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ABSTRACT: An ethylene—propylene random copolymer (EP) was maleated according to two different
procedures which were expected to yield different distributions of succinic anhydride (SAH) along the
backbone. The two maleated EPs, referred to as EP-1 and EP-11, were labeled with fluorescent dyes such
as pyrene and/or naphthalene by reacting 1-pyrenemethylamine (or 1-naphthalenemethylamine) with
the SAH moieties randomly attached along the EP copolymer. As a result, the distribution of dyes mimics
that of the SAH moieties along the polymer backbone. The labeled EP copolymers thus obtained were
studied by steady-state and time-resolved fluorescence techniques in solution. Hexane and tetrahydrofuran
(THF) were chosen as solvents. Pyrene excimer formation and fluorescence resonance energy transfer
measurements were performed to demonstrate that the SAH moieties are attached to EP-I in a less
clustered manner than to EP-11. These conclusions were confirmed by analyzing the fluorescence decays
of the pyrene-labeled EPs with a blob model developed in the laboratory. Viscosity measurements were
performed on both pyrene-labeled EP copolymers to evaluate the effect that SAH clustering has on the
solution properties of the polymers in hexane. The solution viscosity of the pyrene-labeled EP-I increases
less steeply with polymer concentration than that of the pyrene-labeled EP-11. This effect is due to the
higher SAH clustering observed with EP-11, which leads to a more efficient formation of interpolymeric
aggregates held together via dipolar associations between the anhydride moieties. This study establishes
that fluorescence can be applied to investigate the microstructure of maleated EP copolymers and that
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SAH clustering of a maleated EP copolymer can affect its properties in apolar solvents.

Introduction

Polyolefins are generally nonreactive polymers. How-
ever they can be functionalized by attaching reactive
groups onto their backbone.l™ In this respect, the
grafting of polyolefins with maleic anhydride (MAH) has
received much attention owing to their large number
of applications.5 For instance, polyamides can be mixed
with ethylene—propylene random copolymers (EP)
grafted with MAH (EP-MAH) in a heterogeneous melt
to react with the succinic anhydride (SAH) moieties of
the modified polyolefin. This process generates imide
linkages between the two polymers and results in
improved dispersion and adhesion between the two
incompatible polymers. The use of EP-MAHs as com-
patibilizing agents in blends® have led to the production
of super-tough polyamides.”

EP-MAH can also be reacted with amines yielding
succinimide groups again. These modified polyolefins
are used as additives for motor oils, where they can act
as viscosity modifiers and particle stabilizers.® During
the normal operation of an engine, polar particulate
matter is being generated in the oil. The polar succin-
imide groups associate with the polar surface of the
colloidal particles, which are stabilized by the oil-soluble
polyolefin backbone.

MAMH grafting can be achieved using melt® or solution
routes.1® Typically the polyolefin is mixed with MAH
and an initiator such as a suitable peroxide.! This
procedure yields a polyolefin randomly grafted with

* To whom correspondence should be addressed.

10.1021/ma035906e CCC: $27.50

MAH. Modification with MAH at specific positions of a
polyolefin has also been reported. Using an Alder-Ene
reaction!? or a dehydrochlorination reaction,'?®* MAH
can be attached specifically at the unsaturated ends of
an oligoisobutylene. These modified oligoisobutylenes
are used as colloid stabilizers in motor oils.8

Although the synthetic procedures for achieving MAH
grafting are usually straightforward, there is still debate
on the nature of the grafted product. Acid—base titra-
tion, IR spectroscopy and 'H and 3C NMR provide
information about the level of grafting. Information
about the nature of the grafts has been obtained mostly
by 13C NMR?®34 and to a much lesser extent by IR
spectroscopy.9 However, many such studies often lead
to contradictory conclusions. In 1996, Heinen et al.
carried out a thorough 3C NMR study of the grafting
of 13C-enriched MAH onto polyethylene, polypropylene,
and EP copolymers with different ethylene contents.
Their work unambiguously established that (1) MAH
attaches to the high density and low-density polyeth-
ylene in the form of single succinic anhydride units as
well as very short oligomers and (2) MAH forms single
succinic anhydride units when grafted onto polypropy-
lene or ethylene—propylene random copolymers with
abundant propylene content.

Although the nature of the MAH grafts was clearly
established by the 13C NMR study carried out by Heinen
et al.,’® these measurements do not allow the charac-
terization of commercial MAH-grafted polyolefins be-
cause 3C NMR is not very sensitive for non-13C-labeled
MAH pendants and the low levels of MAH grafting used
in typical EP-MAH (<2 wt %) usually preclude a
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detailed analysis of the grafted polyolefin. The grafting
of single saturated SAH is usually reported (cf. Scheme
1, microstructure 1).99126.13.15 However, it has also been
shown that oligomeric or polymeric MAH grafts can be
formed (cf. Scheme 1, microstructure 11).92.9h-i13.14 More
recently, microstructure Il in Scheme 1 has been
proposed, where MAH is attached to the backbone as
both individual and clustered units.®

Since the blend compatibalizing, oil dispersion, and
rheological properties of EP-MAH can be expected to
depend on the grafts microstructure, a detailed knowl-
edge of the nature of the grafted units (whether isolated
SAH units, oligoSAH, or clustered SAH) is important
for improving EP-MAH properties. Considering the
microstructures displayed in Scheme 1, there is no doubt
that a technique capable of distinguishing between
clustered (or oligomerized) SAH and less clustered SAH
(or isolated) units would be a valuable tool for the
characterization of EP-MAH microstructure. In this
article, the microstructure of an EP-MAH refers to the
distribution of the SAH units along the EP backbone.

To this date, the level of SAH clustering of a maleated
EP copolymer can only be inferred from its rheological
behavior. In an apolar solvent, the polar SAH groups
induce the formation of an interpolymeric network held
together by polar aggregates of the SAH pendants.
Interpolymeric associations of hydrophobically modified
water-soluble polymers have been shown to be more
efficient in water when the associative pendants are
distributed in a clustered manner.” Consequently, the
viscosity of a polymer solution is expected to increase
more quickly with polymer concentration when the
associating moieties are clustered along the chain. To
determine the level of SAH clustering of a maleated EP
copolymer, a researcher must compare the viscosity-vs-
concentration profile of the modified polymer with that
of others used as standards. However, even this simple
experiment is difficult to carry out due to the absence
of maleated EP standards resulting from the poor level
of characterization of the structures obtained by MAH
grafting, as illustrated by the contradictory conclusions
drawn by different research groups (cf. Scheme 1).912-16
Furthermore, the assignment of the level of SAH
clustering of a maleated EP copolymer via viscosity
measurements is an indirect measurement. The char-
acterization of maleated EP copolymers would be greatly
improved if the level of SAH clustering could be mea-
sured in a direct manner.

Earlier works from this laboratory have shown that
fluorescence experiments have the potential to yield the
level of SAH clustering of EP-MAHSs.18 These experi-
ments require attaching the dye pyrene onto the SAH
moieties of an EP-MAH. Upon absorption of a photon,
the encounter of an excited pyrene with a ground-state
pyrene leads to the formation of an excited complex
called an excimer. The time scale of excimer formation

Microstructure 111

Macromolecules, Vol. 37, No. 5, 2004

depends on whether the two pyrenes are attached onto
SAH moieties which are clustered or isolated. Careful
analysis of the fluorescence decays of the pyrene mono-
mer and excimer can distinguish between the two time
scales and provide a direct measurement of the level of
SAH clustering. However, our earlier attempts were
cumbersome, and the results about the level of SAH
clustering could not be validated for the following
reasons.

The early experiments performed by this laboratory
to determine the level of SAH clustering involved the
labeling of the SAH pendants of an EP-MAH with
1-pyrenebutanoic acid hydrazide.'® These studies were
very complicated due to the five-atom linker connecting
the SAH moiety to the pyrene chromophore (cf. Scheme
2). The complications arose from the decoupling taking
place between the slow motions of the polymer backbone
and the rapid ones of the pyrene moiety enabled by the
flexible linker. An additional rate constant was needed
to properly handle the fluorescence decays. Accounting
for the additional rate constant led to rather cumber-
some equations, particularly for the study of the pyrene
labeled EP copolymer in hexane.’® To avoid these
complications, we reasoned that using 1-pyrenemethyl-
amine instead of 1-pyrenebutanoic acid hydrazide would
strongly reduce the freedom of motion of the pyrene
moiety with respect to the EP backbone (cf. Scheme 2)
as had been suggested in an earlier work.’® The com-
plications were indeed eliminated, and all the decays
presented in the present work could be satisfyingly
fitted with the simple and now well-established blob
model equation.20—23

Since we improved the design of the labeled EP
copolymer and simplified the analysis procedure, it
became essential to test it with a set of EP-MAHSs
exhibiting different levels of SAH clustering. Unfortu-
nately such samples are very difficult to come by. Since
the level of SAH clustering can only be inferred from
viscosity measurements, the EP-MAH samples must
have the same molecular weights, molecular weight
distributions, and the same level of MAH grafting,
because all these parameters affect viscosity measure-
ments. DSM provided us with two maleated EP copoly-
mers exhibiting the required features. The EP-MAHSs
were labeled with 1-pyrenemethylamine and 1-naph-
thalenemethylamine. Fluorescence resonance energy
transfer (FRET) and fluorescence blob model experi-
ments were carried out to characterize their MAH
microstructure qualitatively and quantitatively, respec-
tively. The thorough characterization of the MAH mi-
crostructure was then used to rationalize the viscosity-
vs-concentration profiles of solutions of the two pyrene-
labeled EP-MAHs in hexane. To the best of our
knowledge, the fluorescence experiments presented in
this manuscript represent the only means available
today to obtain directly a quantitative measure of the
level of SAH clustering of an EP-MAH.

Experimental Section

Materials. Anhydrous dodecane, naphthalene, 1-pyrene-
methylamine, and 1-naphthalenemethylamine were purchased
from Sigma-Aldrich. Solvents of spectrograde quality (acetone
and hexane) were purchased from EM Science. THF (distilled
in glass) was purchased from Caledon. All solvents were used
as received unless otherwise specified. The two maleated EP
copolymers, EP-1 and EP-11, were provided by DSM (The
Netherlands). All molecular weights of EP copolymers were
determined by gel permeation chromatography (GPC) in
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Table 1. Apparent Molecular Weight, Ethylene Content,
and Level of MAH Grafting of EP-MAHs?2

no. of
MAMH grafted MAH
Mn ethylene  (umol/g of  grafts per
polymers (kg/mol) Mw/M, (wt %) polymer) chain
EP-I 28 2.8 49 151 4.2
EP-11 28 2.8 49 147 4.1

a Data provided by DSM.

trichlorobenzene using universal calibration.?* The ethylene
content and the level of MAH grafting of EP-I1 and EP-11 were
determined by DSM using FTIR spectroscopy and are sum-
marized in Table 1. EP-I11, a nonmaleated EP copolymer, was
supplied by Imperial Oil.

Determination of the Level of Maleic Anhydride. The
level of MAH grafting for EP-1 and EP-11 was measured via
solution FT-IR using a calibration curve. The calibration curve
was obtained from five samples whose MAH concentrations
were determined by solution *H NMR.

Gel Permeation Chromatography. A Waters 150C high-
temperature GPC equipped with a Viscotek viscometer and
the recommended operating conditions of ASTM Standard D
647425 were used. The suggested ASTM Standard D 6474
operating conditions include a column temperature of 140 °C,
1,2,4-trichlorobenzene with added antioxidant as a solvent, a
flow rate of 1.0 mL/min, a sample concentration of 0.1 wt %,
and commercially available polystyrene standards for calibra-
tion.

Pyrene Labeling. Maleated EP copolymer (0.3 g) was
introduced in a 100 mL round flask to which 15 mL anhydrous
dodecane was added. The flask was subject to three freeze—
thaw cycles before it was heated to 130 °C under nitrogen for
6 h. This ensured that all SAH which might have hydrolyzed
over time to the corresponding acid reverted to the cyclized
form. Then 15 mL of a 1-pyrenemethylamine (PMA) solution
in hexane ([PMA] = 4.1 x 1073 M) was added. An excess of
20—25% PMA was fed to the reaction vessel to ensure that all
the MAH pendants reacted to completion. Hexane was then
removed. The mixture was stirred and the reaction allowed
to proceed for 18 h at 180 °C under nitrogen. The polymer was
precipitated from dodecane into acetone. The resulting polymer
was purified by precipitation from hexane into acetone. The
precipitation was repeated for at least five times until the
polymer was completely free of unreacted PMA. A list of the
pyrene labeled copolymers prepared in duplicate (reactions R1
and R2) is given in Table 2. The reactions were duplicated to
estimate the reproducibility of the experiments. The pyrene
content of all polymers equaled 160+10 umol of pyrene per

Labeling of an EP-MAH with

1-pyrenemethylamine

Table 2. UV/Vis Characterization of Py-Labeled EP-MAHs

Py content no. of ethylene

Py-labeled 4 (umol/g and propylene mol % Pa Pa

EP-MAHs of polymer) units per Py labeling (THF) (hexane)
Py-EP-I1-R1 170 174 0.57 31 1.8
Py-EP-1-R2 166 179 0.56 3.2 1.9
Py-EP-11-R1 150 198 0.51 2.7 1.9
Py-EP-11-R2 163 182 0.55 2.8 1.9

Table 3. Steady-State Fluorescence Properties of Py-EPs

A (umol/g of e/l at 344 nm
polymer) solvent excitation
Py-EP-1-R1 170 THF 0.56
Py-EP-1-R2 166 0.64
Py-EP-11-R1 150 0.72
Py-EP-11-R2 163 0.74
Py-EP-1-R1 170 hexane 1.77
Py-EP-1-R2 166 1.75
Py-EP-11-R1 150 1.92
Py-EP-11-R2 163 1.96

gram of polymer. The number-average molecular weights of
Py-EP-1-R2 and Py-EP-11-R2 were determined to equal 41 +
1 kg/mol by GPC (cf. Table 7). It appears that the shorter
chains of the original polymers (M,, = 28 kg/mol, cf. Table 1)
were fractionated out during the repeated cycles of precipita-
tion.

Doubly Labeled Copolymers and Naphthalene Label-
ing. These polymers were prepared by following the same
procedure used for the pyrene-labeled EP copolymers. The only
difference in procedure was the addition of solutions of
1-naphthalenemethylamine (NMA) and PMA in hexane to the
reaction flask. A list of the doubly labeled EP copolymers is
given in Table 5. The average dye content equals 140 + 20
umol/g and is close to those obtained for the pyrene-labeled
EP copolymers, although it is a little lower and more scattered.
For the doubly labeled EP copolymers, the fraction of the dyes
which are pyrene ranges from 0 to 43 mol %.

Fourier Transform Infrared (FT-IR) spectroscopy. FT-
IR spectra were recorded on a MB-series Bomem spectropho-
tometer. The presence of MAH attached onto the polymer could
be detected by monitoring the absorption peak at 1788 cm™!
characteristic of the anhydride carbonyl. After EP-MAH had
reacted with PMA or NMA, the peak at 1788 cm~* disappeared
and a new peak appeared at 1710 cm~* characteristic of the
presence of succinimide carbonyls (cf. Figure 1).

UV—Vis Absorption Measurements. Absorption spectra
were carried out on a Hewlett-Packard 8452A diode array
spectrophotometer.
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Table 4. Parameters Obtained from the Fit of the Fluorescence Decays of the Py-EPs with a Sum of Exponentials
A. Monomer: Four Exponentials

A (umol/g
sample of polymer) solvent m1 (NS) am1 Tm2 (NS) am2 Tm3 (NS) ams Tma (NS) ama 212
Py-EP-1-R1 170 THF 8 0.42 43 0.29 147 0.21 290 0.08 0.89
Py-EP-1-R2 166 11 0.36 51 0.32 145 0.23 290 0.10 1.01
Py-EP-11-R1 150 16 0.35 60 0.36 181 0.24 290 0.05 1.07
Py-EP-11-R2 163 18 0.43 70 0.30 181 0.20 290 0.07 1.03
Py-EP-1-R1 170 hexane 11 0.31 54 0.31 159 0.24 350 0.14 0.99
Py-EP-1-R2 166 10 0.33 44 0.28 140 0.23 350 0.15 1.08
Py-EP-11-R1 150 17 0.41 64 0.30 178 0.28 350 0.01 1.13
Py-EP-11-R2 163 23 0.40 101 0.36 284 0.23 350 0.01 0.96
B. Excimer: Three Exponentials
A (umol/g
sample of polymer) solvent Te1 (NS) Ae1/(Ae2 + Ae3) Te2 (NS) Acol(Ae2 + Ae3) Te3 (NS) Aes/(Ae2 + Ae3) 22
Py-EP-1-R1 170 THF 16 —0.62 75 0.90 156 0.10 1.10
Py-EP-1-R2 166 24 —0.59 71 0.90 162 0.10 1.02
Py-EP-11-R1 150 17 —0.41 69 0.89 141 0.11 1.13
Py-EP-11-R2 163 18 —0.38 70 0.93 171 0.07 1.02
Py-EP-1-R1 170 hexane 17 —0.28 68 0.90 157 0.10 1.15
Py-EP-1-R2 166 16 —0.28 66 0.91 149 0.09 1.05
Py-EP-11-R1 150 38 —0.02 63 0.95 146 0.05 1.01
Py-EP-11-R22 163 63 0.85 129 0.15 1.00
a2 No rise time could be detected in the excimer decay.
Table 5. FRET Data of Doubly Labeled EP-MAHSs 0.9
overall dye 0.8
content (umol/g
sample solvent  of polymer) Py mol % lazs/lz3 0.7
Py40-Np60-EP-I  THF 116 40 5.9 06 - A) 1788
Py20-Np80-EP-I 161 20 1.9 g
Py9-Np91-EP-I 151 9 0.6 3057
Np-EP-I 145 0 0.2 3 04
=
Py43-Np57-EP-11  THF 118 43 21 T 03
Py24-Np76-EP-I1 148 24 5.4
Py11-Np89-EP-II 152 11 2.0 0.2 1 B 1710
Np-EP-11 121 0 0.2 ol ) -
Py40-Np60-EP-1  hexane 116 40 9.4
Py20-Np80-EP-I 161 20 3.2 0.0 ; ' ' ‘
Py9-Np91-EP-I 151 9 1.2 1000 1200 1400 1600 1800 2000
Np-EP-I 145 0 0.4 Wavenumber (cm™ )
Py43-Np57-EP-11  hexane 118 43 91.0 Figure 1. Infrared spectra of (A) EP-MAH and (B) pyrene-
Py24-Np76-EP-11 148 24 33.1 labeled EP-MAH
Py11-Np89-EP-II 152 11 7.7
Np-EP-1I 121 0 0.5 employed to determine the Np content, A, expressed in moles

Pyrene (Py) Content of the Py-Labeled Copolymer.
The Py content of the polymer was established by measuring
the absorption of a solution prepared from a carefully weighed
amount, m, of Py-labeled polymer in a known volume, V, of
THF. The Py concentration, [Py], was then estimated from the
absorption value at 344 nm and the extinction coefficient of a
Py model compound, typically 1-pyrenemethanol (e [344 nm,
in THF] = 42 700 cm~* M~1). The Py content, 1, of the polymer
could be calculated from 1 = [Py]V/m expressed in moles of
Py per gram of polymer.

Naphthalene (Np) Content of the Np-Labeled Copoly-
mer. A similar procedure was applied to determine the Np
content of the Np-labeled polymers using the extinction
coefficient of NMA at 282 nm (e [for NMA at 282 nm, in THF]
= 6700 cm™t M™1).

Naphthalene and Pyrene Contents of the Doubly
Labeled Copolymers. First, the Py content of the doubly
labeled copolymers was determined following the procedure
described above. The absorption resulting from Np was
determined by recording the absorption spectrum of the doubly
labeled polymer and subtracting from it the absorption spec-
trum of a Py-labeled copolymer normalized at 344 nm. The
extinction coefficient of a Np model compound, typically NMA
was used to determine the Np concentration [Np]. It was then

of Np per gram of polymer, using the relationship, 4 = [Np]-
VIm, where V and m have been defined in the previous section.

Sample Preparation for Fluorescence Measurements.
All the polymer solutions for fluorescence measurements were
degassed under a gentle flow of nitrogen for 20 min and had
dye concentrations around 2.5 x 107® M and 1.8 x 1075 M for
the Py-labeled and Np-labeled copolymers, respectively. These
dye concentrations ensured that the absorption at the excita-
tion wavelength for the fluorescence experiments (290 and 344
nm for Np and Py, respectively) was no larger than 0.1 to avoid
artifacts due to the inner filter effect.?62 These concentrations
were sufficiently small so that no intermolecular interactions
took place, as will be established later.

Steady-State Fluorescence Spectroscopy. Steady-state
fluorescence spectra were recorded on a Photon Technology
International LS-100 steady-state system with a pulsed xenon
flash lamp as the light source. The slit widths on the excitation
and emission monochromators equaled 2 and 1 nm, respec-
tively. All spectra were obtained with a right-angle configu-
ration. The Py-labeled polymer samples were excited at 344
nm. The fluorescence intensities of the monomer (Iy) and of
the excimer (lg) were calculated by taking the integrals under
the fluorescence spectra from 372 to 378 nm for the Py
monomer, and from 500 to 530 nm for the Py excimer. The
excimer fluorescence intensity is considered for wavelengths
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above 500 nm to avoid potential overlap with the Py monomer
fluorescence. The Np-labeled copolymers were excited at 290
nm. The fluorescence intensity of Np (Inp) was calculated by
taking the integral under the fluorescence spectra from 320
to 326 nm.

Time-Resolved Fluorescence Spectroscopy. Decay
curves were obtained by the time-correlated single-photon
counting (TCSPC) technique. These were measured by a
Photochemical Research Associates (PRA), Inc., System 2000.
For Py-labeled copolymers, the excitation wavelength was 344
nm, and the fluorescence from the Py monomer and excimer
was monitored at 375 and 510 nm, respectively. To block
potential light scattering leaking through the detection system,
filters were used with a cutoff at 370 and 495 nm to acquire
the fluorescence decays of the Py monomer and excimer,
respectively. All decays were collected over 512 channels. A
total of 20 000 counts was collected at the peak maximum of
the lamp and the decay curves. The analyses of the decay
curves were performed with the d-pulse deconvolution. Refer-
ence decay curves of degassed solutions of PPO [2,5-diphenyl-
oxazole] in cyclohexane (r = 1.42 ns) and BBOT [2,5-bis(5-
tert-butyl-2-benzoxazolyl) thiophene] in ethanol (z = 1.47 ns)
were used for the analyses of the monomer and excimer decay
curves, respectively. A similar procedure was employed to
acquire the Np monomer decays for the Np-labeled copolymers.
Solutions were excited at 290 nm and the fluorescence from
the Np monomer was monitored at 338 nm. To block potential
light scattering leaking through the detection system, a filter
was used with a cutoff at 335 nm.

Analysis of the Fluorescence Decays. As in other
studies, the assumed function g(t) for the fluorescence decays
was convoluted with the instrument response function to fit
the experimental decay.82°-23 A light-scattering correction was
applied to the fluorescence analysis to account for residual
light scattering reaching the detector, as well as for those dyes
attached close to one another which either form an excimer
or undergo energy transfer on a subnanosecond time scale, too
short to be detected by our time-resolved fluorometer.?” Several
g(t) functions were used. First the decays were fitted with a
sum of exponentials with an expression given in eq 1 where
the number of exponentials n is varied from 1 to 4. The index
X in eq 1 is either M or E for the monomer or the excimer,
respectively. The parameters of g(t) were retrieved by using a
least-squares curve fitting program based on the Marquardt—
Levenberg algorithm.?8

g =y Age "™ 1)

X=M,E

The monomer fluorescence decays were also fitted by the
function g(t) given by eq 2 which handles the kinetics of
encounter between pyrenes attached onto EP copolymers
according to the blob model. The derivation of eq 2 was carried
out in an earlier paper?® using Tachiya’s mathematical treat-
ment.?°

[Py*]y =f exp[— (A2 + %)t A1 - exp(—A4t))] +
(1 —fexp(-tiry) (2)

The parameters A;, Az, and A, are described in eq 3.

k.. K.[blob Ky 2
A, = blobKel 1 _ blob A, =

Koy + Ke[bIOD] T T (ke K [blob])?
Kpioh T Ke[blob] (3)

These equations are very similar to those obtained for pyrene
excimer formation in micellar systems.2°

The time-dependent behavior of the excited pyrene mono-
mers given by eq 2 uses the parameter f, which refers to the
fraction of pyrene monomers that form excimer by diffusion.
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The fraction (1 —f) refers to the pyrenes that do not form
excimer and fluoresce with their natural lifetime 7v. The
parameters [ Kpiop, @and ke[blob] refer to the average number
of pyrene groups per blob, the rate constant of excimer
formation inside a blob containing one excited pyrene and one
ground-state pyrene only, and the rate at which pyrene groups
exchange between blobs, respectively. Here, k. is the exchange
rate constant and [blob] is the blob concentration inside the
polymer coil. The Marquardt—Levenberg algorithm is applied
to retrieve the parameters A;, As, and A, from the fit of the
fluorescence decays. The excimer fluorescence decays were
fitted with eq 4 and optimized as discussed in earlier
publications.?=2% For all fluorescence decays, the fit was
considered good if the y? parameter was less than 1.30 and if
the residuals and the autocorrelation function of the residuals
were randomly distributed around zero.

- A, A, +iA,
[E4] = ~[PYardo ™y — x
diftlt=0) 20 1 1 .
S T +A,tIiA,
™™  Teo
1 .
exp|—[—+ A, +iA,|t] +
T\ _
LSA A, +iA, »
[E0*]—q) + [PYaitd =0y SZT 1 1 e+
T -+ A A,
Im Teo

[D*] e "™ (4)

Equation 4 was used to fit the excimer decays. In eq 4,
[PYiida=0» [EO0*]i=0), and [D*]i=q) represent the equilibrium
concentrations of the pyrenes which form excimer via diffusion,
are preassociated and form an excimer upon direct excitation,
and are preassociated and form a long-lived excimer upon
absorption of a photon, respectively. The lifetimes of EO* and
D* are 7go and 7p, respectively. The procedure used to fit the
excimer decays with eq 4 has been described in earlier
publications.?t~23

Viscosity Measurements. The pyrene-labeled EP-MAH
was dissolved in 10 mL of hexane. The solution was stirred
for at least 24 h before performing the viscosity measurements
with an Ubbelohde viscometer at 25 + 0.1 °C.

Forster Radius Determination. Np and Py are two dyes
which form excimer. This property complicates the determi-
nation of the Forster radius (R,) because the emission of the
donor (Np) is quenched via excimer formation reducing the
fluorescence quantum yield of the donor (Qp) and the absorp-
tion spectrum of the acceptor (Py) is distorted by the presence
of ground-state dimers generated during the labeling reaction
affecting the extinction coefficient of the acceptor (ea).3 To
minimize the process of excimer formation, a maleated oligo-
isobutylene (OIB-MAH) was used where 79% of the SAH
moieties were attached as single units onto the chains.®? OIB-
MAH was reacted with PMA or NMA as previously done with
EP-MAH to yield a Py-labeled (Py-OIB) or Np-labeled (Np-
OIB) oligoisobutylene, respectively.®? The fluorescence spectra
were acquired by exciting optically dilute (OD < 0.1) samples
of Np-OIB and Py-OIB at 265 and 344 nm, respectively. The
spectra showed the characteristic features of the pyrene and
naphthalene monomers with a small tail at longer wavelengths
which indicated the residual presence of excimer due to the
21% of SAH units which had attached in a clustered manner
onto the OIB chains (cf. Figure S1 in Supporting Information).
Comparison of the Np fluorescence spectrum acquired on the
PTI fluorometer with that reported in ref 33a led to the
conclusion that no wavelength induced correction needed to
be made to the Np fluorescence spectra. The excimer-free
fluorescence spectrum of the naphthalene monomer was
determined by noting that the last band of the naphthalene
spectrum located at 350 nm was very similar to that of the
Np-OIB spectrum. The excimer-free tail of the naphthalene
fluorescence spectrum was used to replace that of the Np-OIB
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spectrum. This procedure allowed us to obtain the fluorescence
spectrum of the excimer-free naphthalene monomer of Np-OI1B
in THF and hexane.

The quantum yield of the naphthalene monomer of Np-OIB
(QP~©'8) in hexane and THF was determined by comparison
with that of the reference (naphthalene in cyclohexane, QE,ef =
0.23)3%% and using eq 5.3

TR () di
Np—OIB __ ~ref Absref(lex) Nsolvent j; Np—OIB( )
D D 0
AbSNp—OIB(}“ex) ncyclohexane L Fref(l) di
®)

In eq 5, Nsoivent IS the refractive index of the solvent in which
the fluorescence spectra of Np-OIB are acquired. It equals
1.4070, 1.3749, and 1.4260 for THF, hexane, and cyclohexane,
respectively. The integral /3 F(1) di represents the inte-
grated area under the fluorescence spectrum. The index M in
F’,l,"p,o,B(/l) indicates that the fluorescence spectrum of Np-
OIB has been altered to obtain the spectrum of the excimer-
free naphthalene monomer. QY’~°'® was found to equal 0.10
both in THF and hexane. This value is smaller than or close
to those found for 1-methylnaphthalene (0.25 in cyclohexane 33
0.18 in toluene,® 0.12 in 95% ethanol,® 0.11 in water at pH
7).%6 The lower quantum yields obtained for Np-OIB in THF
and hexane might be a result of the proximity of the polar
succinimide moiety to Np and the fact that 21% of all Np are
attached onto clustered SAH units enabling excimer formation
and quenching of the Np monomer.

R, was determined from the donor—acceptor spectral overlap
integral using eq 626¢

“ 1/6
2 —4 j(; F'\N/IP—OIB(’I)EPy—OIB(/l)/14 di
R, = 0.211|«*n*Qy ©)

S Flo-oig() d2

where epy-oig is the extinction coefficient of the pyrene
monomer. The factor «? represents the relative orientation in
space of the transition dipole moments of the donor and
acceptor and was taken to equal %3 assuming a dynamic
random averaging of the orientations of the donor and acceptor
dipole moments. R, was found to equal 34 and 35 A in hexane
and THF, respectively. This value is slightly larger than the
values of 29 A obtained for the 1-methylnaphthalene and
pyrene pair®” and two naphthalene- and pyrene-labeled poly-
mers.38

Results and Discussion

The purpose of this work is to determine whether a
minute amount of grafted MAH (1.5 wt %) is attached
to an EP copolymer as isolated or clustered units. The
challenge consists of selecting a technique capable of
providing structural information on so small a fraction
of the entire polymer matrix. The sensitivity of fluores-
cence makes it an ideal candidate to carry out this
study. Fluorescence provides structural information at
the molecular level by using dyes which can either form
excimer2®® or undergo fluorescence resonance energy
transfer (FRET).?5¢ Consequently this manuscript is
organized as a series of experiments which use different
aspects of fluorescence. The fact that the conclusions
about the microstructure of the EP-MAH drawn from
this set of independent experiments concur, brings
confidence that such measurements can be applied
toward the determination of the microstructure of EP-
MAH.

Pyrene-Labeled EP Copolymers. The parameters
characterizing the two polymers EP-1 and EP-II prior
to labeling are listed in Table 1. Both EP-MAHSs contain
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Scheme 3

In THF In hexane

about one grafted MAH unit per 200 polymeric units, a
very low level of grafting as is often the case for EP-
MAH.%:3% The pyrene (Py) content A (umol/g) determined
by UV—vis absorption provided the average number of
backbone units per Py and both parameters are listed
in Table 2. The labeling reactions were carried out in
duplicate (R1 and R2) to determine the reproducibility
of these experiments. For both EP samples, the Py
content is obtained reproducibly within experimental
error (less than 4%) for the two labeling reactions. The
average Py content for all four Py-EP samples equals
160 £ 10 umol/g which is in agreement with the overall
MAH content of both maleated EP copolymers (149 + 2
umol/g). Small discrepancies observed between Py and
MAH content may be expected, since different tech-
niques were used for their characterization.

The Py-EPs were studied by UV—vis absorbance and
fluorescence in THF and hexane to obtain information
about their conformation. For short EP copolymers, the
polar THF can solubilize the EP copolymer backbone,
the succinimide moieties, and Py. The apolar hexane,
on the other hand, will solubilize the EP backbone and
the aromatic Py to some extent, but not the succinimide
moieties. As a result, polar associations between the
succinimide moieties as well as potential 7—x interac-
tions between the Py units will take place in hexane.
Scheme 3 shows the expected conformations of Py-EP
in THF and hexane. The solid disks represent the
1-pyrenemethylsuccinimide pendants.

Absorption measurements performed on Py-EP solu-
tions can provide qualitative information about the level
of aggregation between Py pendants. A broadening of
the absorption bands is usually observed as a result of
Py association.3! The peak-to-valley ratio, Pa, provides
a measure of this broadness by measuring the ratio of
the absorbance of the peak at 344 nm to that of the
nearest valley. A Pa value of 3.0 or above indicates
absence of association. The P value decreases with
increasing levels of Py association. The P values equal
3.2+ 0.1and 1.9 £+ 0.1 for Py-EP-I in THF and hexane,
respectively. For Py-EP-I11, P4 yields values of 2.8 + 0.1
and 1.9 + 0.0 in THF and hexane, respectively. For
either Py-EP, the Pa value is lower in hexane than in
THF, indicating that more Py aggregates exist in
hexane than in THF. This is a result of the dipolar
associations in hexane taking place between the polar
succinimide pendants resulting from the attachment of
1-pyrenemethylamine onto EP-MAH. The P, values
listed in Table 2 are in excellent agreement with those
reported for another Py-EP.1° Interestingly, Py-EP-II
yields lower Pa values than Py-EP-I in THF. Given the
fact that dipolar associations induced by the succinimide
moieties are expected to be strongly reduced in THF,
the smaller P values obtained for Py-EP-I1 indicate
that the Py groups are distributed on Py-EP-11 in a more
clustered manner than on Py-EP-I. Since the Py dyes
are attached at the SAH moieties grafted onto the EP



Macromolecules, Vol. 37, No. 5, 2004

0 : - ‘ :

350 400 450 500 550 600
Wavelength (nm)
Figure 2. Fluorescence emission spectra of Py-EP-11-R2
acquired in hexane (—) and in THF (—). Aex = 344 nm.

backbone, the Py clustering on EP-II reflects a more
clustered distribution of the SAH moieties on EP-11 than
on EP-I.

In a fluorescence experiment, UV light is shone onto
the Py-EP solution to excite the Py monomer. The
excited monomer can either emit a photon at a rate ky
= 7~ 1, where 7y is the lifetime of the Py monomer, or
it can form an excimer upon encounter with a ground-
state Py. The Py monomer fluorescence emission ex-
hibits sharp peaks between 370 and 410 nm, whereas
that of the excimer is broad and structureless around
480 nm (cf. Figure 2). Since the process of excimer
formation depends on the average distance separating
any two Py units attached on the polymer, an increased
excimer formation indicates that the Py units are closer
to one another.

Steady-state fluorescence spectra of Py-EP in THF
and hexane were acquired using an excitation wave-
length of 344 nm. They are shown in Figure 2 for Py-
EP-11-R2. The monomer intensity (In) refers to the
intensity integrated between 372 and 378 nm, while the
excimer intensity (Ig) refers to the intensity integrated
between 500 and 530 nm. The ratio Ig/ly gives informa-
tion about the extent of Py excimer formation for a given
polymer/solvent system. Figure 2 describes the effect of
the solvent on the fluorescence spectra of Py-EP. The
Ig/ly values are smaller in THF than in hexane. They
are listed for all polymer/solvent combinations in Table
3 and indicate that less Py excimer is formed in THF
than in hexane. These results are expected because
hexane, being a poor solvent for the polar succinimide
moieties, induces them to associate. These dipolar
associations lead to the formation of Py aggregates
where the Py local concentration is very high and
excimer formation is efficient.

The existence of Py aggregates can be further sup-
ported by performing fluorescence excitation spectra.
Excitation spectra were monitored using an emission
wavelength of 375 and 500 nm for the Py monomer and
excimer, respectively. The observation of a shift between
the monomer and excimer excitation spectra indicates
the presence of ground-state Py dimers. Since noticeable
shifts between the monomer and excimer excitation
spectra are observed in hexane, more ground-state Py
dimers are formed in hexane than in THF (cf. Figure
3). The same trend is observed for both Py-EP-I and Py-
EP-I1.

The Ig/lv ratios listed in Table 3 also allow compari-
sons to be made between Py-EP-l1 and Py-EP-II. Al-
though Py-EP-I1 exhibits a slightly lower Py content
than Py-EP-I (cf. Table 2), the Ig/ly ratio for Py-EP-11
in THF and in hexane is always larger than that of Py-
EP-I. Since closer Py units will form more excimer, this
result shows that the Py moieties are distributed in a
more clustered manner on EP-I1 than on EP-I.
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Figure 3. Fluorescence excitation spectra of Py-EP-1 in (A)
THF and (B) hexane: Aem = 375 nm (=); Aem = 500 nm (—).

Time-resolved fluorescence decays of the Py monomer
and excimer were acquired for both polymers in THF
and hexane to confirm the trends observed by steady-
state fluorescence. All fluorescence decays were acquired
with polymer solutions having a Py concentration of 2.5
x 107% M. The parameters obtained by fitting the
fluorescence decays of the Py monomer and excimer
with a multiexponential function are listed in Table 4,
parts A and B, respectively. The longer decay time of
the Py monomer was fixed to that of a Py unit attached
at one end of an oligoisobutylene. The lifetime of this
model compound was found to equal 290 ns in THF and
350 ns in hexane.3? To get satisfying y? (smaller than
1.3), four exponentials were needed to fit the monomer
decays. The excimer decays could be fitted with a sum
of three exponentials. The results from the triexponen-
tial fit of the excimer decays were used to gain qualita-
tive information about the level of clustering of the Py
pendants.

All excimer decays except the one obtained for Py-
EP-11-R2 in hexane show a short rise time, which was
taken into account by the first exponential. The second
and third exponentials exhibit positive preexponential
factors. For all decays, the fraction ae,/(ae2 + ae3) equals
0.90 + 0.03. The second decay time 7e, equals 71 + 3
and 65 + 2 ns in THF and hexane, respectively. The
third and longest decay time 7.3 was obtained with less
accuracy, because the fraction aegs/(ae2 + ae3) is small
(0.10 £ 0.03). It equals 158 + 13 and 145 4+ 12 ns in
THF and hexane, respectively. The presence of the long
decay time in the excimer decays has been observed in
numerous other instances'®21-2% and has been at-
tributed to the presence of long-lived Py aggregates (D*
in eq 4) as reported in other studies.*°

In a Py excimer decay, the presence of a rise time
results in a negative preexponential factor a.; and two
positive preexponential factors as; and a.3. The ratio &
= aeq1/(ae2 + aes) can yield information about the forma-
tion mechanism of the Py excimer. In particular, & can
equal 0 or —1 in cases where the Py excimer is formed
exclusively via preassociated ground-state dimers or via
diffusive encounters, respectively. For a typical solution
of a Py-labeled polymer, both mechanisms are involved.
As a consequence, & yields values ranging between —1
and 0, depending on the fraction of Py excimer formed
by one mechanism against the other. A more positive
value indicates that more Py units are preassociated.
In THF, Py-EP-I and Py-EP-II take & values equal to
—0.61 4+ 0.03 and —0.40 4 0.02, respectively. According
to these results, Py-EP-11 exhibits more preassociated
Py units than Py-EP-I. In hexane where dipolar as-
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sociations between the succinimide moieties are present,
both Py-EP-1 and Py-EP-1l take much more positive &
values, which equal —0.28 + 0.02 and —0.01 + 0.04,
respectively. This confirms the qualitative observation
made with the UV—vis absorption measurements (cf.
Pa values in Table 2) and the steady-state fluorescence
excitation spectra (cf. Figure 3), namely that associa-
tions between the succinimide moieties are much stron-
ger in hexane than in THF. It is worth pointing out that
Py-EP-I11 always yields more positive £ values than Py-
EP-1, regardless of the solvent, even though the Py
contents of both polymers are similar (cf. Table 2). The
analysis of the excimer fluorescence decays indicates
that a higher fraction of preassociated ground-state Py
is present in Py-EP-11 than in Py-EP-I, reflecting a more
clustered attachment of the SAH moieties.

The increase in association observed in hexane vs in
THF does not arise from hexane being a poorer solvent
toward the EP backbone, which would lead to an
increase in the local concentration of pendants in the
polymer coil and an enhanced level of association.
Intrinsic viscosity measurements carried out in hexane
and THF on the naked EP copolymer yielded values of
1.06 and 0.85 dL/g, respectively (cf. Figure S2 in the
Supporting Information). These results demonstrate
that hexane is a better solvent than THF toward the
EP backbone. This statement also agrees with the
solubility parameter values of 14.9,%1 18.6,*! and 15.742
MPal’2 available in the literature for hexane, THF, and
an EP rubber, respectively. Thus, the excess intramo-
lecular association observed in hexane for the modified
polymers is a result of the poor solubility of the
succinimide pendants in that solvent.

The results described for the Py-EPs indicate that
these Py-labeled polymers behave in exactly the same
manner as the Py-labeled poly(L-glutamic acid),?! poly-
(N,N-dimethylacrylamide),?? hydrophobically modified
alkali swellable emulsion polymers,23 and other Py-EPs
studied earlier in this laboratory® and others.’® Con-
sequently, the procedures established by this laboratory
to study Py-labeled polymers are expected to hold with
the present system.?1=23 This analysis is being con-
ducted in the third part of this article.

Doubly Labeled EP Copolymers. Fluorescence
resonance energy transfer (FRET) is used as a “spec-
troscopic ruler” exploiting the strong dependence of the
FRET efficiency on the distance separating a donor from
an acceptor.*® The dyes chosen for our experiments were
Np and Py. The Np/Py pair is used routinely for FRET
experiments, where the donor Np can be excited selec-
tively and the energy transfer from the excited Np* to
the ground-state Py can be monitored by steady-state
or time-resolved fluorescence.444%

Several doubly labeled EP copolymers with different
Py-to-Np ratios were prepared. Their overall dye content
and percentage of Py labeling is listed in Table 5. The
fraction of Py attached onto the polymers ranged from
0 to 43%. Some labeling reactions yielded a 25% lower
than expected overall dye content, such as for Py40-
Np60-EP-1. At this stage, no explanation can be found
to rationalize this 25% reduction in labeling efficiency.

The steady-state fluorescence measurements of the
doubly labeled polymers in THF were conducted. Upon
excitation at 290 nm, strong Py emission was observed
in Figure 4 in comparison with the weak Py emission
of the Py-EPs obtained at the same Py concentration.
At the same time, the Np emission is significantly
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Figure 4. Emission spectra of EP-11 in THF (1ex = 290 nm):
Np-EP-I1 (thick gray line); Py11-Np89-EP-II (thick black line);
Py-EP-I1 (thin black line). The Py and Np concentrations equal
2.2 x 107%and 1.8 x 107> M, respectively.
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Figure 5. Emission spectra of mixing experiment in THF (Aex
= 290 nm): (i) mixed solution of Py-EP-Il and Np-EP-I1 (-)
and (ii) addition of the fluorescence spectrum of Py-EP-11 alone
with that of Np-EP-I11 alone (—). Concentrations: 2.2 x 1076
M (Py-EP-11); 1.8 x 1075 M (Np-EP-I1).

reduced with respect to that of Np-EP obtained at the
same Np concentration. Figure 4 demonstrates that the
enhancement of the Py emission is achieved at the cost
of the Np emission when the doubly labeled polymer
sample is excited at 290 nm.

To determine whether FRET occurs between chro-
mophores attached to the same chain or to different
chains, i.e., intra- vs interchain FRET, emission spectra
were acquired for solutions containing Py-EP-11, Np-
EP-11, and a mixture of the two. The solutions were
prepared so that the concentration of Py or Np would
equal 2.2 x 107% or 1.8 x 1075 M, respectively. When
the mixed solution of Py-EP-11 and Np-EP-11 was excited
at 290 nm, an emission spectrum with a very weak
contribution from the Py monomer (emission at 374 nm)
and a strong contribution from Np (emission at 330 nm)
was obtained (cf. Figure 5). The comparison of this
emission spectrum with the sum of the individual
spectra of Py-EP-11 and Np-EP-11 shows little difference,
demonstrating that no FRET occurs between two chro-
mophores located on different chains. This result was
observed for both polymers in THF and hexane (cf.
Figures S3A—C in Supporting Information). Conse-
quently, the conclusion is that no polymer/solvent
combination leads to any interpolymeric association in
the range of polymer concentrations used in the fluo-
rescence experiments.

Steady-state fluorescence spectra were recorded in
THF and hexane for all doubly labeled EP copolymers
and trends similar to those shown in Figure 4 were
obtained. These spectra can be used to qualitatively
describe the extent of FRET by the ratio between the
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Figure 6. FRET efficiency for doubly labeled EP-1 in THF
(©) and hexane (O) and doubly labeled EP-11 in THF () and
hexane (m).

Py intensity integrated between 372 and 378 nm (l375)
and the Np intensity integrated between 320 and 326
nm (I323). The l375/l323 ratios are listed in Table 5. They
indicate that the extent of FRET increases with Py
content, increases when changing solvent from THF to
hexane, or increases when using EP-11 vs EP-1. These
trends were quantified by calculating the FRET ef-
ficiencies.

The efficiency of FRET was calculated as follows. The
intensity of the Np emission (Inp) was determined for
each sample. It was compared to the fluorescence
intensity of the corresponding Np-labeled polymer
(Ifqp) and divided by the Np concentration in each
sample. The ratio between the two normalized emis-
sions, {INp/[Np]}/{I,‘l,p/[Np°]}, was obtained. The effi-
ciency of FRET (E) was calculated using eq 7. In all
experiments, the absorbance of the solution at the
excitation wavelength and at larger wavelengths was
kept below 0.1 to minimize the inner filter effect and to
prevent reabsorption by the acceptor.25a¢

E=1- M ()
In/[NP']

The FRET efficiency for the samples is shown in
Figure 6. In either THF or hexane, increasing the Py-
to-Np ratios yields higher FRET efficiencies. Further-
more, as the Py-to-Np ratio increases, more Py units
are located close to one another and Py excimers are
observed at higher Py contents, the effect being more
pronounced in hexane. This effect is not expected to
affect the efficiency of FRET, which is calculated with
the Np fluorescence spectra. In either solvent, the FRET
efficiency of the doubly labeled EP-I11 is larger than that
of EP-I even though their Py contents are very close.
This trend further supports the notion that EP-I1 has a
higher level of succinimide clustering than EP-I, in
agreement with the earlier conclusions obtained with
the Py-EPs.

Fluorescence decays of the doubly labeled polymer
samples were measured to gain further information on
how FRET occurs. The Np monomer decays were fitted
with a triexponential function. The parameters obtained
from the analysis are listed in Table S1 in the Support-
ing Information. The Np fluorescence decays were found
to be nonexponential. The nonexponentiallity of the
decays is due to the ability of Np to form an excimer
and/or to undergo FRET when a Py molecule is nearby,
two processes which complicate the shape of the fluo-
rescence decays.
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Figure 7. Fluorescence decays of doubly labeled EP-I1 in
hexane (excited at 290 nm, monitored at 338 nm). The fractions
of dyes which are Py are 0, 11, 24, and 43 mol %. The overlap
of the four traces is excellent.

For each polymer/solvent combination, the Np decays
acquired with increasing Py content were normalized
at the decay maximum. As shown in Figure 7, the
fluorescence decays of the doubly labeled EP-II in
hexane are found to overlap. A similar trend is observed
in THF (cf. Figure S4C in Supporting Information).

The lack of effect that increasing levels of Py labeling
have on the fluorescence decays contrasts sharply with
the evidence obtained by steady-state fluorescence that
efficient FRET is taking place for the doubly labeled EP-
I1 in THF or hexane (cf. 1375/1323 in Table 5 and the FRET
efficiency in Figure 4). The discrepancy observed be-
tween the steady-state and time-resolved fluorescence
experiments can only be rationalized if the dyes are
clustered. Since the rate of energy transfer depends on
the inverse of the distance separating the donor (Np)
and the acceptor (Py) to the sixth power,2¢ FRET occurs
on a very fast time scale if Np and Py are located close
to each other. Clustering of the dyes implies a highly
efficient FRET, as observed by steady-state fluorescence,
but occurring on a time scale too rapid to be probed by
our nanosecond time-resolved fluorometer. This effect
has already been observed.*® Consequently, the fluo-
rescence decays depict those Np units which are not
close to the Py dyes and behave in a manner similar to
the Np units attached onto Np-EP-Il. On the other
hand, the fluorescence decays obtained with the doubly
labeled EP-1 in THF and hexane exhibit some spread,
which indicates that the dyes are less clustered in EP-I1
(cf. Figure S4, parts A and B in the Supporting Infor-
mation).

To support the notion that some naphthalene and
pyrene pairs are so close that the rate of energy transfer
is too large to be detected by our instrument, efforts
were made to estimate the distance separating a pair
of dyes attached on two successive units of an EP chain.
The microstructure 111 shown in Scheme 1 is obtained
when the attachment of a MAH moiety onto a propylene
unit leads to further MAH grafting onto nearby propy-
lene units, leading to clustering of the SAH pendants
along the EP backbone. To find an estimate of the
distance between a Np and Py dyes attached onto two
consecutive propylene units, molecular mechanics op-
timizations were carried out using the Fletcher—Reeves
algorithm on 4-methyl,6-methyl,4—1-pyrenemethylsuc-
cinimide,6—1-naphthalenemethylsuccinimide decane (Py-
Np-decane, cf. Figure 8a). The molecule was created
with the program Hyperchem (release 7.02 for Win-
dows). The geometry of the molecule was optimized by
imposing that the distances between the Np and Py
carbon atoms C;NP—C;PY, C3NP—C;PY, and CgNP—C;FY
would vary by 1-A steps between 3 and 14 A, 3 and 24
A, and 3 and 25 A, respectively. The energy of the
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Figure 8. (a) 4-Methyl-6-methyl-4—1-pyrenemethylsuccinimide-6—1-naphthalenemethylsuccinimidedecane. (b) Structure obtained
at the energy minimum (d(CsNP—C-™) = 4.9 A, E = 45.5 kcal). (c) Structure obtained at the energy minimum (d(CsNP—C;™) = 8
A, E = 47.6 kcal). (d) Structure obtained at the energy minimum (d(C;N"—C1™) = 4 A, E = 44.5 kcal).

molecule was recorded at each step. It passed through
a minimum over the range of distances probed (cf.
Figure S5 in Supporting Information). The structures
obtained at the energy minima are shown in Figure 8b—
d. Certainly numerous other structures can be found.
The set of structures shown in Figure 8b—d is to
demonstrate that the Py-Np-decane molecule can adopt
energetically stable conformations where the two dyes
are very close to one another.

Py-Np-decane mimics an EP chain where two con-
secutive propylene units are grafted with MAH and
labeled with 1-pyrenemethylamine and 1-naphthalene-
methylamine. The structures with the lowest energy
were found when Py, Np, and the two succinimide
moieties form the side of a square. The structure with
the best overlap between Np and Py exhibits the lowest
energy (cf. Figure 8d). The structure in Figure 8b
exhibits some 71— stacking between the carbonyl of the
succinimide and the carbons C4, Cs, and Cg of the Py
moiety. In Figure 8c, Np is not able to z-stack with the
carbonyl of the succinimide because its smaller size
prevents it to reach. Unsurprisingly, the structure in
Figure 8c has the highest energy. An estimate of the
center-to-center distance between naphthalene and
pyrene (d) was obtained from eq 8.

d =
d(C,—CaP) + d(CT3—CaP) + d(C13,—ChP) + d(CEy.—ChP)
4

(8)

The distance d was found to equal 6.3, 6.2, and 4.1 A
for the structures shown in Figure 8, parts b, ¢, and d,
respectively. The decay time terer for FRET taking
place between Np and Py is obtained from the relation-
ship ((1/znp) + (LTnp)((Ro/d))8) 2 where R, equals 34 and

35 A in hexane and THF, respectively (cf. Experimental
section). The average lifetime (znp) of Np-EP equals 42
+ 1 and 33 £+ 3 ns in THF and hexane, respectively (cf.
Table S1 in Supporting Information). The distance d
obtained for the structures shown in Figure 8, parts b,
¢, and d yields tgret values which are smaller than 2
ps, a process which cannot be detected by the PRA time-
resolved fluorometer used in this study. These molecular
mechanics optimizations combined with the FRET
results strengthen the notion that a substantial fraction
of the SAH units are attached in a clustered manner
on the EP backbone.

Quantitative Determination of the Level of Clus-
tering. Since all experiments performed with both Py-
EPs indicate that these polymers behave in a manner
similar to that of other Py-labeled polymers,1821-23 the
blob model which was applied to determine the level of
pyrene clustering can be used with both Py-EPs. The
blob model was introduced to account for the distribu-
tion of excimer formation rate constants, which results
from the random attachment of Py units along a
polymeric backbone. In the analysis, the fluorescence
decays of the Py monomer are fitted with eq 2 to obtain
the fraction of Py monomers which are isolated (fmsree
= 1-f) or form excimer via diffusion (fugirr = f). The
analysis of the monomer fluorescence decays also re-
trieves the parameters 0h() Kpiep, and ke[blob] which
model the diffusive encounters between an excited Py
group and a ground-state Py or Py dimer. These three
parameters are then fixed in eq 4 to analyze the excimer
fluorescence decays. This procedure is introduced to
restrain the number of adjustable variables. Analysis
of the excimer decays yields the fraction of Py units
which form excimer via either diffusion (feqifr), ground-
state dimers EO (fego), or D (fep). The fractions fiee, i,
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Table 6.
A. Parameters Retrieved from the Blob Model Analysis of the Py Monomer Decays of Py-Labeled EP-MAHSs
A (umol/g

sample of polymer) solvent faife fifree Kplob (107 s71) Kex[blob] (106 s71) o ™ (Ns) 22
Py-EP-1-R1 170 THF 0.89 0.11 1.6 3.4 1.4 290 1.01
Py-EP-1-R2 166 0.87 0.13 1.7 4.3 1.4 290 1.15
Py-EP-11-R1 150 0.91 0.09 1.4 2.8 15 290 1.10
Py-EP-11-R2 163 0.90 0.10 1.8 3.5 1.4 290 1.12
Py-EP-1-R1 170 hexane 0.83 0.17 1.7 4.8 1.3 350 1.10
Py-EP-1-R2 166 0.82 0.18 2.3 5.0 1.4 350 1.16
Py-EP-11-R1 150 0.96 0.04 1.7 3.7 1.4 350 1.17
Py-EP-11-R2 163 0.88 0.12 1.3 2.6 1.4 350 1.17

B. Parameters Retrieved from the Blob Model Analysis of the Py Excimer Decays of Py-Labeled EP-MAHs
A (umol/g
sample of polymer) solvent feaifs fero fen Teo (NS) 7p (NS) 22
Py-EP-1-R1 170 THF 0.66 0.30 0.04 65 158 1.10
Py-EP-1-R2 166 0.66 0.30 0.04 63 158 1.05
Py-EP-11-R1 150 0.47 0.50 0.03 67 158 1.14
Py-EP-11-R2 163 0.49 0.47 0.04 59 158 1.17
Py-EP-1-R1 170 hexane 0.33 0.59 0.08 64 145 1.20
Py-EP-1-R2 166 0.37 0.58 0.05 59 145 1.09
Py-EP-11-R1 150 0.01 0.94 0.05 63 145 0.99
Py-EP-11-R2 1632
C. Fraction of Associated Py Units fagg (=feo + fp)

sample solvent faifr frree feo fo fagg

Py-EP-1 THF 0.61 £0.01 0.08 £ 0.01 0.28 £0.02 0.03 £ 0.01 0.34 £0.01

Py-EP-11 0.46 + 0.00 0.05 + 0.00 0.46 + 0.02 0.03 +£0.01 0.51 + 0.00

Py-EP-1 hexane 0.33 £ 0.02 0.07 £ 0.01 0.54 £0.01 0.06 + 0.02 0.65 £ 0.03

Py-EP-11 0.01 0 0.94 0.05 0.99

a2 No rise time; the analysis cannot be carried out due to the lack of rise time in the excimer decay.

feo, and fp representing, respectively, the populations
Pyiree, PYditr, EO, and D are obtained by combining fusree,
fmaifr, Teait, feco and fep according to an established
procedure.?1~23 The fraction of associated Py units (fagg)
is obtained by summing fgo and fp. A recent study
carried out on a Py-labeled poly(L-glutamic acid) in
DMF confirmed the validity of this approach to deter-
mine the level of association between Py groups ran-
domly attached onto a polymer.2!

The lifetimes of the excited species Py* (tm), EO* (tgo),
and D* (zp) were determined in the following manner.
In the case of 7y, an earlier study showed that 1-pyrene-
methylamine attached onto an oligoisobutylene via a
SAH group at one end exhibits a lifetime of 290 and
350 ns in THF and hexane, respectively.32 These values
were assigned to 7y for Py-EP in THF and hexane. In
the case of the long-lived low energy excited dimers D*,
the third decay time (ze3) obtained from the triexponen-
tial fit of the excimer fluorescence decays (cf. Table 4B)
has been assigned to 7p as done in earlier studies.
Taking the average of the 7.3 values obtained from the
triexponential fit of the four excimer decays in THF and
hexane, one finds that 7p equals 158 and 145 ns in THF
and hexane, respectively. The lifetime 7go is optimized
in the analysis of the excimer decays.

The parameters futree, fmditt, M0 Kpion, and Ke[blob]
obtained from the analysis of the monomer decays are
listed in Table 6A. The parameters fegifr, feeo, fep, and
7o Obtained from the analysis of the excimer decays are
listed in Table 6B. Table 6C summarizes the results
obtained for fagq. The fits of the fluorescence decays were
good, since the y? was always smaller than 1.20, and
the residuals and the autocorrelation function of the
residuals were randomly distributed around zero. Within
experimental error, all monomer fluorescence decays
yielded similar parameters in THF or hexane with fufree,
fmaitr, (G Kpiop, @and ke[blob] found to equal 0.12 + 0.04,

0.88 + 0.04, 1.4 £ 0.1, 1.7 + 0.3 x 107, and 3.8 + 0.9
x108 s71, respectively. The lifetime tgo was found to
equal 62 + 2 ns in THF or hexane. This 7go value is
reasonable since another Py-labeled EP copolymer
yielded tgo values of 56 + 1 and 61 + 1 ns in THF and
hexane, respectively.1® The main difference between the
decays appears in the parameters fegifr, fezo, and fep,
which lead to the results shown in Table 6C.

The fraction of aggregated Py units (fagg) in THF
equals 0.34 4+ 0.01 and 0.51 £ 0.00 for Py-EP-I and Py-
EP-11, respectively. The fagq Values in hexane equal 0.65
+ 0.03 and 0.99 + 0.01 for Py-EP-I and Py-EP-II,
respectively. The latter values are double those obtained
in THF, because hexane is an apolar solvent, which is
known to induce dipolar associations between MAH
pendants. As a consequence of those dipolar associa-
tions, more Py aggregates are formed. It is worthwhile
to note that, in either solvents, Py-EP-11 always yields
a larger fygg value than Py-EP-1 even though their Py
contents are very close, confirming that more Py units
are aggregated in the former than in the latter. Since
the distribution of Py in a Py-EP mimics that of MAH
in an EP-MAH, the higher level of Py aggregation
observed for EP-11 demonstrates that EP-11 exhibits a
more clustered MAH microstructure than EP-I.

Viscosity of EP Copolymer Solutions. Derivatives
of maleated EP copolymers are being widely used as
engine oil additives. Although the effect of MAH clus-
tering is widely believed to affect the rheological proper-
ties of modified EP copolymers in solution, it has not
been reported yet in a scientific publication. This is
certainly a consequence of the lack of analytical tech-
niques capable of providing information on the distribu-
tion of SAH attached onto a polyolefin backbone. The
fluorescence experiments carried out earlier on EP-I and
EP-11 labeled with a set of dyes capable of undergoing
either excimer formation or FRET led to the conclusion
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Table 7. Molecular Weight, MAH Graft Content, and Py
Content of EP Copolymer Samples Used for Viscosity

Measurements
Py content
polymer Mn A (umollg  faggin  fagg in
sample (kg/mol)  My/M,,  of polymer) THF hexane
Py-EP-1-R2 41 +12 3.0+0.32 166 0.34 0.63
Py-EP-11-R2 40+ 0% 2.6 +0.32 163 0.51 0.99
EP-111 107 1.9 0 0 0

a Average value of three GPC runs.

35

ApparentViscosity (mPa/sec)

0 10 20 30 40
Concentration (g/L)

Figure 9. Apparent viscosity of EP copolymers in hexane: (O)
Py-EP-1, (#) Py-EP-I1, and (a) EP-1II.

that the succinimide moieties are more clustered in EP-
Il than in EP-1. Consequently these two polymers, which
are similar in all other features (i.e., molecular weight,
molecular weight distribution, and ethylene and MAH
contents, cf. Table 7) but the distribution of the SAH
on the backbone (cf. fagg in THF in Table 7), are good
candidates to investigate the effect of SAH clustering
on the viscosity of a solution of EP-MAH in oil.

Viscosity measurements of the three EP copolymers
were carried out in hexane. Among the three samples,
two were Py-labeled (Py-EP-1-R2 and Py-EP-11-R2),
whereas the third one was a naked EP copolymer of
higher molecular weight referred to as EP-111. Some
features of the three polymers are listed in Table 7.
Figure 9 shows that the viscosity increases with in-
creasing polymer concentration for all samples. How-
ever, the Py-EP samples exhibit a faster viscosity
increase than EP-I1I, even though they have a lower
molecular weight.

The viscosity of a polymer solution increases with the
fraction of the total volume which is occupied by the
polymer coils. Since scaling laws predict that a given
mass m, of a high molecular weight polymer occupies a
larger volume fraction than the same mass m, of a lower
molecular weight polymer, the behavior exhibited by Py-
EP-1 and Py-EP-II in Figure 9 can be rationalized only
if Py-EP-1 and Py-EP-11 occupy a larger volume fraction
than EP-I111. This is possible only if both polymers form
intermolecular polymeric aggregates. This is a reason-
able possibility, since the two Py-EP copolymers display
polar succinimide moieties which are aggregated in
apolar hexane. Furthermore, the trends shown in Figure
8 indicate that over a large concentration range, Py-
EP-11 with a more clustered distribution of succinimide
moieties always exhibits a higher viscosity than Py-EP-
I. Following a similar line of reasoning, this trend
suggests that Py-EP-I1 occupies a larger volume fraction
than Py-EP-I; i.e., Py-EP-Il forms larger polymeric
aggregates than Py-EP-lI. The question which then
arises is whether a higher level of SAH clustering could
induce a stronger tendency toward forming larger
interpolymeric aggregates.
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It has been previously reported for hydrophobically
modified water-soluble polymer (HMWSP) that the level
of clustering of hydrophobes attached along the back-
bone plays a profound role in the solution properties of
the resulting polymer.l” HMWSP with clustered hydro-
phobes have been shown to exhibit a steeper viscosity
increase in water with concentration than polymers
with isolated hydrophobes. This observation was made
despite the fact that these HMWSP had similar molec-
ular weights and contents of hydrophobes. The differ-
ences observed in the solution behavior were directly
correlated with the level of clustering of the hydro-
phobes.

As for HMWSP, the viscosity of the Py-EP sample
with a clustered succinimide microstructure exhibits a
more severe concentration dependence than the one
with a less clustered microstructure. It is interesting
to note that either in water or apolar solvent, the
clustering of associating pendants located along a
polymer chain leads to stronger interchain associations.

In their 1994 study, Fendler et al. calculated the
Gibbs free energy change for the association of a Py-
EP sample.’® The magnitude of their AG value led them
to the conclusion that the association of their Py-EP in
hexane was too strong to be rationalized by invoking
polar association of the succinimide moieties alone. They
suggested that the Py-EP association was enhanced by
the formation of interpolymeric microcrystalline do-
mains with polyethylene stretches.*” Yet they did not
consider the extent by which the clustering of the
succinimide moieties enhances Py-EP association. Ac-
cording to their reported P value of 2.7 in THF, their
Py-EP would be more alike our Py-EP-11. The higher
level of MAH clustering might have induced the unex-
pectedly strong interpolymeric association reported by
Fendler et al.

Conclusions

Two maleated EP copolymers were reacted with
fluorescent dyes, namely 1-pyrenemethylamine and/or
1-naphthalenemethylamine. The distribution of the dyes
is expected to reflect that of the SAH moieties along the
polymer backbone. The fluorescence properties of the
dye-labeled EP copolymers were studied in THF and
hexane. UV—vis absorption and steady-state and time-
resolved fluorescence measurements carried out on the
Py-labeled EP-1 and EP-I1 copolymers led to the conclu-
sion that the dyes were more clustered on EP-11 than
on EP-I. This conclusion was supported by carrying out
FRET measurements on the doubly labeled EP copoly-
mers. FRET was found to be more efficient between Np
and Py attached onto EP-11 than EP-I, indicating that
the Np and Py dyes are, in average, closer to one-
another in EP-11 than in EP-I. The fluorescence decays
of the Np monomer were acquired for the doubly labeled
EPs with different Py contents. The decay profiles of
the doubly labeled EP-11 overlapped in either THF or
hexane. This strongly suggests that FRET occurs on a
very fast time scale which cannot be probed by our
instrument. It indicates a rapid FRET process between
Np and Py dyes close to one-another which is certainly
due to the clustering of the dyes in EP-11. Molecular
mechanics optimizations were made that further sup-
port this conclusion.

The fluorescence decays of the Py-labeled EP copoly-
mers were analyzed with the blob model to determine
guantitatively the fraction of aggregated Pys. In THF,
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which is a good solvent for the succinimide moieties,
34% of all Pys were aggregated in EP-1 compared with
51% in EP-I1. In the apolar hexane, which induces polar
associations between the succinimide moieties, 65% of
all Pys were aggregated in EP-I in contrast to 99% in
EP-I1. This analysis confirmed the conclusion obtained
in the qualitative studies of the dye-labeled EP copoly-
mers, which is that EP-1 has a lower level of Py
clustering than EP-I1. Therefore, MAH is less clustered
on EP-I than on EP-II.

The rheological properties of the Py-labeled EP co-
polymers solutions in hexane were investigated by
performing viscosity measurements. The viscosity-vs-
concentration trends obtained with EP-1 and EP-11 were
compared with that of a third EP copolymer which had
not been maleated. The viscosity of both Py-labeled EPs
increased faster with polymer concentration than that
of EP-I111, although the former two have a lower molec-
ular weight than the latter. Moreover, it was found that
the viscosity of EP-11 increased faster than that of EP-
I, suggesting that EP-Il forms aggregate at a lower
concentration than EP-1. This behavior was found to be
analogous to that of HMWSP in aqueous solution and
agreed with the notion that a higher clustering of
associating pendants on a polymer leads to the forma-
tion of larger polymeric aggregates, which are more
efficient at hindering the flow of the solution.

This study demonstrates that fluorescence techniques
can be applied to characterize the microstructure of
maleated EP copolymers and demonstrates how this
information can be used to rationalize the rheological
properties of these modified EP copolymers in apolar
solutions.
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