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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 polyisobutydeased dispersants was
determined by usingthe inherent fluorescence of the succinimide moiety of the
polyisobutylene succinimide (PIBSI) dispersants and its efficient quenching by secondary
aminesA series of PIBSI dispersants were synthesized by reacting one molar equivalent (meq)
of polyisobutyene succinic anhydride (PIBSA) with two meqs of hexamethylenediamine,
diethylenetriamine, triethylenetetramine, tetraethylenepentamine, and pentaethylenehexamine
to yield the correspondings-PIBSI (b-PIBSI) dispersantdntermolecular association of the
dispersants in the solid state or in solution prevented the determination of the chemical
composition of thd-PIBSI dispersants wittraditional methods such & NMR and FTIR.
Therefore,two procedures were developed to estimate the amine conteng¢ bfRIBSI
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 Kn&ierilar method was

then applied to determine thevel of modification of thdr>-PIBSI dispersants after they were reacted

with ethylene carbonate (EC) to generate modifi¢iBSI dispersants (MPIBSI). The fact that the
succinimide fluorescence of éhMb-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-RIBSI dispersants. Moreover
fluorescence was used to determine and compare the binding isotherms of a bdpiESbdfand M-

PIBSI dispersants as they adsorbed onto the surface of carbon black particles.



Secondthe molar fraction of intermolecular associatiofig.d between ethylenpropylene
(EP) copolymers was quantitatively determined by using pyrene excimer formation. In these

experiments, series of EP copolymers was maleated to yieleM®Pand then fluorescently
labeled with ipyrenemethylamine and(2-naphhyl)ethylamine to yield PEP and NgEP,
respectivelyFluorescence resonance energy tran$fBET) experiments betwedp-EP and
Py-EP provided quéhtive evidence of the existemcof intermolecular associatiorA
guantitative measure dier was obtained by measuring the fluorescence intensity ratio of
excimerto-monomer [g/Im) of the PyEP solutions. Theesults showed thdier remained
constant for amorphous P samples and increased for semicrystallin&€Pyamples upon
decreasing the meperature as would have been expected from their chemical composition.
This method was then applied to quantitatively mea$uee 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 characterideel results showed that the
interaction of wax with ethylene sequences in the EP copolymers increased macromolecular
associations in solution as reflected by an increasgeinin the case of theemicrystalline
samples at lower temperatures, however, the formation of microcrystals induced strong
polymerpolymer interactions that resulted in the formation of microcrystals and the
dissociation of the wax from the polymers.

Together the results preagted 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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Chapter 1

Literature Review



This thesisdescribes how fluorescence can be appitedharacterize fluorescently labeled
polymers employed agngine 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 fluorescencgyme of the interesting features of the fluorescence spectra of
pyrenelabeled macromoleculesa description of the different modelsedsin the analysis of

the fluorescence decays acquired with pydabeled polymers, and the application of these
conceptgo study the behavior of fluorescently labetedcromolecules used a# additives.

The final section presents the thesis objestared outlines the organization of this thesis.

1.1 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, perfermance
enhancingadditives are purposely added to the oil formulatiomtprove engine efficiency

and durability!? These additives includdispersants, detergents, viscosity index improvers
(VIIs), pour pant depressants (PPDs), antiwagentsand antioxidant$ il additives vary in
quantity depending on the specific requirements of an engine oil. The composition of a typical

engine oil is shown ifablel.1.



Table 1.1. Concentration of the main additives used in engindooihulatiors (Salino and

Volpi, 1978)}
Material Weight (%) Material Weight (%)
Base Oll 71.596.2 | 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 mwsportant family of chemical additives found in engine

oils and they have been used since the 1380shey work by dispersing eihsoluble

combustion byproducts such a®et and sludge generated during the normal operation of the

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

di spersant s,

detergents

have

been*Detsrgedts si nc e

are polar organometallic oibkible bases which can cling-¢mthe surface of particles. They

are composed of an edbluble tail, called the substrate, and a negatively chargedgheaypl

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

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

while their oitsoluble tail maintains them in solution. Secondly, detergents neutralizeiaisy

formedduring oil combustionby chemically reacting with the acids in order to form harmless

neutralized chemicals, thus reducing corroSion

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 waxis that the wax crystallizes at very low temperatutasis

preventing the oil from flowingAdding PPDs to the oil improves the low temperature

properties of the oil by disruptingr preventing the formation of the wadgrystalline

1



network!® VlIs are another type of oddditives which are incorporated into the oil to reduce
the inherent drop in viscosity that is observed with increasing tempetattiteout Vlis, the
oil would be too thin at higtemperatureto properly coat the engine parnghich would result
in a loss of lubricationAt 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,Vlls are designed to counteract the reduction in oil viscosity observieighat
engine temperatures without excessively increasing the viscosity of the oil at lower
temperatures

The presence of chemicals that deposit dhtoengine surfaces or generatgdsis
usually the result of oxidation of the oil hydrocarbons fromosxpe to oxygen at high
temperatures. Adding antioxidants has been shown to decrease the oxidation rate and prevent
soot/sludge formatioh.Finally, a last family of important oil additives consists of antiwear
agerts which form a protective coating on the metal surfaces of the engine parts and can have
an antioxidant effect on the oil as wklbrganosulfu and organphosphorus compounds, such
as organic polysulfides, phospés, dithiophosphates, and dithiocarbamates are the most
commonly used antiweaigens.*®* Among the long list of oil additives presented so far, PPDs,
Vlls, and oil dispersants are the onfdditives that are polymeric in nature and they are
discussed in more detail hereafter.
1.1.1 Pour Point Depressants (PPDs)
Two major problemsare encounteredith 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. Secondlginy lubricating o# containing a small amount of wax forms

crystalline néworks at very low temperatures, which prevents théiail 2° Even though most



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 visity. These waxes are composed of asphaltenes which
vary in molecular weight and chemical composition. Asphaltenes have a heterogeneous
molecular structuravith a distribution ofaromatic nuclei. They readily aggregate to form
colloidal particles, a pross that increases the oil viscosity and the probability for wax
crystallization® 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 stapt PPDs are oil additives that ems the
free flow of oil and prevertheformation of waxy crystalline networks at low temperatures.
Adding small amounts of PPDs can lower the pour point temperatuup to 30C. 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 cri/dtalsexample, alkyl
substitited aromatic PPDs adsorb onto wax crystals to inhibit their growth while PPDs having
a comb structure are designed teccgstallize with wax crystalSPPDs enable a smoother car
startup, decrease engine wear, and increase engine life.

There are mumber 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 oll
over a wide range of temperatures that cevermal engine operation. Since the polymer
sdubility 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 withstanoléné mechanical shear
they are subjected to in the engié?For example, high molecular weight polymers are more

effective as PPDs but they are also less soluble. Furthermore, the slezategkeby an engine



will cleave high molecular weight polymers resulting in the formation of lower molecular
weight moleculesThis means that when formulating a given FiBDa particular application,
selection of a polymer having an appropriate molecukight is necessary to ensure that the
oil remains stable, even after going through numerous extreme temperaturé cycles.

Different PPDs may beeatessary for a same applicatias product specificatien
change ovetime. A list of the best known PPDrsclude ethylenebased polyolefins with alkyl
side chaing,vinyl-acetate copolymers poly(alkylphenol formaldehyde sulphon}é®hexa
triethanolamine oleatesters'® poly(alkyl methacrylatgs,® and copolymersf olefins and
maleic anhydride that were pasibdified with alcohols or alkyl amines to yield ester, amide,
or succinimide functionalitie¥ Viscosity measurements, cresslarized light microscopy,
and differential scanning calorimetery (DSC) can be used westigate the efficiency of
PPDs!0:1112
1.1.2 Oil Dispersants
Dispersants are designed to improve engine performance, decrease fuel consumption, and
decrease pollution emissiofhe dispersants are used to disperse thmsdluble 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 obviousgrgpducts.Engine got or ultrafine particles (UFPs)
containmostly carbon, and may contain hydrogemygen,and traces ofitrogen, sulfur, and
metals'® These particles, which are typically formed by the incomplete oxidation of fuel during
ignition, are smallethan 100 nm in diameter and used to be released into the air with the
exhaust gasé$. Since releasing UFPs from engines into the aiuse air pollution,
governmental regulations were issued that aimed to reducestERiont’ To this end, car

manufacturergirculatethe exhaust gas back into the oil, a procedure that results in higher



concentrations of UFPs in the .oiln turn, increasedUFP concentrationsead to UFP
aggreg#on and increase in the viscosity of the &FP aggregation immduced bythe polar
groupsthatare generatean their surfaceuring engine operation. In apolar oil, UFPs aggregate
into large particles (LPs,.el= ~1 pm) to minimize their surfagposure 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 forfnation.

Disperants are typically composed of a polar head group and-aolalble apolar tail.
Metallic and ashless dispersants are two types of commonly used oil adtifihepolar core
of the dispersant is expected to atbsonto the surface of the UFPs whereas the apolar tail
stabilizes the partictein the oil. Dispersants can reduté-Ps aggregationia a steric or
electrostatic mechanisnMetalcontainingdispersanthiave 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 problée.other type of dispersant is
referred to as ashless dispars. Unlike metallic dispersants, ashless dispersants do not leave
any ashes or deposits in the engiftee most common types of ashless dispersants are Mannich

type, succinate ester, and succinimide dispers&igare1.1).?
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Figure 1.1. Chemical structure of A) Mannich type, B) succinate ester, and C) succinimide

dispersants.

Mannich type dispersan{gigurel.1A) aresynthesized in the presence of alkylphenol,
formaldehyde, and a polyamifi@he second group of ashless dispersants known as succinic
esters ar@roduced by the reaction of polyisobutylene terminated at one end with a succinic
anhydride moiety (PIBSA) with alcoh@Figure 1.1B). The lastand most common group of
dispersants are tleeiccinimide dispersantgigure1.1C). Theywere initially developed by Le
Suer and Stuart in 1988 The preparation af polyisobutylene succinimide dispersant (PIBSI)
begins byusing cationic polymerization to generatshort PIB terminated by a double b&hd
followed byan Alderene reaction between the terminal double bond and maleic anhydride at
high temperatur¢o yield PIBSA PIBSA can @rther react with a polyamine in a 1:1 or 1:2
polyamine:PIBSA ratio to producenoncePIBSI (M-PIBSI) and bis-PIBSI (b-PIBSI)

dispersants, respectively?22



In the case of PIBSdlispersants, increasing the number of secondary amines in the
polyamine core results in stronger binding onto UBRBsdecreases the compatibility BfBSI
dispersantswith other oil additives and engine parts. For example, engine seals play an
important role in engine design becaudeey prevent oil leakage. Flu@iastomers 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 dehydnatioor
The amines used to prepare the PIBSI dispersants make the oil more basiosaglently
increase the probability afngine seal degradatioihe basicity of the oil can be reduced
through posmodification of the PIBSIdispersants with ethylene carbonate or boric &tit.

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.

1.1.3Viscosity Index Improvers

Vlls have been added to motor oils since the 1940s to reduce the decrease in viscosity
experienced by a liquidubject to an increase temperatureVlls are polymerswith high
molecular weight, typically in the 50,000 to 500,000 g:fainge!-?® Without VIlIs, the oil

would be too thin at high temperature to properly coat the moving parts of the engine which
would no longer be lubricateAt low temperatures, the oil would be too viscous to flow, which
would prevent the motion of the engine pavtds are designed to counteract the reduction in

oil viscosity observed at high engine temperatures without excessively increasing the viscosity
of the oil at lower temperature¥lls play an important role in increasing the jpdrformance

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

formation on engine surfaces and viscosity increase due to sootiorma



Semicrystalline polyolefins have been shown to be efficient VlIs. Crystakigeences
within a VII crystallize at low temperature and form dense crystalline microdomains resulting
in polymer coils having small hydrodynamic volum¥®s)( Increasinghe temperature melts
the crystalline microdomains, allows the polymers to swell, and results in a Ngferthe
polymer coils Since the viscosity of the solution depends on the volume fraction of the solution
that is occupied by the polymer coilsspansion of the polymer coils leads to a viscosity
increase as shown Kigurel.2. Thereforethe decrease in engine oil viscosity with increasing
temperature is moderated by the expansion of the polymer coil following the melting of the
crystalline microdomaing.he mainconsequence of these counteracting phenomena ihihat,
addition of a VIl 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

metacrylate copolymers, olefin copolymers, and hydrogenated stgliene copolymers have

been used as VIfs?26

Vi, (low Temp.) V,, (High Temp.)

-
-, 'h‘

Viscosity

Temperature

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

The oll industry has been using different polymers as engine oil additives to make their oils
perform consistently all year roundderow and high temperatusonditions However, when

these polymers are exposed to the extreme chemical and physicsdseasountered 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 canonomers used tagpare a polyolefin, as well as on external factors such

as engine type ammperationtemperature, to name but a few.

For example, the thickening experienced by a solution of VIl or PPD increases with the
molecular weight of the polymer. However higher emnilar 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. Conseqtly the optimal chain length for a polyolefin used as a VIl 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 maylriede evaluated for their ability
to provide dispersancy and oxidation stability, maintain a relatively constant oil viscosity at low
and high temperatuseminimize chain cleavage under high sheariarttie presence afther
oil additives, and form luficating films havinga proper thickness. Over the years, several
techniques have been applied to assess the effectiveness of these synthetic polymers as oll
additives. Theetechniques include viscosity, cregslarized light microscopy, light scattering
(LS), carbon nuclear magnetic resonan@€ (NMR), Fourier transform infrared spectroscopy

(FTIR), gel permeation chromatography (GPdijferential scanning calorimetry (DSC), and

11



fluorescence measuremehtdmong 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 temperaturéshe fluorescencbased techniques employed to study

macromoleculesii solution are now described.

1.2.1Fluorescence Study on Solutionsf Fluorescently Labeled Polymers (FLPS)

Many of the techniques introduced so far have been used to characterize polymer chains in
solutionandthe solid-state at the macroscopic and microscopic lev@dgillary viscometry,

DSC, Xray scattering, NMR, andtomic force microscopicAFM) havebeen applied tohe

study of polyolefing”2° Besideall these techniques, fluorescence can be used to characterize
polymer chains at the molecular level both at high and polymer concentrations® Of
particular interest, thieighly 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 technigtte.

Fluorescence is a photophysical phenomenon wheréiy absorption of
electromagnetic radiation by a chromophore is followed by the emission of light at longer
wavelengths$? An energy diagram of this phenomenoshswn inFigure1.3. For fluorescence
to occur, a molecule must absorb a phatod be promoted from its grousthte to an excited
vibrational state of a higher electronic stalben the excited molecule rapidly relaxes via
internal conversion to the lowest vibrational level of the first electronic excited state S
shown by thelashedarrow. At this stagéwvo dectronic transitions are possiblEhe first, also
referred to as fluorescence, occurs when an excited electron emits without changing its spin
The second transitionot shown inFigure1.3 is observed when the excited electron changes

its spin to occupy a lower energy level called a triplet state. Relaxdtiba electron from the

12



triplet state to the grounstate is accomp&d by the emission of a photon in a process that is
referred to as phosphorescendéhether through fluorescence or phosphorescémeemitted

photon has a lower energy than the absorbed photon. Although the lifetime of the excited state
is very short,t is long enough to allow the acquisition of a tiesolved fluorescence or
phosphorescence dec®pme of the different fluorescence phenomena that are applied to study
polymers include excimer formatidh,fluorescence resonance energy transfer (FRET),
fluorescence anisotropy (FAjand fluorescence dynamic quenching (FBf.Fluorescence

excimer formation is discussed in more detail hereafter.
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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,
naphthalee, and succinimidare some of the fluorophordbat 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 morerdttisilsection
1.2.1.1Pyrene Labeled Polymers
In many ways, pyrenean be viewed aanideal chromophorelt has a longived excited state
that provides a widéemporalwindow to probe the internal dynamics of macromolecules in
solution, a large molar absorize coefficient and fluorescence quantum yiblt enablets
detection at extremely low concentrati@md a fluorescence spectrum that is sensitive to its
microenvironment/*° Furthermore an excited pyrene can also form an exaifpon encounter
with a groundstate pyrenelhe photophysical processes that lead to the fluorescence of pyrene
are well described by the Jablonsky diagram showRigare 1.3. Its implications for the
absorption and fluorescence spectra of the dye are illustrated-pytenemethylsuccinimide
(Py-MSI) in tetrahydrofuran (THF). The absorption spectrum 6B/ is composed of several
strong absorbance bands at 243, 2 343nm anda much weaker band &75 nm. These
transitions represent the exatibn of pyrene from the groursdate™y to the lowest vibrational
energy level of the higher electronic energy leV¥Is'Y, "Y, and"Y, respectively. ThéY ©
"Y band is very weak since this transition is symmetry forbidden in the case of ffyrene.

In order to select a suitable wadsegth to excite pyrene, one needs to consider the range
of wavelengtl where pyrene has a large molar absorption coefficient to atkefficient

excitation while avoiding the shorter wavelengths where many solvents and impurities might

15



absorb Based orthe alsorption spectrum shown irigure 1.3, pyrene is usually excited at
wavelengths between 334 and 345 nm depending on the pyrene derivative and the solvent being
used. Theexcitedpyrenecan then either fluoresce with its natuifdtime as a monometd)

between 370 and 425 nm, or difimsally encounter a grourstate pyrene with a rate constant

ki to form an excimer species which fluoresces between 425 and 6&Eraimer formation

can bedescribdby Bi r ks 6 Sc hSehemel. lawdheredjhandi¢rare thaenlifetimes

of theexcited pyrene monomer and excimer, respectivelykaaddk. iare the rate constants

of excimerformationand dissociation, respectively.

k[ M
M+M + —hs—> M*+M <1—[_>][|v||v|]*

k 1
lu@ lu@

Schemel.1l. B i r kherde describing pyrene excimer formation.

Pyrene has been widely used as a fluorescent probe to investagteer chan and
side chain dynamics andnter and intramolecular interactions between and within
polymers3314L42 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 struttere of t
polymeric backbone, the solvent quality toward the polymer, and the solvent viséésity

The deadystate fluorescence spectrwha pyrene labeled E€®dpolymer (PyEP) is
shownin Figure1.4. The excited pyrene monomer emissiocharacterizedy several sharp
peaksbetween360 and425 nmwhereasthe pyrene excimer emissideaturesa broad and

structurelesdand in the 440600nm wavelength rang®ualitative information on the extent

16



of excimer formation can be obtained from the ratio of the fluorescence intensity of the excimer
(Ie) over that of the monomeh\) in the steadystate fluorescence spectrum. In the case of the
spectrum shown irFigurel.4, v andle are calculated by integrating tfleorescencapectrum

over the wavelengtt®72 379 nm and 5030 nm, respectively. Theavelength range chosen

to calculatelg, whichis slightly shifted from the excimemaximumat 480 nm, andw are
selected taninimize any possiblénterferencebetween the fluorescence spectraths two

fluorescenspecies.

140

60 -

40 -
IM

20 A
Iy

0

350 400 450 500 550 600
Wavelength (nm)

Figure 1.4. Steadystatefluorescence spectruof a pyrene labeled amorphous EP copolymer

in toluene (ax = 344 nm, Conc.: 0.1 g:L, ayy= 108 pmol/g of polymer

Informationabout the polarity of the mediusurrounding pyrene can albe retrieved
from the steadystatefluorescence spectrunfhis information can be determined by calculating

the ratio of thefluorescence intensity of thest (11) to the third [3) peak. Thd/ls ratio is
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larger forpyrene inpolar solverg such as wateand lower fopyrene innonpolarsolvents like

hexane'®

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 succafigfconducted in 1963 birks.*’ This analysis was

then adapted by Winnik in 1980 to describekimetics of pyrene excimer formation for a series

of pyrene endabeled monodisperse polystyrenaad was then expanded to characterize the
rate constant of ertb-end cyclization (EEC) fodifferent polymeric backbone$*®Bi r k s 0
scheme used to characterize the EEC kinetics of pyrerkakel@d monodisperse chains could

not be applied to pyredabeled macromolecules that formed excimer with multiple rate
constants. Therefore developinghew model was essentiéh. 1999, the Fluorescence Blob
Model (FBM) was introduced by Duhamel to deal with the complex kinetics of excimer
formation encountered with polymsaiandomly labeled with pyrer€ Although the FBM can
handle considerably compléxorescence decays, it does not apply to polymer samples which
are not randomly labeled such as pyrenelabdled dendrimerd.o address this analytical gap,

the Model Free Analysis (MFA) was introduced in 2005 to provide quantitative information
aboutthe kinetics of excimer formation for any type of fluorescetaheled macromolecules
where the dye and the product of the quenching reaction yield two distinct em®&dng k s 6
schemeFBM, and theMFA are briefly described hereafter.

1.2.2.1Birk sdScheme

Birksd Scheme was first i ntroduced in 1963
molecularly dissolved pyrene and was then adopted in 1980 to desgdimeer formation

between an excited and a growgtate pyrene covalently attached to the endswifrsodisperse
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polystyrene®” As shown inSchemel.2, the excited monomer can either fluoresce with its
natural lifetime,#v, or it can diffusionally encounter a grousthte monomer to form an
excimer which fluoresces with its natural lifetim. In Schemel.2, <k;> andk-1 are the rate
constants for diffusional formation and dissociation of the excimer, respectively. At low
temperatures (T < 3%), k-1 for pyrene is smaller than the excimadiative rate constarkd =

1/teo) due to the strong excimer binding energy that is induced byotirearomatic rings

constituting the chromophof®.

M+|\/|E + —+Hhs— é*+ é; ‘& émk;]*

k 1
l 1/Gh l 1/,

Schemel.2. ModifiedBi r ks 8 Sc he me a-apeled pplgmertchainpyr ene end

The pseudanimolecular rate constanks>, which is used to describe the excimer
formation that occurs intramoleculathetween two monomemttached to the chain ends of

the polymer can be expressed by Equation 1.1

<ki>=kix[M]ioc (1.1)

where M]ioc is thelocal monomer concentration the polymer cog andk; is the bimolecular
rate constant for diffusive encountefbie expression for the tirdependent concentrations of
the excited monomeM?*] and excimer E*] derived fromSchemel.2 are shown in Equations

1.2 and 1.3, respectively
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M) g =" (0¢- 2398 expt22)- (X- 155 eXDE 1) HIPY* clo X0t y)
JX-Y)2 +a<k >k,
(1.2)
k[P
(B0 = ——a e (- exp( ticy) +exptetiry) (L.3)
JOX-Y)2+a<k> K,
In the above equationfPy*dilo and Py*iedor e pr esent the initial

t hogsyer enes atehxacti nieorr nby di ffusion and that neve
The parXantegal «>+fv landk +feg ! respectively, anche expressions for

the decay timeg; andf, are given in Equations 1.4 and 1respectively.

{1_1:X+Y+\/(X-Y2)2+4<k1>k_1 (1.4)

pro XY J(X-Y)2+a<k >k,
2

(1.5)

Birksd Scheme can only be applied when exci
constant a conditionmost likelyto be obeyedvhenthe excimeiforming chromophore is
covalently attached to the ends of a monodisperse poff#rdP 851 Unfortunately, labeling a
macromolecule at two specific positions separated by a constant chain length is a synthetic
challenge. Consequentlgew approaches needed to be developed in order to probe the novel
macromolecular architectures that were enabled over the yearswbgdvances in polymer

synthesis.
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1.2.2.2Fluorescence Blob Model (FBM)

T he FBM was first established in 1999 as a means toidegprantitatively the chain dynamics

of polymers randomly labeled with a dye capable of forming an exéiére FBM can be

used to describe the kinetics of encounter between an excited dye and its quencher, both
randomly attached onto a macromoleculaere 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 th&m, 35
fulfills these condibns. 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 chiagn lengt
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 colil referred tdokb,athe

blobcan be used as a unit volume to divide the polymer coil into a cludilbsamong which

the randomly attached dyes and quenchers distribute themselves according to a Poisson
distribution. Inside dlob, two monomer units bearing an excited dye andengher diffuse

slowly with a rate constarkwon 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.. An interesting feature about pyrene is thaicsipyrene acts as both the dye and
guencher, a single labeling step is required to prepare the polymer. In the case of pyrene, the
monomer and excimer fluoresce with a lifetidveand 7eo, respectively. Some poorly stacked
pyrenes form longived excimerghat emit with a lifetimefeL. A description of the different

pyrene species encountered along the chain is shoBchiemel.3.
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Schemel.3. lllustration of the different pgne species that are generated along the polymer

chain.

Schemel.3 describes the four distinct fluorescent species that are encountered along a
chainrandomly labeled with pyrene. The region to the right represents those pyrenes that are
isolated and canndbrm excimer within the lifetime of the pyrene monomew)( These
isolated pyrenes are referred toR3gee. They behave in the same manner as if they were not
attached to the polymer and they represent a molar fragtioof the total pyrene populain.

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

pyrene monomer in close proximity with a rate const&at,. These pyrenes undergoing

diffusive motions are referred to Byuir and they represent a molar fractifam of the total

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

a rate constarkb to form an excimer are referred toRy&.. They represent a molar fractita

of thetotal pyrene concentration. Finally, pyrenes attached next to each other along the chain
have a high probability of forming grourstite pyrene aggregates that can be excited directly

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

of pyrenes Q) that are properly stacked and yield an excitharemitsvi t h a ghor f et i me
pyrenes EL) that are improperly stacked and emit with a long lifetidne The molar fractions

feo andfeL represent the aggregated g@ye moleculeshat are presentas EO and EL species
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respectively. The surfigtfeL is taken aghe molar fractiorfagg representing all aggregated
pyrene specie@yagg.

The kinetics of excimer formation betere the pyrene species shownSohemel.3
can be described b§chemel.4. Thedifferent reaction pativays presented iSchemel.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.
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Schemel.4. Excimer formation between pyrenes randomly attached onto a polymer.
. * * * é é
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The parameter&,, Az, andAs used in Equations 1.6 and 1.7 are given in Equation 1.8.

k...K.[blob] k2
=<n> blob™e —<n> blob
& KoionTKe[D10OD] A (kblob+ke[b|0b])2
A=k, ., Tk [blob] (1.8)

In these equations,r= is the average number of grousthte pyrenes pdilob and
kex[blob] is the product of the exchange rate conskamif ground-state pyrengexchanging
betweerblobsand plob] is the local concentration dlobsinside the polymer coil.

To date, the FBM has been applied to tharacterization of linear chains randomly
labeled with pyrené®3®it has been shown to yield the same quantitative information about the
internal dynamics of linear chains as the information obtainedthétBirksoscheme analysis

of short endabeledmonodisperse polyme?$>31t is currently the only analytical tool capable
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of probing the internal dynansof long polydisperse chains and it is thus particularly well
suited to characterize Vlls usé the oitadditive industry.

1.2.2.3Model Free Analysis (MFA)

The MFA was designed to deal with any typexacromolecular architecture including cases
where neit her thBEiBM kpplpto desclibe eme@menfarmation between pyrene
labels covalently attached to a macromoleéliExamples of such cases include dendrimers
whose ends are labeled with pyremad polymeric bottle brushes whose sideains ae
terminated by a pyrene lab€ln these examples the fluorescedtipeled macromolecules are
neither randomly labeled withyrene 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, ahdavéhiot randomly
distributed within the macromolecul® According to the framework of the MFA, the
macromolecule is viewed as a strueleiss object that can morph into different conformations

with a timedependent rate constd(t) as shown irschemel.5.

hv+;/:[ %—>LM* Oy Gy

ll/TM ll/TEO

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

macromolecule according to the MFA.
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In the MFA, noassumption is made about the mathematical form of the rate of excimer
formation. Instead the monomer de@zfjtted with a sum of exponentgéhs shown in Equation

1.9 andSchemeél.5 is used to express the excimer cemntration as shown in Equati@rilO.

n

[Mair o =[PYair Jo® & & ° ©XPE /1) +[PYreel€XpE t/2yy) (1.9)
i=1
1 1 % 1 13
% nooost x Nt oty 6
[EO*] (t) =- [Pydiff]03 a a| 3 ﬁg exp(_t/[i)+$EO*]O+[Pydiff]03 a. a'I 3 ﬁo
= - ® =1 - o)
L teg & L tgo @
S explt/teg) +rew, expet/zo) (1.10)

In Equations 1.9 and 1.16, and #i represent the amplitude and decay time efith
exponential, respectively, amdepresents the number of exponentials used to fit the monomer
decays.The average rate constant of excimer formatide, €an be determined from the
parameters retrievddom the MFA and its expressias given by Equation 1.11,

<k>=—> . L (1.11)

<t>

where <f> represents the numbaverage lifetime of thePyZiff species in solution whose

expression is given by Equation 1.12.
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As for the FBM, the quantitiesP[y;ff]o, [Py’;ree]o, [EO*]o, and EL*] o canbe used to

determine the molar fractiomgs, frree, feo, @ndfeL, respectivelyTo this date, the MFA has been
applied to the broadest range of macromolecular architectures that has ever been studied with
pyrene excimer fluorescengeOne interesting feature of the global analysis of monandr
excimer fluorescence decays according to the MFA or FBM is that these analyses can retrieve
guantitatively the amount of unreacted pyrene derivatives left after the synthesis of the pyrene
labeled macromoleculegnother important featuref the MFA is the ability to calculate the
absolute fluorescence intensitigsandle using the parameters retrieved from the MFA of the
time-resolved fluorescence decays. Théw ratios obtained from the MFA represent absolute

guantities and thereforean 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, Jgo then
Texaco led a team of researchers who pytabheledan EP copolymer to monitor its behaviour

in solution by using fluorescené&Being familiar with the chemistry employed to prepare the
dispersants used in the oil additive industry, they maleateBRheopolymer and reacted the
succinic anhydride groups withdyrenebutyrylhydrazine (PBH). In 1992, they reported the
first example of fluorescence spectra acquired with &&£Pyn two apolar solvents, namely

methylcyclohexane and tetrahydronaphthalee&glin)** One interesting feature about the
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PBH-EP copolymer was that the remaining hydrazine proton codddrd with carbonyls (see

Figure 1.5). The concentration regime where pyrene excimer formation occurred
intramolecularly was determined from the sharp breakpoint in a pletlgfversus polymer
concentration. After correctinfpr the different viscosiés of methylcyclohexane/ = 0.68

mPa.s at 28C) and tetralin f = 2.02 mPa.s at 2%), the productx(Ie/lm) was found to be

twice larger in tetralin than in methylcyclohexane. Such a result would typically indicate that
[Pylioc 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 tetralioompared to methylcyclohexan&hus, theincrease in
hx(Ie/lm) might simply have been a consequence of the lbw&alue at 375 nm obtained in

tetralin for this PyEP sample.

A)

m n(l-x) O nx

Z

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

1- pyrenebutyrylhydrazine argl) 1-pyrenemethylamine.
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Following this early study, research on the behavadl®y-EPs in solution was taken
on by the Winnik and Fendléaboratories in Toronto and Syracuse, respectivEhys work
led to two important observations. The first and most imporesultwas that the spacers
shown inFigure 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 copolymeontaininge0 mol% ethylene that was maleated and reacted with 1
pyrenemethylamingdPMA) to yield PMAEP, Nemeth et al. measured the hydrodynamic
diameter D) of this PYEP sample as a function of polymer concentratfdn apolar hexane
(e=1.89),Dn showed a dramatic increase with polymer concentration while the increase was
much less pronounced in more polar THE(7.5). The level of pyrene aggregation obtained
by measuring the pedk-valley ratio orPa value in the absorption spectra also confuirtteat
pyrene aggregation was strong for PNER in hexane but practically absent in THBimilar
observations were made by Jao et al. by compdiie excitation and emission fluorescence
spectra and theise time inexcimer fluorescence decays of a RBR sample in apolar
methylcyclohexane and TH® The excitation spectra of PBHP were reehifted in
methylcyclohexane but showed hardly any shift in THF. Changing the excitation wavelength
from 340 nm where the pyremonomers absorb to 350 nm where the pyrene aggregates mostly
absorb led to a more than tald increase in thé/Imv ratio in methylcyclohexanevhereas a
similar shift in excitation wavelength changed teéw ratio by less than 10% in THF. The
excime decays of the PBHEP sample showed a pronounced rise time of 5.4 ns and 17.2 ns in
methylcyclohexane anth THF, respectively. The short rise time in methylcyclohexane

indicated that the pyrene groups leading to excimer formation where nosehn t edt other
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than in THF.AIl these observatioi$®® supported the claim that apolar aliphatic solvents
induced strong pyrene aggregation for both REFA and PBFEP. The second conclusion of
these early studies was that the simmpledelsdescribing thekinetics 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 P¥EP samples required a-tt@nk of the models usei fit the fluorescence
decays.The inadequacy of these early fitting routines was routed in the fact that 46 Py
copolymerglid not have a narrow molecular weight distributm that their labeling followed
the distribution ofsuccinic anhydride pendants generated durivey maleation of the EP
sample Since excimer formation between two pyrene labels separated by a given chain length
(L) is welldescribed by a single rate constk&{L), the random attachment of pyrene labels
onto an EP copolymer resulted in a distribution of chain lenggeparating every two pyrenes,
and thus a distribution of rate constakigLi) for excimer formation. Considering that #ie
models dealing wit 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 bridgarhduct ajuantitative analysis dhe
fluorescence decays acquired withPRs>°

The first attempt to quantitatively analyze the fluorescence decays of eéEPBHI
solution took advantage of the resemblance of the monomer decays with those obtained for
molecular pyrene dissolved sodiumdodecyl sulfate $DS micelles®® Assuming that an
excited pyrene can only diffuse within a small-satume of the polymer colil referred to as a
blob while it remains excited, the polymer coil can be viewed as a clust#olidwhere the

pyrene labelsidtribute 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 micellesand this analysis model was called Bigorescence Blob Miel (FBM).
In this first application of the FBMhe exchange of grounstate pyrenes betwedtobswas
neglected. The fit of the fluorescence decays of #BHN THF andn methylcyclohexane
wassatisfactory 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 fitre exchange of pyrenes amobigbs This feature was
added later on to the analysis programs based on the’F8M.

The existence of a distribution of rate constdatd. i) for pyrene excimer formation
was duly recognized by Nemeth et alho proposed a mathematical framework basethe
use of a binomial function to handle tag(Li) distribution of a PAEP samplé€* However while
the FBM could be expressed by a relatively simple mathematical equation that could be applied
to fit the fluorescence decays, no such expressiondessed for the binomial function.
Instead, the authors fitted the decays with a sum of three exponemtthissed the contribution
to the fluorescence decays of those excited monomers that did not form excimer and emitted
with their natural lifetimefu, 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
matematical equation to fit the entire fluorescence decays meant that the validity of the
binomial distribution of rate constants for pyrene excimer formation still rexddm be
demonstrated. To this date, the FBM provides the only mathematical equatioaritbe used
to fit globally the fluorescence decays of the pyrene monomer and excimer of randomly labeled

macromoleculeg®
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The first global FBM analysis of the monomer and excimer fluorescence decays
acquired with a PBHEP sample in THF and hexane vaétempted in 1999. Despite the addition
of exchange of pyrene labels betwédobs 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 aggrégm where excimer formation occurred on a fast time scale. This
observation led to the proposal that excimer formation took place aquanse of two
successive stepblolecularly separated pyrene labels would diffuse slowly toward each other
in the firg step controlled by a rate const&nts, but thér 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 consténtkz >> koiob) in @ seond step. This sequential
approach for the process of excimer formation in solutions ofEBHroved highly successful
resulting in excellent decay fif.In these experimentk; andksiop Were found to equal 2.1 (+
0.2) x1¢s land 2.1 (+ 0.4) x10s L, respectively. Most importantly, the molar fractidsgd
of aggregated pyrenes could be determined quantitatively and was found to equal 0.57 (+ 0.05)
in hexane.

The studies of pyrene excimer formation inEly 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 realidati@xcimer
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 closéo each other followed by a rapid rearrangenwrthe pyene 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 taeydl PBHPIBSA and PMAPIBSA, respectivel$® 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 comdtanft represented

a major simplificatbon as compared to the distribution of rate constants that needed to be
handled for solutions of PP copolymers. The molar fraction of aggregated pyrenes was
determined quantitatively and is showrkigurel.6 as a function of pyrene concentration. The
effect that the Fbonding capability of PBHPIBSA has on its intermolecular association in
hexane is clearly illustrated iRigure 1.6 wherefagg remains larger than 0.6 over the emti
concentration range studideMA-PIBSA was found to aggregate also in hexane, but to a much
lesser extent than PBPIBSA, since its succiniide group ould notH-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 showwdeffect on aggregation. The nearofaggvalue obtained

in THF isattributedto the presence of a small fraction of doublgleated PIBSA molecules
which after pyrene labelingform excimer intramolecularly even at very low pyrene

concentratioa
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Figure 1.6. Plot of fagg versus pyrene concentration for PEHBSA in hexane(‘ﬁ) and THF
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The ability to recovefaggfrom the quantitative analysis of fluorescence decays was also
applied to characterize the level of succinic anhydride clustering in a maleated EP cdfiolyme
Since clustering of associative pendants along a polymer leads to a stronger associative
behaviair 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 yndaatr
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

parametethat affects the oil viscosity.o this end, Zhangt@l. used two PMAEP copolymers,
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with one copolymer having a more clustered distribution of succinic anhydride pendants than
the other’ Fluorescence decay analysis for dilute PR solutions in THF yielded afagg

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 fénet #fat clustering

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

The contribution of the carbonyl groups tiee polar aggregation of succinimide
pendants in hexane was clearly demonstrated by Zhang and Dubgnmebucingthe
succinimidecarbonyls of a PMAEP sample with LiAlH to generate pyrrolidine unif§.The
reduced PMAEP sample in hexane formed much less exciamts Pa value equaled 2.8s
compared to 1.9 before reduction, and the excimer decay showed a risetime which ntas abse
for the sample before reductidfurthermore, the photophysical parameters retrieved with the
reduced PMAEP sample in hexane were similar to those obtained for the same gaifigle
before reduction. These results demonstrated that the succinimiodenygar contributed
substantially to the aggregationtbésuccinimide pendants in apolar aliphatic solvents such as
hexane or methylcyclohexane. While this conclusion was reasonable based on the chemical
procedure used to prepare the By samples, it copticated the study of EP copolymers in
solution tremendously since their solution behaviour could be masked by the strong aggregation
undergone by the succinimidenmants in aliphatic solventsdeed, strong aggregation of the
succinimide pendants of ayfEP 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-BFPMA
sample in hexane could be decreased to a #nelar tothat found in THF if polar hexane
(e= 1.89) was substituted by toluene, another apolar sohent2(38)%° This observation
opened the route for using pyrene excimer fluorescence-&PPgamples to characterize the
behaviour of EP copolymers in solution. This conclusion was immediately taken advantage of
to investigate whether pyrene excimer fluorescencedcoellemployed to probe the collapse
undergone by the polymer coil of a semicrystalline EP copolymer at low tempétafarthis
end, an amorphous and a semicrystalline EP copolymer having ethylene contents of,
respectively, 60 and 80 mol% were maleated @eacted with PMA toigld 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-PR{B0) and PMAEP(80) were
acquired at different temperatures. Thw ratios were determined and plottasl a function
of temperature ifrigurel.7. Thelg/lmi vsi T profiles were compleyexhibiting one break point
at 25°C for all the samples, and two additional breakpoints-&t and -20 °C for the
semicrystalline EP copolymer. The breakpoint observed 4 28as attributed to the inversion
temperature observed in Stev@an plots when the excimer begins to dissociate before it has
time to emit®’ At temperatures lower than 28, excimerdissociation is negligible ard/Iv is
directly proportional to the rate constant of excimer formation, which is itself inversely
proportional to solvent viscosity. Consequehgyv increased with increasing temperature for
PMA-EP(60) due to the decresis 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 PMER(60) sample ifrigure 1.7 was typical of
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any pyrendabeled polymer in solutionVhat was unexpected iRigure 1.7 is the plateau
region of thelg/lm ratio observed for PMAP(80) in toluene betweerb and- 20°C. As it

turned out, this plateau was duethe intramolecular collapse of the polymer coil induced by
microcrystal formation as the solution temperature was lowered fi®rto - 20 °C. This
reduction in polymer coil size as the temperature was decreased led to an incréghe in |
which offses the viscosityinduced decrease ig/Im. The collapse of the polymer coil was
confirmed by conducting intrinsic viscosity measurements as a function of temperature which
showed a drop inf] in the same temperature range whiefly 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 2The

ability of EP(80) to form microcrystals intramolecularly was attributeds 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. Normalizedlg/Im ratio of PyEPs 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 PMEP(80) and PMAEP(60), respectivelst

Thelg/lmivsi T profiles shown inFigure 1.7 provided a clear indication of whether a
polyolefin would geneate microcrystals in solutionHowever, whereas the special
microstructure of the EP(80) sample allowed it to undergo an intramolecular collapse with
decreasing temperature, such behavisas deemediighly unlikely for semicrystalline EP
copolymers with ethylene and propylene monomanslomly incorporated intthe 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 increasentemmolecularinteractions. 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
quantitativey the molar fractionfiey) of intermolecular interactions taking place in solutién.

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 mdleatd pyrendabeled with PMA.

Plots ofle/lu-vs-T were generated betweeB0 and +2%C for 10 g.L ‘PMA-EP solutions in
toluene as well as mixtures o0Q.g.L- *PMA-EP and 10 g/L of the corresponding unlabeled
EP copolymer in toluene. These plots are shiovAigurel.8. Thelg/lm-vs-T profiles obtained
for the 10 g.L 'PMA-EP(60) solution and the mixtures containinglOg.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 randes in Figure1.8 for the amorphous PMAP(60) sample, excimer
formationwas controlled by the solution viscosity that decreased with increasing temperature.
By comparison, the 10 g..:PMA-EP(78) solution shwed a much more complex behaviour

as the solution temperature was increased Wil increasing first from- 30 to - 15°C,
decreasing from 15 to 0°C, and increasing again from 0 to +Z5. In fact, the anomalous
behaviour observed betweeh5 to 0°C in Figure1.8 for PMA-EP(78) in toluene was similar

to that found between20 and- 5 °C in Figure 1.7 for PMA-EP(80)3! anothe semicrystalline
polymer. Intrinsic viscosity measurements as a function of temperature also confirmed that
EP(78) underwent a collapse in the same temperature wdrege thde/lv ratio bédaved in an
unexpected manneis for EP(80), this behaviour was attributed to the formation of crystalline
microdomains by EP(78) in toluene that would lead to an enhancemd®yief §nd thusof

thelg/lm ratio. This feature othelg/lm-vs-T profiles seems to be common for semicrystalline

polymers3142
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Figure 1.8. Ie/lw-vs-T. A) (A) PMA-EP(78)(10 g.L ¥, ( ) mixture of PMA-EP(78) (0.01
g.L" Yand EPY{8) (10g.L" } . (£8))PMA-EP(60)(10 g.L: §, ( ) mixture of PMA-EP(60)

(0.01 g.L } and EP60) (10g.L- }4.2

The fourlg/Im-vs-T profiles showed ifrigurel1.8 could be analyzed further to determine
the molar fractionf(er) Of intermolecular interactions taking place between pyrene pendants,
and hus EP copolymers in solutiohhis was accomplisgd by taking advantage of the inherent
dependency of thie/lm ratio on Py]ioc experienced by an excited pyrene attached to a polymer

as shown in Equatioh.13%

(11, JT)=K(T)2 [Pyl,e (1.13)

In Equation 1.13K(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 tempeféliins, a constanthat takes
the same valugvhether thelg/lm ratio is acquired with a concentrated or a dilute solution.

Taking this fact into account, solutions containing 100 gRMA-EP and a mixture of 01

dintra &
g.L- 'PMA-EP with 10 g.L EP yielded the ratios /| M%ntra gandlEllm(intra) which were
C er =

0. t & ~
equal toK(T)X[PY]ioc %tz 8 andK(T) x[Py]ic(intra), respectivelyThis analysis of thé/Im
g -

ratios led to the derivation &quation 1.14vhich was then applied to determifier.
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Most interestingly, the complex temperature dependen&(Df waseliminated from
Equation 1.14vhereK(T) cancels outThe fourlg/lu-vs-T profiles shown irFigure 1.8 were
processed according to Equatibri4to yield plots offineer as a function of temperature for the
two PMA-EP(60) and PMAEP(78)samplesThefinervs-T profiles shown irFigure1.9 could
be readily interpreted. The molar fractitir remained constant with temperature for PMA
EP(60) as was expecteaal this amorphous polymer, bier sShowed two cleacut temperature
regimes for PMAEP(78). At temperatures lower thab °C, finter equalled0.62 +0.07 but it
decreased t0.23 = 0.03 for temperatures greater thah °C. The decrease ifier at higher
temperature was a consequencéefrhelting of microcrystals involving several EP(78) chains
and it demonstrated thafor this EP copolymer microcrystal formation took place
intermolecularly in solutionMost importantly, the ability to uskter to quantify the level of
intermolecularinteractions between EP copolymers used as VlIs by the oil additive industry
represented major advance in the characterization of the behaviour of Vlis in solution. It can
now be applied to probe the effect that different oil components have orotechin the

intricate formulation of engine oils.
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Figure 1.9. Molar fraction finer Of pyrene labeldé EP copolymers forming excimer

intermolecularly 6r A) PMA-EP(60)and BBPMA-EP(78) at a concentration of 10 g14?

1.2.4 Conclusions

This chaptehas highlighted how maleated EP copolymers belth pyrene derivatives can

be used to probe the behaviour of modified EPs in solution. For instheaeaction of a
maleated EPcopolymerwith PBH results in a REP copolyner that generates strong
intermolecularassociations via #onding in aliphatic solvents. Consequently, experiments
conducted with PBHEP samples provide information at the molecular level about the
associativdbehaviour of modified EPs typically used as disperdarite oil additive industry.
These associations can be probed qualitatively from the study of the absorption, excitation, and
emissionspectra of PAEP solutions or thege time in the excimer dega Models have also
been proposed that provide information about the associative strength of a giveBPPBH
sample in an aliphatic solvent by determining the molar fradtigyobtained through the

guantitative global analysis of the pyrene monomer aooher fluorescence decays.
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On the other hand, the reaction of PMA with a maleated EP yieldsEdPRlgat does
not form Hbonds. However the succinimide moieties used to connect the pyrene label to the
EP backbone are polar enough to induce ibdecula associations in apolar aliphatic solvents
like hexane or methylcyclohexai@rtunately these strong polar interactions appear to vanish
in apolar toluene. As a result, the study of PIER samples in toluene provides information
about the behaviour of Ef®polymers in solution. Taking advantage of the direct relationship
that exists between thHe/lm ratio and Pylioc, information about the level of intermolecular
interactions that are being generated between polymers in solution could be quantified from the
molar fractionfinter. finter was shown to increase markedly when the solution temperature
reached the point vene a semicrystalline EP copolymer would form crystalline microdomains
in solution For amorphous EP copolymefiger remained constant as a function of temperature.

The advances for the characterization of polyolefins in solution described in thig revie
demonstrate how pyrene excimer fluorescence can be used effectively to probe a variety of
behaviours encounteréy PyEP samples in solutioft. provides a powerful analytical means
to investigate both quantitatively and qualitatively polypelymer irteractions in solution
and seems to be particularly wsllited to studyhe solution behaviouwf polyolefins used by
the oil additive industry.

1.3 Thesis Objectives

The first 0 bhjeesa tsi vvea so ft ot hd pp | tyh afrlawcd ree s zeen cteh e
composition and | eveyli sofbdotagsbeedh diakhpee rmesseaontt nsg o |
objective of this thesis was to characterize t

fluorescently | abeled EP copolwamersni hotbhener
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function of temperature. The experiments that
are presented hereafter.

'H NMR, FTI R, and GPC are some of the typi
chemical cotmpend ietciuémaramwei ght di stribution of
PI BSI di spersants in particul ar. However thi
results obtained by these techniques on PI BSI
srtong-amd r riant er mol ecul atr hRil rBtSd r antot|i eodriusy elkle tiwnedeunc
bondi ng between cres oanrdda rsyu caani fradmipdgo tac v ebrothayd e .
i nherent fluorescence of -dihep esruscacnitisic indgermhad imto s
guenching by secondary amines, this thesis es
met baded on succiniomicharfalct ereseende chemical
di spersants and their | evel of modification.

The second accortiphment of this thesis was tpuantitatively measure the actual level
of intemolecularassociationdetween semicrystalline EP copolymers in solytion using
pyrene excimer formation to determine the molar fraction of macromoleé&rti@srfvolved in
intermolecular associations. Calculatifiger with traditional methods such as FRET is
mathematically challenging due to the thiependency of FRET on the spatial distribution of
donors and acceptors diffusing in solutiém contrastfinter can be determined in a simple and
straightforward manner by using pyrelabeled macromolecules. These experimeatsi
advantage of the ability of an excited pyrene to form an excomecontact and of the
proportionality that exists betweéhe fluoescence intensity ratig/Im andthe local pyrene
concentrationPylioc, @an increase ike/lv reflectingan increase inHyjioc which would follow

from intermolecular associatioriBhe Ie/lm ratios of pyrendabeled macromolecules acquired
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at high and lovpolymer concentration can be combined to yfglg 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 intermolassieiations

for a selected macromolecule (PPD, VII, or dispersant) which has been labeled with pyrene.
Considering the importance of Vs, PPDs, and dispersanikadditive formulations, the

developmentpresented in this thesshould prove of high interest the large community of

scientists and engineers interested in the formulation of oil additives.

1.4 Thesis Outline

This thesis is composed of seven chapters. Chdptsra literature review of polymeric

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

quantitative information about the behaviour ofssedditives in solution. Chapter 2 evaluates

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

polyisobutylenebased dispersants in apolar solvents. In this chdjuterescencexperimens

were found to be more reliable than FTIR aRdNMR measurements. In Chapter 3, a new

method based on succinimide fluorescerx@roposed to evaluate the level chemical

modification applied to PIBSI dispersants. Chapter 4 intraslacprocedure to determine

quantitatively the level of intermolecular interactions between fluorescently labeled EP

copolymers in toluene as a function of temperat@tgapter 5 usefluorescence to study the

effect that the microstructure of six different EP copolymers had on their behawtoluene

as a function of temperature. Chaper 6, the effect that the presence of wax hasherlevel

of intemolecularassociation betvesn 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

article®® and a patetf?respectively.

46



Chapter 2

Characterization of the Chemical Composition of
PolyisobutyleneBased OitSoluble Dispersants by

Fluorescence

a7



2.1 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 agdditives. To this end, a series of five PIBSI dispersants were prepared by
reacting two molar equivalents (meq) of polyisobutylene succitigdaide (PIBSA) with one

meq of hexamethylenediamine (HMDA), diethylenetriamine, triethylenetetramine,
tetraethylenepentamine, and pentaethylenehexamine to yield the correspbiRiB&I
dispersants. After having demonstrated that the presence of hydoogds between the
polyamine linker and the succinimide carbonyls of the dispersants prevents the quantitative
analysis of theH NMR and FTIR spectra of the dispersants to determine their chemical
composition, alternative procedures based on gel permeahmmatography (GPC) and
fluorescence quenching were implemented to estimate the amine content PRSI
dispersants. Taking advantage of the doubling in size that occurs when two moles of PIBSA
are reacted with one mole of HMDA, a combination of3G#hd FTIRanalysiswas employed

to follow how the chemical composition and molecular weight distribution of the polymers
produced evolved with the reaction of PIBSA and HMDA mixedlifferent molar ratios.

These experiments provided the PIB&AHMDA molar ratio yielding the largedi-PIBSI
dispersants and this molar ratio was then selected to prepare the four other dispersants. Having
prepared five b-PIBSI dispersants witha 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
guenching provides a valid method tetermine the chemical composition bfPIBSI
dispersants which is otherwise difficult to characterize by stantar®lMR and FTIR

spectroscopies.

48



2.2 Introduction

Dispersants, detergents, viscosity modifiensgd antiwear and antioxidation components are
chemicals that are purposely added to engine oils to imgtevgerformance during the
operation of gasoline and diesel engines. These additives are designed to improve engine
efficiency and durability. Disperstarepresent the most important family of chemical additives

and they have been used in engine oils since the 1§90®y constitute up to 10 wt% of an
engine oil formulabn and around 50 wt% of the total chemical additives found in tH& biky

work by dispersing oilnsoluble combustion bgroducts such as soot and sludge generated
during the normal operation of the engine.

Soot or ultrafine particles (UFPs) are either carbraoh 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 withalist gasesSince
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 enfi&Simhis end, diesel and
gasoline engine manufacturaisculatethe exhaust gas back into the’eilhere 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 aggregatfdnEPs aggregation is due to the polar groups
formed on the surface of UFPs followingefwxidation. The UFPs aggregate ifgme particles
(LPs) with a diameter on the order of 1 pm 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 thengine 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 LPY-12
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Polyisobutylene succinimide dispersants (PIBSI) are the most commotomon
dispersants used in the oil industry. In fact, the ability of polyisobutylene (PIB) to interact with
apolar liquids has been empéa in several other applications that include the synthesis ef PIB
containing crosslinked acrylate networks capable of absorbing crdderidispersants that
can stabilize pigmentsor carbon nanotubés PIBSI were initially developed by Le Suer and
Stuart in 1966%° The preparation of PIBSI begins by generating a polyisobutylene chain
terminated at one end with a succinic anhydride group (®IBSIBSA can be prepared by an
Alder-ene reaction between the terminal double bond located at the end of polyisobutylene and
maleic anhydride at high temperatdfé® The eaction of PIBSA witha polyamine in a 1:1 or
1:2 polyamine:PIBSA ratio generateronePIBSI (Mm-PIBSI) and bis-PIBSI (b-PIBSI)
dispersants, respectively?* 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 secoady amines make the oil more basic which is detrimental to the integrity of
the engine seals. The basicity of the oil can be reduced througmpd#ication of the PIBSI
dispersants with ethylene carbonate or boric &fThese considerations underline the
importance of knowing the secondary amine content of Pdigpkrsants. As it turns out, this
information is not easily obtained, as characterization techniques based on FHRIMIR
spectroscopié$? 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 tht interactions between the succinimide groups and the secondary amines is
responsible for complicating the analysis of the chemical composition of Bif&rsants by

FTIR orH NMR spectroscopies.
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Taking advantage of the inherent fluorescence of tleisimide 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 quendiitige succinimide group. Considering how
important the secondary amine content of PiBiSpersants is to understand their solution
properties, this work is expected to interest scientists aiming to desigolulle dispesants
with improved properties
2.3 Experimental
Chemicals Acetone (HPLC grade, Caledon), hexane (HPLC grade, Caledon), xylene (reagent
grade, 98.5%, EMD), tetrahydrofuran (THF, HPLC grade, Caledon), dodecane (anhydrous,
99%, SigmaAldrich), and 2dodecanone (GC grade, 97%, SigAldrich) were used as
received. The chemicals hexamethylenediamine (HMDA, 98%), diethylenetriamine (DETA,
99%), triethylenetetramine (TETA, 97%]jetraethylenepentamine (TEPA, technical grade),
pentaethylenehexamine (PEHA, technical grade), octylamine (99%jrehemethylamine
hydrochloride (PyNERHCI, 95%), N-methylsuccinimide N-M S,1 99%), butylamine (BUA,
99%), diethylamine (DEA, 99.5%), and triethylamine (TEA, 99.5% ) were purchased from
SigmaAldrich and were employed without further purification. Polyisobutylene succinic
anhydride (PIBSA) was supplied by Imperial Oil.

Proton Nuclear Magnetc Resonancé'H NMR). A Bruker 300 MHz high resolution NMR
spectrometer was used to acquire the NMR spectra of the dispersants in deuterated
chloroform (CDC4, 99.8%, Cambridge Isotope Laboratory Inc.). A sample concentration of
about 10 mg/mL was asl to obtairtH NMR spectra of the polymer samples with a reasonable

signal to noise (S/N) ratio.
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Fourier Transform Infrared (FTIR). All FTIR spectra were obtained with a Bruker Tensor 27
FTIR spectrometer using NaCl FTIR ce3euterated chloroform (CDg;199.8%, Cambridge
Isotope Laboratory Inc.) was used as solvent ithabample preparations. Polymer solutions
prepared with CDGlwere deposited dropwise onto the NaCl FTIR cell. The solvent was
evaporated under a stream of nitrogen leaving behipdhaner film. All samples had an
absorbance of less than 1 to optimize the S/N ratio.

Gel Permeation Chromatograph§GGPC). A Viscotek GPC max VE 2001 instrument equipped

with a Viscotek TDA 305 triple detector array comprised of a refractive index, wigcasd

light scattering detector was used. The samples were passed through a divinylboenzene mixed
bed (8.0 mmx300 mm) Polyanalytik column. Tetrahydrofuran (THF) was used as the solvent
at a flow rate of 1.0 miniin. All the samples were filtered using 02 m Mi | | i por e
polytetrafluoroethylene (PTFE) filtebefore injection and the sample concentration was less
than 10 mg/mL. Due to their low molecular weight (< 6,000 g.rholhe polyisobutylene
samples used in this study did not scatter light stronglygmto 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 polyisobugne samples as it was calibrated with polystyrene
standards.

UV-Visible SpectrophotometefUV-Vis). Absorbances were measured on a Cary 100 UV
Visible spectrophotometer with quartz cells having al@@ mm path length. Absorbances

were measured in tf#0° 600 nm wavelength range.
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SteadyState FluorescenceA Photon Technology International (PTI) 190 steadystate
fluorometer equipped with an Ushio UXI5Xe Xenon arc lamp and a PTI 814 photomultiplier
detection system was used to acquire the fluorescgpectra.

Time-Resolved Fluorescencén IBH time-resolved fluorometer fitted with a 340n nanc

LED light source was used to acquire the fluorescence decays. Light scattering and background
corrections were applied to fit the fluorescence decays. Tibesicence decay curves of the
PIBSHdispersants were fitted by a sum of exponendathown in Equatio2.1,

Nexp

i(t)=Q a % exp(t/t,) (2.1)
i=1

wherenex, represents the number of exponentials used and the parameieds; represent
the amplitude and decay time of ifexponential, respectively. The decay fits were considered
to be good if the? 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) Dispersantke polyisobutylene
succinimide (PIBSI) dispersants were synthesized by reacting different amine derivatives with
PIBSA using PIBSAo-polyamine mole ratios of 1:1 or 2:1 in order to gerenadncPIBSI
(m-PIBSI) andbis-PIBSI (b-PIBSI) dispersants, respectiveBcheme.1 describes theeaction
between the succinic anhydride of PIBSA and the primary amine of the polyamines to generate
the b-PIBSI dispersant§-?®In the current studypctylamine, diethylenetriamine (DETA),
triethylenetetramine (TETA), tetraethylenepentamine (TEPA), pentaethylenehexamine
(PEHA), and hexamethylenediamine (HMDA) were used as polyamines and their chemical

structures are given ifable2.1.
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All thePIBSIdispersants were synthesized accordirgdioeeme?.1 usingthesame molar
ratio of succinic anhydride of PIBSA to primary amines of the polyamine. The synthésis of
PIBSFTEPA is described in more detail as an example. Before conducting the reaction
presented irScheme2.1, PIBSA supplied by Imperial iDwas 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°&0 Then the warm PIBSA solution was gradually
added into 500 mL of cold acetone whateprecipitated. The PIBSA suspension was
centrifuged at room temperature for 20 minutes. The supernatant was discarded, and the pellet

was dried overnight at 600 °C in a vacuum oven.

H HO HHO OHH
H Xylene H H
2 MO+1 H,N NH, Y MN(\/\ }\,M + 2H0
H 2 ——» H H2
n 0 (\/\Nkﬂ}/ 180°C " o) HYm o] " "
PIBSA Polyamine b-PIBSI

Scheme2.1. 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 precipit&toom acetone (2 g,

0.66 mmol succinic anhydride equivalent) was dissolved in 2@fmwllene and placed into a
two-neck rounebottom flask equipped with a De&tark apparatus to remove the water
generated during the dehydration conducted at148FC in refluxing xylene for 10 h under
nitrogen atmosphere. Successful dehydration was confirmed by compatfsguarg®.1 of the

FTIR absorptiorfor partially hydrated PIBSA (Trace ajith that of dehydrated PIBSArrace
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b). The FTIR spectrum of partially hydrated PIBSA shows two absorptions bands at 1705
cm and 1785 ci'due to the carbonyl groups of succinic acid andisicanhydride (SA),
respectively. After dehydration, the absorption at 1705'dimappeared, demonstrating that all

succinic acidgroupswere onverted back to their SA form.

Table 2.1. Chemical structuieof the amine derivatives used to prepare the PIBSI dispersants.

Polyamine Chemical Structure
Octylamine CHs-(CH)7-NH>
Diethylenetriamine (DETA) HoN-(CH2CHx-NH)2-H
Triethylenetetramine (TETA) HoN-(CH2CHx-NH)3z-H
Tetraethylenepentamine (TEPA) HoN-(CH2CHx-NH)4-H
Pentaethylenehexamine (PEHA) H2N-(CH2CHx-NH)s-H
Hexamethylenediamine (HMDA) H2oN-(CH.)e-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 J@lyamineto-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 HCI, 1 M NaOH, 0.5 M NaHCg and Milli-Q water. The product was then dried overnight
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at 70°C in a vacuum oven. FTIR spectroscopy was used to confirm the successful synthesis of
b-PIBSFTEPA. Comparison of the FTIR spectrum lefPIBSFTEPA (Trace c irFigure2.1)

with that of PIBSA (Tracé) shows the appearance of a new absorption band atchv(H

Trace c due to the carbonyl groups of the succinimide ring and the disappeardrecbafd
at1785cnT lin Trace b b-PIBSFDETA, b-PIBSITETA, b-PIBSFTEPA, b-PIBSIPEHA, b-
PIBSFHMDA, and m-PIBSloctylamine all showed similar FTIR spectra (see Figtd $

Supporting Information).
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Figure 2.1. FT-IR spectra ofA) partially hydrated PIBSAB) dehydrated PIBSA, an@) b-PIBSF

TEPA.
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The formation of secondagmides is unlikely during the preparation of ¢ IBSI
dispersants. If this were the case, an absorpigoml at 1640 cm, which is clearly absent in
the FTIR spectrum d§-PIBSFTEPA, would appear as the synthesis ai+PIBSFTEPA (see
Figure 2.2 in Supporting Information). The reaction with a 2:1 molar ratio of TEPA:SA led to
the formation of succinamide bondgher tharthe desired succinimide ring.
Synthesis of bigviethylSuccinimideDETA (b-MSI-DETA). bis-Methyl succinimideDETA
(b-MSI-DETA) was prepared by reacting two molar equivalents of methylsuccinic anhydride
(MSA) with one molar equivalent of DETA in refluxing xylene at 4B °C according to
Scheme.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 flaslkequipped with a DeaS8tark trap, water condenser, and a nitrogen inlet and

outlet to remove the water generated during the reaction conducted 503D for 20 h.

4 H 02 mole equivalent H

H (L HO) ﬁ i}
O \/\NH\/
HaN A~ H’\/NH2

O

Scheme2.2. Reaction of MSA and DETA to yielo-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 HCI solution, 10 mL of 0.5 M
NaHCG, and 10 mL of MilltQ water. Eachxraction 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. $i#w8I-DETA is watersoluble,
the yield after the threexractions was low around 10%.
Synthesis of mond’IBSI-Pyrenemethylamine(m-PIBSI-PyNH). 1-Pyrenemethylamine
hydrochloride (PyNRHCI) (0.302 g, 1.11 mmol) was dissolved in water (280 mL) and
transferred to a separatory funndlfter addition of thre@&aOH pellets to the solution, PyNH
was extracted using hexanes (~100 mL) and deionized water. Finally, the extractedvagNH
dried in a vacuum oven at 6Q for 23 h28

PIBSA (1 g, 0.33 mmol equivalent of SAH units) was dissolved in dodecane (8 mL) and
placed in a twaneck rounebottom flask equipped with a deatark apparatusihe 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 monhlgréd IR (see
Figure2.1). After 8 h, an excess of PyNiL85 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 adene 56 times to remove all unreacted PyNHhe precipitated product was
dried in a vacuum oven at-&D °C overnight.
2.4 Results and Discussion
The succinimide moiety of PIBSdispersants is known ftuoresce?®>32 Since secondary and
tertiary amines are known quenchers of fluorescéhitayas reasoned that the quenching of
succinimide by amines might provide avey rapid, and straightforward analytical method to
characterize the chemical composition BPIBSI dispersants in terms of the number of
secondary amines per gram of dispersant. To this end, a sdn€$B$| dispersants of known
chemical compositioneeded to be synthesized and characterikled.chemical composition

of PIBSA was determined byd 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 seribsPtBSI dispersats with a welldefined

content of secondary amines. Attempts at determining the chemical compositieb-8iBSI

dispersants byH NMR and FTIR were inconclusive however, certainly due to the unavoidable

association of the dispersants in the solidestatin organic solvents that complicated the

quantitative analysis of théH NMR and FTIR spectra. t&adystate and timeesolved

fluorescence measurements appeared to be impervious to these complications yielding a linear

increase in quenching efficienoy the fluorescent succinimide units with increasing number

of secondary amines. The following describes how these experiments were conducted.

Proton Nuclear Magnetic Resonanc€H NMR). The assignment of tH&l 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 Figurg.Bprotonsl and2 of MSA do not have

identical chemical shifts since they are diastereotopic. Prdtansl2 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 goton3 signaloverlapswith proton2, and it is strongly deshielded by the methyl

group of MSA. Protond 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!H NMR spectrum of PIBSA is shown iRigure2.2. The SA protons oPIBSA are

expected to have similar chemical shifts as those of prat@snd3in MSA. In the'H NMR

spectrum of PIBSA, the peaks at 2.6 and 3.3 ppm represent thegarotbe 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
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presence of vinylidene groups genedadering the cationic polymerization of PiBatdid not
react with maleic anhydride during the Alekre reaction. The sharp peak at 7.3 ppduésto
chloroform.The ratio of the integrals of the peaks at 1.4 and 3.3 ppm were used to calculate the
avera@ number of IB monomerslg) in a PIBSA molecule per SA moieti{a). TheNsa/Nig

ratio was found to equal 1:552.

2+3
1 A)

2
1
H O

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 ppmr

Figure 2.2. '"H NMR spectrum of PIBSA.

The!H NMR peak assignment for thePIBSI samples was done as follows. The polar
core of theb-PIBSI dispersants carried different numbers of secondary amines depending on
the polyamine used in the synthesis. Amine protons usually yield broad peak$sHnNMR

spectrum whose integration cannot be relied upon for quantitative andlisigethyl
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succinimide diethyltriamineb(MSI-DETA) was used as a model compound to help with the
peak assignment of thel NMR spectrum ob-PIBSFDETA.

When MSA was reacted with DETA, the succinic anhydride prbtomd the overlapping
protons2 and 3 shifted upfeld 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 proton® and 6 in the DETA core ob-MSI-DETA. Comparison of théH NMR
spectra ob-PIBSIFDETA andb-MSI-DETA shows that the peaks at 2.7 and 3.5 ppm are due
to the protons6 and5 of the ethylene segments of the polyamine linkdrereas the peaks at
2.5 and 3.0 ppm are due to the succinimide ring proioasd 2+3 of b-PIBSFDETA. The
peaks at 1.4 and 1.1 ppm (not shown in the zoeiméld NMR spectra irFigure2.3) represent
the methylene and methyl protons of the PIB backbone, respectivelgh@ihe peaks at 2.25

and 2.3 ppm are due to traces of xylene.
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Figure 2.3. *H NMR spectrum ob-MSI-DETA (top) ando-PIBSFDETA (bottom) (300 MHz, CDG).

The chemical composition ®PIBSFDETA was determined in terms of the number of
succinimide moietiedNs|) per number of isobutylene monomexss{ by taking the ratio of the
integrals of the peaks at 3.5 and 1.4 ppm intth&MR spectrum shown in the bottom panel
of Figure2.3. An Ns/Nig ratio of 1:32+ 1 was obtained, similar to that of all otheIBSI
samples and much smaller thanfg/Nig ratio of 1:55+ 2 found for PIBSA. This discrepancy
in chemical composition between PIBSA and thPIBSI dispersant could be due to the
purification procedure that might selectively eliminate the-Rd¢B fraction of theb-PIBSI
samples or some unexplained spectroscopifaetr due to Hbonding of the secondary amines
in the polar core which might affect the peak intensities ifttheMR spectra.

Fourier Transform Infrared (FTIR). FTIR spectroscopy was also used to determine the

chemical composition of PIBSA using a cadibon curve established Walch and Gaymans
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