was to investigate the effect that post-modification of secondary amines in the polyamine 

linker of b-PIBSI dispersants had on their properties in solution, particularly on their ability to 

adsorb onto carbon-rich particles found in engine oils. Reaction of the secondary amines of b-

PIBSI dispersants with ethylene carbonate (EC) yielded the modified Mb-PIBSI dispersants.  

But to gauge the effect that the post modification of the b-PIBSI dispersants had on their 

properties, the extent of modification needed to be carefully characterized which required 

accurate determination of their chemical composition. This turned out to be incredibly 

challenging with 1H NMR and FTIR failing to provide reliable information about the chemical 

composition of the dispersants due to their inherent aggregation in solution or in the bulk. These 

complications led to the establishment of an alternate and novel characterization method of 

PIBSI dispersants that was based on the quenching of the fluorescence of the succinide groups 

of the dispersants by the secondary amines of their polyamine linker.  These fluorescence 

experiments provided a reliable means to assess the level of EC modification of PIBSI 

dispersants. 

 The second goal of this thesis was to uncover an analytical means that would 

quantitatively characterize the level of intermolecular interactions taking place between EP 

copolymers typically used as VIIs. This was accomplished by labeling the EP copolymers with 

the fluorophore pyrene to yield Py-EP samples and comparing the pyrene excimer fluorescence 
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of concentrated Py-EP solutions where intermolecular interactions took place and dilute Py-EP 

solutions with an excess of EP copolymers where only intrapolymeric interactions occured. 

These pyrene excimer fluorescence experiments yielded finter, the molar fraction of 

intermolecular interactions, which could be monitored as a function of solution temperature, 

and ethylene content of the EP copolymers, or in the presence of wax. How these studies were 

completed is described in more details hereafter. 

 The first study of this thesis investigated the chemical composition of several 

polyisobutylene succinimide (PIBSI) dispersants prepared with different molar ratios of 

polyisobutylene succinic anhydride (PIBSA) and polyamine.2 Beside octylamine, 

diethylenetriamine (DETA), triethylenetetramine (TETA), tetraethylenepentamine (TEPA), 

pentaethylenehexamine (PEHA), and hexamethylenediamine (HMDA) were used as 

polyamines in this study. Initially, a combination of Fourier transform infrared (FTIR) and 

proton nuclear magnetic resonance (1H NMR) was employed to determine the chemical 

composition of PIBSA and PIBSI dispersants. The chemical composition of PIBSA and PIBSI 

dispersants was reported in terms of the ratios NSA/NIB or NSI/NIB representing the number of 

succinic anhydride (NSA) or succinimide moieties (NSI) per isobutylene monomers (NIB) for 

PIBSA or the PIBSI dispersants, respectively. An NSA/NIB ratio of 1:52±4 was found for PIBSA 

by a variety of techniques that included 1H NMR and FTIR, while 1H NMR and FTIR yielded 

an NSI/NIB ratio of 1:32±2 for all the b-PIBSI dispersants. This represented a substantial 

discrepancy between the chemical compositions of PIBSA and the PIBSI dispersants, despite 

the fact that the PIBSI dispersants were derived from PIBSA in the first place, and thus should 

have equal NSA/NIB and NSI/NIB ratios. UV-visible spectrophotometry (UV-Vis) was also 

applied to determine the chemical composition of PIBSA and to further investigate the reason 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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for the observed discrepancy in chemical composition. To this end, PIBSA was reacted with 1-

pyrenemethylamine (PyNH2) to yield m-PIBSI-PyNH2. The molar absorbance coefficient of 1-

pyrenemethylsuccinimide in THF was used to determine the pyrene, and thus succinimide, 

content of m-PIBSI-PyNH2 and consequently calculate the NSI/NIB ratio for m-PIBSI-PyNH2. 

An NSI/NIB ratio of 1:55±1 was determined for m-PIBSI-PyNH2, in good agreement with the 

NSA/NIB ratio of 1:52±4 found for PIBSA. UV-Vis absorption measurements also confirmed 

that H-bonding between the secondary amines in the polar core and the succinimide carbonyls 

of the PIBSI dispersants affected the FTIR and 1H NMR results which in turn was responsible 

for the erroneous chemical compositions retrieved for the PIBSI dispersants. 

 The substantial discrepancy between the chemical composition of PIBSA and the PIBSI 

dispersants led us to apply a combination of gel permeation chromatography (GPC) and FTIR 

to characterize the chemical composition of these macromolecules. GPC was applied to probe 

the doubling in size expected from the reaction of two PIBSA molecules with a polyamine to 

form a b-PIBSI dispersant. FTIR was applied to monitor the chemical composition of the 

reaction products. For this set of measurements, PIBSA was reacted with different amounts of 

HMDA because full reaction of HMDA with PIBSA eliminates the possibility that secondary 

amines might adsorb onto the GPC column. The GPC and FTIR results showed that the reaction 

mixture containing 0.17 mmol of polyamine per gram of PIBSA resulted in a b-PIBSI 

dispersant that would contain a minimum amount of unreacted PIBSA and a maximum amount 

of b-PIBSI dispersant. As it turned out, a 0.17 mmol/g ratio corresponded to a NSA/NIB ratio of 

1:52 for PIBSA, again in very good agreement with the expected chemical composition of 

PIBSA of 1:52±4. 
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While these experiments all confirmed that the PIBSA sample contained one succinic 

anhydride unit per 52 isobutylene monomers, it still did not provide much information about 

the chemical composition of the PIBSI dispersants. Such an information was inferred by 

conducting steady-state and time-resolved fluorescence quenching experiments on the 

fluorescent succinimide moiety of the b-PIBSI dispersants. To this end, a series of b-PIBSI 

dispersants was prepared where the dispersants contained a known number of secondary 

amines. The results showed that the fluorescence intensity (I) and average lifetime ( of the b-

PIBSI dispersants decreased with increasing number of secondary amines in the polyamine 

linker.  Stern-Volmer plots were obtained by representing the ratios I0/I and 0/ as a function 

of the number of secondary amines. Both plots showed a linear behavior suggesting that 

succinimide fluorescence quenching measurements could be used to measure the secondary 

amine content of a given b-PIBSI dispersant.  

 The second study of this thesis took advantage of this insight to characterize the 

chemical composition of modified b-PIBSI (Mb-PIBSI) dispersant. The Mb-PIBSI dispersants 

were generated by modification of b-PIBSI dispersants with ethylene carbonate (EC). b-PIBSI 

dispersants generally have better dispersancy properties compared to Mb-PIBSI. However the 

secondary amines in the polar core of the PIBSI dispersants are not compatible with the 

fluorocarbon elastomers that are used for engine seals. Therefore post modification of the 

secondary amines of PIBSI dispersants is often conducted with reactants such as EC.  

 While the fluorescence of succinimide groups in the b-PIBSI dispersants is efficiently 

quenched by secondary and tertiary amines, it is much less affected by the urethane groups that 

are generated by the reaction of secondary amines with EC. Indeed the fluorescence intensity 

of b-PIBSI succinimides was enhanced after modification with EC. However, a full recovery 
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of the fluorescence signal was not observed in any of the Mb-PIBSI dispersants most probably 

due to incomplete reaction of the secondary amines in the polyamine linker.  

 The level of fluorescence intensity recovered by the Mb-PIBSI dispersants after 

modification was compared to that of N-methyl succinimide (N-MSI) quenched by either 

diethylamine (DEA) or 2-hydroxyethyl N,N-dibutyl carbamate (HEDBC) in order to calculate 

the level of modification. Results showed that 60 ± 1 and 70 ± 1 % of the secondary amines in 

Mb-PIBSI-TEPA and Mb-PIBSI-PEHA had reacted, respectively. Taking the erroneous NSI/NIB 

ratio of 1:32±2 obtained by 1H NMR for the b-PIBSI dispersants at face value and using it as a 

reference against which the 2-hydroxyethylcarbamate content of the Mb-PIBSI dispersants was 

compared, similar levels of modification were found for Mb-PIBSI-TEPA and Mb-PIBSI-

PEHA as obtained by fluorescence measurements.  Furthermore, no modification was observed 

for the b-PIBSI-DETA and b-PIBSI-TETA dispersants strongly suggesting that steric hindrance 

combined with H-bonding of the secondary amine protons with the succinimide carbonyls 

prevent the EC modification. 

 The succinimide fluorescence was employed to build the adsorption isotherm of b-

PIBSI and Mb-PIBSI dispersants onto CBPs. The adsorption isotherms of the b-PIBSI 

dispersants showed an increase in binding constant with increasing number of secondary amines 

in the polar core of b-PIBSI dispersants. The binding isotherms of b-PIBSI-TEPA and b-PIBSI-

PEHA were also compared to those of their modified analogues and the results indicated that 

the binding constant decreased for b-PIBSI-TEPA and b-PIBSI-PEHA after modification as 

expected. 

 In the fourth study, the intermolecular interactions between EP copolymers were 

investigated by fluorescence in toluene, an apolar solvent.3,4 To this end, the EP copolymers 
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were maleated first and then labeled with 1-pyrenemethylamine or 2-(2-naphtyl)ethylamine to 

yield Py-EP and Np-EP, respectively. The chromophores pyrene and naphthalene were used 

since they are sensitive to the local concentration of chromophores present inside the polymer 

coil. FTIR was used to confirm the full conversion of the succinic anhydride (SAH) groups into 

succinimides after labeling with 1-pyrenemethylamine or 2-(2-naphtyl)ethylamine. Two EP 

copolymers were used in this study. Based on FTIR, differential scanning calorimetry (DSC), 

and viscosity measurements, one of the EP copolymers was found to be semicrystalline (EP(78-

1)) while the other was amorphous (EP(60-1)).   

 Fluorescence resonance energy transfer (FRET) and fluorescence excimer formation 

were used to determine the level of intermolecular interactions between these two EP 

copolymers qualitatively and quantitatively, respectively. FRET is the most common method 

to probe intermolecular interactions but it is not well-suited to describe quantitatively the level 

of macromolecular interactions in solution. Therefore, fluorescence excimer formation was 

used instead to calculate the molar fraction (finter) of macromolecules involved in intermolecular 

associations. finter was calculated from the ratio IE/IM of excimer-to-monomer fluorescence 

intensity. The IE/IM ratio obtained from the fluorescence spectrum of pyrene-labeled 

macromolecules is directly proportional to the local pyrene concentration [Py]loc and 

consequently reflects intra- and intermolecular associations (Equation 7.1).5 

 

                                                    IE/IM = K(T)×[Py]loc               (7.1) 

 

 The existence of intermolecular interactions between EP copolymers was established 

by conducting FRET experiments on 1:9 mixtures of Py-EP:Np-EP at overall polymer 
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concentrations of 0.01 and 10 g.L1. Plots of the fluorescence intensity ratios IPy/INp of pyrene-

to-naphthalene versus temperature were obtained for both the amorphous and semicrystalline 

samples. The FRET experiments showed higher intermolecular interactions at lower 

temperatures for both EP copolymers, but that these interactions were more pronounced for the 

semicrystalline sample.  

Fluorescence experiments based on pyrene excimer formation were measured for both 

the amorphous and semicrystalline samples at concentrations of 0.01 and 10 g.Lin toluene. 

Very different profiles of the IE/IM-vs-T plots were obtained for the amorphous and 

semicrystalline samples. As the solution temperature was increased from 25 to +25 oC, a 10 

g.L solution of Py(116)-EP(78-1) in toluene showed first an increase in IE/IM, followed by a 

decrease in IE/IM at intermediate temperatures, before resuming the original increase in IE/IM. 

The decrease in IE/IM behavior observed for the semicrystalline Py(116)-EP(78-1) sample 

around 5 oC reflected a change in the process of excimer formation. In turn, this decrease in 

excimer formation could be attributed to fisrt, the volume expansion of the polymer coil that 

results from the melting of the compact crystalline microdomains, thus decreasing [Py]loc and/or 

second, the dissociation of the Py(116)-EP(781) aggregates happening around 5 oC which 

would also result in a decrease in [Py]loc. 

 A much simpler IE/IM-vs-T profile was obtained for the semicrystalline and amorphous 

samples at a concentration of 0.01 g.L in the presence of a large excess of naked EP 

copolymer and for the amorphous sample at a concentration of 10 g.L. In all these cases, IE/IM 

increased continuously with increasing temperature and no distinct temperature regime could 
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be identified. Finally, finter was calculated by applying Equation 7.2 to the trends obtained from 

the IE/IM ratios. 
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Plots of finter as a function of temperature for the 10 g.L amorphous polymer solution 

in toluene showed that finter remained constant at 0.31 ± 0.02 and did not depend much on 

temperature. The 10 g.L semicrystalline solution in toluene showed two clear regimes 

depending on whether the solution temperature was below or above 5 oC.  finter took values 

that were large and small depending on whether the solution temperature was below or above 

5 oC.  At temperature below 5 oC, microcrystal formation led to an increase in intermolecular 

interactions.  At temperatures above 5 oC, microcrystals were absent from the solution and 

fewer intermolecular interactions took place. 

In the fourth study, fluorescence experiments were carried out on four more EP 

copolymers, in addition to the two EP copolymers studied in Chapter 4 in order to check the 

robustness of the procedure established in Chapter 4. Based on FTIR, DSC, 13C NMR, and 

viscosity experiments, four of the EP copolymers were found to be semicrystalline and the two 

others amorphous. EP(60-1) and EP(61-2) on the one hand and EP(78-1), EP(78-2), and EP(78-

3) on the other hand had the lowest and highest ethylene contents of 60 and 78 mol%, 

respectively. EP(70) was semicrystalline but had an intermediate ethylene content of 70 mol%. 

After preliminary characterisation, these six EP copolymers were maleated and then labeled 

with 1-pyrenemethylamine to yield Py-EP. Maleation and pyrene labeling was confirmed first 
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by the appearance and then disappearance of the peak at 1785 cm1 in their FTIR spectra, 

respectively.  

 The intermolecular interaction between the Py-EP copolymers were characterized by 

pyrene excimer formation. Pyrene excimer formation was then used to determine finter 

quantitatively for the different Py-EP copolymers by applying Equation 7.2. Plots of IE/IM and 

finter -vs-T showed very different behaviors whose origin could be traced back to the crystallinity 

of the EP copolymers. The IE/IM ratio increased continuously for Py(108)-EP(60-1) and 

Py(103)-EP(61-2) with increasing temperature and remained relatively constant for Py(82)-

EP(70-1).  The three polymers with a higher ethylene content showed different profiles due to 

the formation of microcrystals which was also observed earlier in Chapter 4.3,4 By comparison, 

the finter-vs-T profiles were much simpler to interpret.  finter remained constant with temperature 

for the Py(108)-EP(60-1) and Py(103)-EP(61-2) samples, as expected for amorphous samples. 

For all semicrystalline samples with a 78 mol% ethylene content, two clear regimes were 

observed below and above T = 5 ± 3 oC. Finally, Py(82)-EP(70-1) showed an intermediate 

behaviour between the most crystalline and amorphous samples as expected from its 

intermediate ethylene content of  70 mol%.  The results of these experiments confirmed that 

the procedure based on the use of the IE/IM ratio to calculate finter is robust and provides a clear 

description of the level of intermolecular interactions that exist between EP copolymers in 

solution. 

 The procedure developed in Chapters 4 and 5 to generate the finter-vs-T profiles for the 

EP copolymers was applied in Chapter 6 to study the effect that wax found in engine oil has on 

the aggregation of VIIs in solution. The study focused on the two amorphous Py(108)-EP(60-

1) and Py(103)-EP(61-2) samples and the two semicrystalline Py(116)-EP(78-1) and Py(123)-
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EP(78-3) samples. Following the determination of the IE/IM-vs-T for all four Py-EP samples, 

the corresponding finter-vs-T profiles were generated. After addition of wax, finter remained 

constant over the entire temperature range but it increased from 0.28 ± 0.02 to 0.43 ± 0.01 and 

from 0.22 ± 0.02 to 0.40 ± 0.01 for the Py(108)-EP(60-1) and Py(103)-EP(61-2) samples, 

respectively. This result demonstrated that wax increases interactions between the amorphous 

Py-EP copolymers in toluene. For Py(116)-EP(78-1) and Py(123)-EP(78-3), two distinct 

temperature regimes were observed depending on whether the solution temperature was below 

or above C. At temperatures above TC, finter showed a much larger increase upon the addition 

of 10 g.L1 wax than at temperatures below TC. Microcrystal formation at temperatures below 

TC led to an increase in polymer-polymer interactions and a reduction in polymer-wax 

interactions.  Consequently wax was certainly expelled into the bulk reducing its ability to 

promote intermolecular interactions so that its presence had little effect on finter at temperatures 

below TC. 

 As mentioned several times in the thesis, engine oils are multicomponent formulations 

whose performance depends critically on the compatibility of these different components and 

their ability to function optimally in the presence of each other.  In view of these requirements, 

the industry is clearly lacking the ability to probe how the presence of one component affects 

the behaviour of another. The studies conducted in this thesis have tried to address this need, 

particularly through the development of a procedure that allows one to monitor the extent of 

intermolecular interactions taking place in solution between VIIs as a function of the 

crystallinity of the EP copolymer or the presence of wax found in any engine oil. This thesis 

has demonstrated that finter can be used effectively to probe intermolecular associations in 
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multicomponent systems and provides a robust analytical tool to probe the level of interactions 

taking place between the different components found in oil formulations.  

 Future Work 

Dispersants, VIIs, and pour point depressants (PPDs) are three additives commonly found in 

engine oils. In Chapters 2 and 3, PIBSA was reacted with a series of polyamines to generate 

mono-PIBSI (m-PIBSI) and bis-PIBSI (b-PIBSI) dispersants which were further reacted with 

ethylene carbonate (EC) to form modified b-PIBSI dispersant. Due to steric hindrance as well 

as H-bonding, none of the secondary amines in the linker of, respectively, b-PIBSI-DETA and 

b-PIBSI-TETA could react with EC, and that about one out of the three secondary amines of b-

PIBSI-TEPA and one out of the four secondary amines of b-PIBSI-PEHA did not react with 

EC. To reduce the steric hindrance caused by the succinimide groups in the b-PIBSI dispersant, 

longer polyamine linkers such as 1,2-bis(3-aminopropylamino)ethane or bis(3-

aminopropyl)amine could be used. The level of modification of these new Mb-PIBSI 

dispersants could be determined by applying the fluorescence measurements which were 

introduced in Chapter 3.2 

 In Chapters 4 and 5, the molar fraction of intermolecular interaction (finter) between VIIs 

such as EP copolymers was determined by a new method based on pyrene eximer formation. 

However, finter has not yet been determined between dispersants and PPDs. Thus, the 

determination of finter between dispersants and PPDs both separately and in the presence of other 

oil additives remains to be done. In the case of PPDs and dispersants, finter can be determined by 

labeling the polymers with a chromophores such as pyrene and apply the same method 

described in Chapter 4. In Chapters 4 and 5, finter measurements were conducted at temperatures 

between 30 and 25 oC. The results showed distinct behavior between the amorphous and 
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semicrystalline samples in toluene. However, it would be interesting to measure finter at higher 

temperatures, specifically at temperatures where the engine operates.6 

  In the final chapter, finter was also measured between pyrene-labeled EP copolymers in 

toluene in the presence of wax that had been extracted from engine oil. In these experiments, 

an increase in intermolecular associations between semicrystalline EP copolymers could only 

be observed at higher temperatures. It would be informative to measure finter between both 

semicrystalline and amorphous samples in an actual engine oil.  
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Appendices 

Chapter 2 

  

  

  
Figure S2.1. FTIR spectra of A) m-PIBSI-octylamine, B) b-PIBSI-HMDA, C) b-PIBSI-DETA, 

D) b-PIBSI-TETA, E) b-PIBSI-TEPA, and F) b-PIBSI-PEHA. 

A) 

 

C) 

F) E) 

D) 

B) 
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Figure S2.2. FTIR spectrum of a mixture of m-PIBSI-TEPA with absorbance at 1705 cm, and 

opened ring m-PIBSA-TEPA with absorbance at 1640 cm. 

 

 

Figure S2.3. 1H NMR spectrum of MSA in CDCl3. 
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Figure S2.4. FTIR spectra of b-PIBSI-HMDA for [HMDA]/[PIBSA] ratios equal to 0.1 and 

0.4 mmol/g. 

 

Figure S2.5. UV-Vis absorption spectrum of 10 mg/ml m-PIBSI- PyNH2 in THF. 
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Figure S2.6. Steady-state fluorescence spectra (top) and fluorescence decay (bottom) of N-MSI with A) BUA, B) DEA, and C) TEA in 

THF. From top to bottom: The BUA, DEA, and TEA concentration is varied from 0 M to 0.22 M. (CN-MSI = 0.45 mol/L, ex = 360 nm, 

and em = 428 nm).  

A) B) 

A) 

C) 

B) C) 
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Table S2.1. Pre-exponential factors and decay times retrieved from the tri or four-exponential 

analysis of the fluorescence decays acquired with the PIBSI samples. (ex = 360 nm, em = 428 

nm, and CPIBSI = 8 g/L) 

Polymer solvent a1 a2 a3 a4 1(ns) 2(ns) 3(ns) 4(ns) 2 

PIBSA dodecanone 0.17 0.35 0.48 0.00 11.09 4.23 0.82 0.00 1.11 

b-PIBSI-

HMDA 
dodecanone 0.06 0.22 0.38 0.34 20.22 8.46 0.99 3.06 0.92 

b-PIBSI-

DETA 
dodecanone 0.05 0.18 0.42 0.35 17.95 7.53 0.58 2.26 1.11 

b-PIBSI-TETA dodecanone 0.04 0.15 0.36 0.45 16.92 7.26 2.36 0.73 1.02 

b-PIBSI-TEPA dodecanone 0.03 0.32 0.14 0.52 15.43 2.21 6.29 0.57 1.07 

b-PIBSI-

PEHA 
dodecanone 0.02 0.15 0.36 0.46 14.95 5.77 1.92 0.57 1.00 

PIBSA dodecane 0.07 0.46 0.48 0.00 9.67 0.89 3.50 0.00 1.10 

b-PIBSI-

HMDA 
dodecane 0.37 0.05 0.20 0.38 0.91 25.83 9.80 3.31 1.02 

b-PIBSI-

DETA 
dodecane 0.37 0.05 0.17 0.41 1.91 18.53 6.60 0.38 1.02 

b-PIBSI-TETA dodecane 0.37 0.04 0.17 0.42 1.97 16.81 6.17 0.46 1.01 

b-PIBSI-TEPA dodecane 0.33 0.02 0.17 0.48 2.22 15.02 6.11 0.59 1.10 

b-PIBSI-

PEHA 
dodecane 0.36 0.02 0.16 0.47 1.77 12.66 5.09 0.42 1.14 

PIBSA THF 0.18 0.41 0.41 0.00 10.90 1.00 4.34 0.00 1.04 

b-PIBSI-

HMDA 
THF 0.06 0.34 0.37 0.24 19.40 0.83 2.82 7.93 1.11 

b-PIBSI-

DETA 
THF 0.08 0.15 0.31 0.46 15.58 6.66 2.47 0.74 1.10 

b-PIBSI-TETA THF 0.37 0.03 0.11 0.49 2.26 15.94 6.62 0.66 1.03 

b-PIBSI-TEPA THF 0.03 0.17 0.35 0.46 14.30 5.77 2.11 0.68 1.13 

b-PIBSI-

PEHA 
THF 0.02 0.12 0.37 0.49 14.43 5.33 2.03 0.60 1.14 
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Table S2.2. Pre-exponential factors and decay times retrieved from the three-exponential 

analysis of the fluorescence decays acquired with the N-MSI in presence of BUA in THF. (ex 

= 360 nm, em, and CN-MSI = 0.45 mol/L) 

Name [BUA](mol/L) a1 a2 a3 1(ns) 2(ns) 3(ns) 2 

N-MSI 0.00 0.38 0.34 0.27 19.85 6.00 1.64 1.12 

N-MSI+BUA 0.03 0.40 0.22 0.38 4.32 0.90 11.14 1.06 

N-MSI+BUA 0.06 0.07 0.60 0.34 11.11 6.13 1.90 1.11 

N-MSI+BUA 0.09 0.02 0.66 0.33 13.50 5.17 1.60 1.16 

N-MSI+BUA 0.12 0.01 0.32 0.67 15.16 1.30 4.43 1.05 

N-MSI+BUA 0.14 0.03 0.65 0.31 9.85 3.77 0.88 1.28 

N-MSI+BUA 0.22 0.05 0.58 0.36 8.03 3.10 0.91 1.16 

 

Table S2.3. Pre-exponential factors and decay times retrieved from the three-exponential 

analysis of the fluorescence decays acquired with the N-MSI in presence of DEA in THF. (ex 

= 360 nm, em, and CN-MSI = 0.45 mol/L) 

Name [DEA](mol/L) a1 a2 a3 1(ns) 2(ns) 3(ns) 2 

N-MSI 0.00 0.38 0.34 0.27 19.85 6.00 1.64 1.12 

N-MSI+DEA 0.03 0.36 0.0.26 0.38 10.94 1.29 4.52 1.17 

N-MSI+DEA 0.06 0.27 0.36 0.37 0.90 7.71 3.72 1.00 

N-MSI+DEA 0.08 0.34 0.37 0.29 6.44 3.60 0.78 1.23 

N-MSI+DEA 0.11 0.14 0.55 .31 6.72 4.16 1.06 1.17 

N-MSI+DEA 0.13 0.03 0.61 0.37 8.78 4.14 0.87 1.13 

N-MSI+DEA 0.19 0.07 0.35 0.58 6.48 0.79 3.07 1.09 
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Table S2.4. Pre-exponential factors and decay times retrieved from the three-exponential 

analysis of the fluorescence decays acquired with the N-MSI in presence of TEA in THF. (ex 

= 360 nm, em, and CN-MSI = 0.45 mol/L) 

Name [TEA](mol/L) a1 a2 a3 1(ns) 2(ns) 3(ns) 2 

N-MSI 0.00 0.38 0.34 0.27 19.85 6.00 1.64 1.12 

N-MSI+TEA 0.02 0.35 0.38 0.27 13.54 4.35 0.79 1.03 

N-MSI+TEA 0.04 0.36 0.39 0.25 10.20 4.32 1.28 1.00 

N-MSI+TEA 0.06 0.35 0.30 0.35 7.98 0.96 3.86 1.05 

N-MSI+TEA 0.07 0.31 0.37 0.34 7.07 3.76 0.85 1.00 

N-MSI+TEA 0.09 0.21 0.45 0.34 6.78 4.18 1.10 1.08 

N-MSI+TEA 0.13 0.59 0.05 0.36 3.68 7.47 0.91 1.21 

N-MSI+TEA 0.18 0.45 0.07 0.49 0.65 6.20 3.11 1.13 
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Chapter 3 

 

Figure S3.1. Comparison of the 1H NMR spectra of A) DBA and B) HEDBC. (300 MHz, 

CDCl3) 

 

 

Figure S3.2. GPC traces of A) PIBSA, B) b-PIBSI-PEHA, and C) Mb-PIBSI-PEHA. 
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Figure S3.3. 1H NMR spectrum of A) PIBSA, B) b-PIBSI-TEPA, and C) Mb-PIBSI-TEPA. 

(300 MHz, CDCl3) 

 

A) 

 

 

 

 

B) 

 

 

 

 

C) 
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Figure S3.4. 1H NMR spectrum of A) Mb-PIBSI-DETA, B) Mb-PIBSI-TETA, C) Mb-PIBSI-

TEPA, and D) Mb-PIBSI-PEHA. (300 MHz, CDCl3) 

 

 

A) 

 

 

 

 

B) 

 

 

 

 

C) 

 

 

 

D) 
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Figure S3.5. Steady-state calibration curve of A) bPIBSIDETA, B) bPIBSITEPA, C) 

bPIBSIPEHA, D) MbPIBSITEPA, and E) MbPIBSIPEHA in dodecane. (λex = 360 nm) 

A) 
C) B) 

D) E) 
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Table S3.1. Pre-exponential factors and decay times retrieved from the tri or four-exponential 

analysis of the fluorescence decays acquired with the PIBSI samples. (ex = 360 nm, em = 428 

nm, and CPIBSI = 8 g/L) 

Polymer solvent a1 a2 a3 a4 1(ns) 2(ns) 3(ns) 4(ns) 2 

PIBSA dodecanone 0.17 0.35 0.48 0.00 11.09 4.23 0.82 0.00 1.11 

b-PIBSI-HMDA dodecanone 0.06 0.22 0.38 0.34 20.22 8.46 0.99 3.06 0.92 

Mb-PIBSI-TEPA dodecanone 0.03 0.32 0.14 0.52 15.43 2.21 6.29 0.57 1.07 

Mb-PIBSI-PEHA dodecanone 0.04 0.144 0.33 0.50 15.64 6.07 2.27 0.72 1.06 

PIBSA dodecane 0.07 0.46 0.48 0.00 9.67 0.89 3.50 0.00 1.10 

b-PIBSI-HMDA dodecane 0.37 0.05 0.20 0.38 0.91 25.83 9.80 3.31 1.02 

Mb-PIBSI-TEPA dodecane 0.45 0.04 0.16 0.35 0.41 13.83 5.21 1.77 0.99 

Mb-PIBSI-PEHA dodecane 0.43 0.03 0.14 0.40 0.61 17.73 6.80 2.25 1.19 

PIBSA THF 0.18 0.41 0.41 0.00 10.90 1.00 4.34 0.00 1.04 

b-PIBSI-HMDA THF 0.06 0.34 0.37 0.24 19.40 0.83 2.82 7.93 1.11 

Mb-PIBSI-TEPA THF 0.04 0.15 0.32 0.49 13.15 5.20 2.15 0.71 0.97 

Mb-PIBSI-PEHA THF 0.03 0.14 0.40 0.43 15.07 5.57 1.97 0.61 1.11 

 

Table S3.2. Pre-exponential factors and decay times retrieved from the four-exponential 

analysis of the fluorescence decays acquired with the N-MSI in presence of HEDBC in THF. 

(ex = 360 nm, emnm, and CN-MSI = 0.45 mol/L) 

Name a1 a2 a3 a4 1(ns) 2(ns) 3(ns) 4(ns) 2 

N-MSI 0.21 0.25 0.17 0.36 3.37 14.54 19.58 0.31 1.03 

N-MSI+HEDBC 0.22 0.16 0.40 0.22  3.15 9.92 17.85 0.72 1.04 

N-MSI+HEDBC 0.19 0.16 0.35 0.29 3.34 9.27 17.75 0.81 1.04 

N-MSI+HEDBC 0.33 0.18 0.26 0.23 0.65 8.76 18.12 2.54 0.99 

N-MSI+HEDBC 0.04 0.18 0.20 0.22 0.57 8.77 18.48 2.36 1.12 

N-MSI+HEDBC 0.26 0.18 0.14 0.43 2.07 8.81 19.97 0.47 0.94 
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Chapter 4 

 

Figure S4.1. 13C NMR spectrum of (top) EP(SM) and (bottom) EP(AM) in TCE-d2.  

 

Figure S4.2. 1H NMR spectrum of (top) Py-MSI and (bottom) Np-ESI in DMSO-d6. The peaks 

at 2.4, 3.3, and 5.7 nm are due to DMSO-d6, H2O, and DCM, respectively. 
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Figure S4.3. UV-Vis absorption of spectra 2-(2-naphthylethyl) succinimide in A) toluene 

(0.3-5.0 mmol.L1) and B) THF (0.1-7 mmol.L1), and 1-pyrenemethyl succinimide in C) 

toluene (10-30 × 106 mol.L1) and D) THF (10-20 × 106  mol.L1). The dashed line in panels 

A) and C) indicates the absorption wall of toluene.   
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Figure S4.4. UV-Vis absorption spectra of A) Py(108)-EP(AM) (__) and B) Np-EP(AM) (__) 

in toluene . 

  

Figure S4.5. Monomer (left; ex = 344 nm, em = 375 nm; TPC = 2.04 ns/ch) and excimer (right; 

ex = 344 nm, em = 510 nm; TPC = 1.02 ns/ch) fluorescence decays of Py(108)-EP(AM) in 

toluene fitted according to the fluorescence blob model (FBM), χ2
  = 1.15. 
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Figure S4.6. DSC traces of A) EP(AM) and B) EP(SM) in the solid state.  

 

  

Figure S4.7. A) Fluorescence spectra of EPcopolymers obtained from diluting a 5 g.L1 

solution of a 9:1 mixture of Np(108)-EP(AM) and Py(108)-EP(AM) in toluene. [Poly]= 5.0,  

2.5, 1.0, 0.3, 0.2, and 0.1 g.L1. B) Plot of I1/I4 as a function of polymer concentration. (I1 at 

319 nm and I4 at 353 nm). (T = 25 oC; ex = 290 nm). Arrow indicates the putative exciplex 

emission at 353 nm.   

 

A) B) 

 A) B) 
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Figure S4.8. Fluorescence spectra obtained from a mixture of Py-MSI (1 mmol/L) and Np-

ESI (9 mmol/L). Arrow indicates the putative exciplex emission at 353 nm. 

 

Table S4.1. Parameters retrieved from the global FBM analysis of the monomer decays of 

Py-EP-MA samples in toluene with Equation S4.1.  was fixed to 243 ns in the analysis. 

 ke[blob] 

( 106 s1) 

k2 

( 107 s1) 

kblob 

( 106 s1) 
fMdiff fMk2 fMfree <n> 2 

Py(116)-EP(SM) 2.12 8.80 6.57 0.68 0.21 0.11 1.22 1.01 

Py(108)-EP(AM) 4.20 6.29 7.33 0.49 0.36 0.14 1.23 1.15 

 

Table S4.2. Parameters retrieved from the global FBM analysis of the excimer decays of Py-

EP-MA samples in toluene with Equation S4.2.  was fixed to 243 ns in the analysis. 

 
EEL (ns) EE0 (ns) fEdiff fEk2 fEEL fEE0 2 

Py(116)-EP(SM) 125 43.45 0.68 0.21 0.10 0.01 1.01 

Py(108)-EP(AM) 163.03 57.10 0.41 0.30 0.04 0.25 1.15 
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The fluorescence decays of the pyrene monomer and excimer were fitted globally according to 

Equations S4.1 and S4.2. 
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 The expression of the parameters A2, A3, and A4 used in Equations S4.1 and S4.2 are 

given in EquationS4.3 as a function of <n>, the average number of pyrenes per blob, kblob, the 

rate constant describing the slow diffusive motions undergone by the polymer to bring two 

monomers located inside a same blob and bearing a pyrene label in close proximity from each 

other, and ke×[blob] that describes the rate at which ground state pyrene species exchange 

among blobs. 
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 The fluorescence decays of the pyrene monomer and excimer were fitted globally 

according to Equations S4.1 and S4.2 and the parameters used in these equations were 

optimized with the Marquardt-Levenberg algorithm.  The fit yielded the parameters <n>, kblob, 

and ke[blob].  The monomer decay analysis yielded the molar fractions fMdiff, fMk2, and fMfree 

representing the pyrene species *
diffPy ,

*
2kPy , and *

freePy  contributing to the monomer decays, 

respectively. In a similar manner, the excimer decay analysis with Equation S4.2 yielded the 

fractions fEdiff, fEk2, fEE0, and fEEL which represent the molar fractions of the pyrene species 
*
diffPy

, 
*

2kPy , E0*, and EL* contributing to the excimer decays, respectively.  The fractions fMdiff, fMk2, 



 

235 

 

fMfree, fEdiff, fEk2, fEE0, and fEEL were then be combined to determine the overall molar fractions 

of each pyrene species present in solution fdiff, fk2, ffree, fE0, and fEL. This type of analysis has 

been described in numerous instances.1-4  
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Chapter 5 

 
Figure S5.1. 13C NMR spectrum of A) Py(116)-EP(78-1) and B) Py(108)-EP(60-1) in TCEd2.  

 

 
Figure S5.2. FTIR spectra of A) EP(78-1), B) EP(78-1)-MA, and C) Py(116)-EP(78-1). 

A) 

 

 

 

 

 

B) 

A) 
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C) 
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Figure S5.3. DSC traces of A) Py(108)-EP(60-1)Py(103)EP(61-2)C) Py(82)-EP(70-1), 

D) Py(116)-EP(78-1), E) Py(81)-EP(78-2), and F) Py(123)-EP(78-3).in the solid state.  

A)                                                                        B) 

 

 

 

 

 

C)                                                                        D) 

 

 

 

 

 

E)                                                                         F) 
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