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Bonding on Its Associative Strength in Hexane Characterized by
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ABSTRACT: The intermolecular associations of an oligoisobutylene with a maleic anhydride (MA) function
at one of its ends were investigated in hexane by carefully monitoring the fluorescence response of a
pyrene dye attached onto the MA moiety via an imide bond. Two pyrene-to-MA linkers were used. One
consisted of a single methylene unit, and the other of an amide bond followed by three methylene units.
Comparison of the fluorescence data obtained with the two pyrene-labeled oligoisobutylenes showed that
very strong polar associations are obtained in hexane between modified oligoisobutylenes displaying an
amide bond. The fluorescence decays were analyzed in a quantitative manner using two models, which
yield the fraction of associated polar ends. Above an oligomer concentration of 40 g/L, more than 95% of
the polar ends of the modified oligoisobutylenes displaying an amide bond are associated in hexane
compared to less than 60% of the polar ends of the oligomer displaying no amide bond. In an apolar
solvent, the amide bond can share its hydrogen with other imide moieties via an intermolecular process,
which favors association. In more polar tetrahydrofuran, only 21% of the polar ends of both OIB—Pys
are associated. These associations occur intramolecularly and are due to OIB chains displaying more

than one MA moiety.

Introduction

Associating polymers (AP) are made of a solvent-
soluble backbone onto which insoluble blocks have been
grafted.! In the appropriate solvent, the polymer back-
bone is soluble and the insoluble moieties aggregate, an
entropy-driven process which leads to the formation of
large polymeric aggregates. These large structures yield
very viscous solutions, even at low AP concentrations.?
If a strong enough physical stress such as shear is
applied to the AP solution, the aggregates dissociate,
and the solution’s viscosity drops.3 The solution is said
to undergo shear-thinning. These shear-induced vis-
coelastic properties have found numerous practical
applications for APs. APs are used as viscosity modifiers
in oils, thickeners in paints, colloidal stabilizers in oils
and paints, and oil-recovery agents.!

Numerous studies have suggested that the peculiar
viscoelastic properties of APs are the result of a subtle
balance of intra- and intermolecular associations created
between the associative pendants.* On the basis of
rheological observations, models have been developed,
which characterize APs viscoelastic behavior by assum-
ing the presence of various entities in the AP solution.>
These entities include bridges (an AP chain shares its
associating pendants with other AP chains generating
intermolecular connections), close micelles (an AP chain
pools all its associating pendants into a single aggregate
of associating pendants), or free (unassociated) pen-
dants. Whereas rheology-based models make educated
guesses about the fractions of associating moieties either
involved into a bridge or a close micelle, or acting as an
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unassociated pendant, fluorescence spectroscopy can
investigate some of these entities in an independent and
direct manner.

In this paper, we have used the ability of the dye
pyrene to form an excimer in order to study a simple
associating polymer and quantify the fraction of its
associating groups involved into aggregates and the
fraction of its associating groups, which were not
aggregated. Pyrene is an often chosen dye to character-
ize polymer—polymer associations because the excimer
formation process is usually well described by the classic
Birks’ scheme (cf. Scheme 1).° In Birks scheme, an
excited pyrene can either emit a photon with its own
lifetime (7m), or encounter a ground-state pyrene via
diffusion with a rate constant kgy and form a complex
called an excimer. The excimer can either fluoresce with
a lifetime (zg) or dissociate with a dissociation rate
constant kye. By monitoring the process of excimer
formation between two pyrene groups attached onto an
AP’s associative pendants, qualitative information about
the nature of AP’s associations can be retrieved for
either synthetic’ or natural® polymers. However very
few reports aim at using the information contained in
the fluorescence data in a more quantitative manner.
This is due to the very complex nature of these poly-
meric systems, which are often poorly defined in terms
of molecular weight distribution and location of the
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Scheme 2. Oligo(isobutylene) Labelled with PMA (1)
and PHZ (I1) (n ~ 50)
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associating pendants. In many AP systems, pendants
are often randomly distributed along the polymer
backbone.! The distribution of distances between pen-
dants generates a distribution of rate constants kgy, so
that the process of excimer formation cannot be de-
scribed by Scheme 1.° Furthermore, the associations
existing between associated pyrenes induce the forma-
tion of ground-state pyrene dimers, which further
complicates the analysis of the fluorescence data.l° As
a result, the classic Birks’ scheme, which is the standard
model for studying excimer formation, cannot be applied
for pyrene-labeled APs.

The present work focuses on the associative properties
in hexane of an oligoisobutylene at one end of which a
single MA moiety has been attached (OIB—MA). When
reacted with an amine-containing molecule, these modi-
fied oligomers are used as oil additives. Their polar
moieties readily adsorb onto polar particulate matter,
which is generated in the oil during the working of an
engine, while their apolar tails stabilize the whole
assembly.!? The major feature of these modified oligo-
isobutylenes is their ability to associate strongly in
apolar solvents via their polar moieties. Understanding
how modifications made to a given oligoisobutylene do
affect its associative strength would be very useful to
design modified polymers with improved associative
strength. We set out to answering these questions by
studying the associative strength of modified oligoisobu-
tylenes by fluorescence. Pyrene was attached onto the
MA moieties using two linkers as shown in Scheme 2
to yield OIB—MA labeled with pyrene (OIB—Py). OIB—
MA was labeled with 1-pyrenemethylamine (PMA) to
yield OIB—PMA (I) and with 1-pyrenebutanoicacid
hydrazide (PHZ) to yield OIB—PHZ (I1). PMA and PHZ
have been used in different studies to monitor the
associative behavior in hexane of different polyolefins
grafted with MA units.1213 However it is the first time
that the associative strength of a PMA-labeled polymer
is directly compared in the same report with that of a
PHZ-labeled polymer. The different natures of the
polymer-to-pyrene linker are expected to affect the
strength of the associations between OIB—Pys in an
apolar solvent. Labeling of OIB—MA with PMA yields
a linker with one methylene unit, which is expected to
be inert in an apolar solvent like hexane. Labeling of
OIB—MA with PHZ yields a linker with three methylene
units and an amide bond (—NH—CO-). The amide bond
is expected to be rather polar in hexane and to enhance
the associative ability of OIB—MA by generating hy-
drogen bonds. Of particular interest will be whether
such small differences in the pyrene-to—polymer linker
between the two otherwise identical molecules OIB—
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PMA and OIB—PHZ can have any effect on their
associative strength.

One complication, which often arises when trying to
determine the associative strength of modified polyole-
fins, is due to the MA grafting reaction. It is common
knowledge that MA units often attach themselves as
oligoMA onto polyolefins.'* In turn oligoMA yields MA
units, which are very close to one another, falsely
suggesting that intermolecular association is occurring.
Even at an extremely low oligomer concentration of the
modified polyolefin where no intermolecular associations
are possible, residual associations between MA groups
seem to occur due to the presence of oligopMA. To
determine whether associations between MA moieties
are taking place intra- or intermolecularly, a thorough
characterization of the oligomer microstructure is re-
quired in order to determine the fraction of MA involved
into oligoMA grafts.

First the characterization of the OIB—MA microstruc-
ture was carried out by using fluorescence spectroscopy
in THF, a polar solvent where associations between MA
moieties are not favored.'?'® Then the associative
strength of the modified oligoisobutylenes is evaluated
by determining the fractions of MA units, which are
either associated or not associated. Understanding how
the fraction of associated MA units does evolve for the
two OIB—Pys when the solvent is switched from polar
THF to apolar hexane constitutes the focus of the
present article.

Experimental Section

Materials. The solvents THF (Caledon, distilled in glass),
hexane (Fisher scientific, HPLC Grade), dodecane (Aldrich,
99%), toluene (EM Science, analytical reagent), xylene (BDH,
analytical reagent), and acetone (BDH, Spectro Grade) were
used as received. Trimethylsilyl diazomethane (2.0 M solution
in hexanes) was purchased from Aldrich. OIB—MA was
obtained from Imperial Oil. Pyrene methylamine hydrochloride
(95%) was obtained from Aldrich. Pyrene butanoic acid hy-
drazide (95%) was purchased from Molecular Probes. Hexane
(Fisher scientific, HPLC Grade) was freshly distilled over
calcium hydride before preparing any oligomer solution.

Polymer Purification before Pyrene Labeling. The
polymer was dissolved in hexane and precipitated by adding
acetone. This process was repeated three times, and the
precipitated polymer was dried under vacuum. This operation
ensured that the polymer samples did not contain any un-
grafted material before the pyrene labeling reaction.

Labeling of OIB with PMA. PMA was obtained from
1-pyrenylmethylamine hydrochloride as reported elsewhere.'®
After neutralization, PMA in hexane yielded a monoexponen-
tial decay and was not further purified. The labeling reaction
was carried out as follows: 1.0 g OIB—MA was dissolved in 8
mL of dodecane. The solution was heated at 180 °C for 14 h
under nitrogen atmosphere to convert the succinic acid in the
polymer to its anhydride form. The conversion was monitored
by FTIR. The solution was cooled to room temperature, and
PMA (185 mg) was added. The reaction mixture was heated
again at 180 °C for another 14 h. Part of the dodecane was
distilled off under vacuum and the concentrated polymer
solution was poured into acetone to isolate the labeled polymer.
The labeled polymer was then dissolved in hexane and
precipitated by acetone four to five times to remove all the
unreacted PMA and later dried under vacuum.

Labeling of OIB—MA with PHZ. A 0.5 g sample of OIB—
MA was dissolved in 30 mL of xylene, and 1 g of molecular
sieves was added to the solution. The solution was heated
under reflux for 14 h with an azeotropic setup under nitrogen
atmosphere. The acid to anhydride conversion was monitored
by IR spectroscopy (cf. Figure 1). The amount of xylene in the
reaction mixture was reduced to 10 mL by distilling off the
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Figure 1. FTIR absorbance spectra of (A) Imperial Oil
supplied OIB—MA after three precipitations from hexane into
acetone, (B) the purified OIB—MA after having been kept
overnight at 145 °C in refluxing xylene or 180 °C in dodecane,
and (C) PHZ-labeled oligomer.

excess xylene. The solution was cooled to room temperature,
and 136 mg of PHZ was added. The reaction mixture was
heated again under reflux for another 18 h. The concentrated
polymer solution was poured into acetone to isolate the labeled
polymer. The labeled polymer was dissolved in hexane and
centrifuged to remove any insoluble PHZ dye. The polymer
was further purified by repeated dissolution into hexane and
precipitation from acetone.

At low polymer concentration, the fluorescence exhibited by
OIB—PHZ was very similar to that of OIB—PMA in either
hexane or THF. Although PHZ was used as received for this
labeling reaction, 1-pyrenebutanoic acid, which is its most
likely fluorescent impurity, was certainly unable to react with
OIB—MA and did not seem to affect the fluorescence behavior
of OIB—PHZ.

Methylation of OIB—MA. The OIB—MA was methylated
as reported elsewhere.!® First, 0.66 g of OIB—MA was dissolved
in 60 mL of toluene. Then, 200 uL of water was added, and
the solution was heated under reflux for 1 h to hydrolyze all
the anhydride functions. Following this, 2 g of molecular sieves
was added to remove any unreacted water, and 6 mL of
methanol was added to the solution. No precipitation occurred.
The mixture was heated under reflux for 1 h. After the mixture
was cooled to room temperature, trimethylsilyl diazomethane
(400 uL of 2.0 M hexane solution) was added. The reaction
mixture was stirred overnight under nitrogen at room tem-
perature. Excess toluene was removed under vacuum, and the
polymer was precipitated from toluene by acetone.

Methylation of OIB—PHZ. The reaction was carried out
in the same manner as for the methylation of OIB—MA. Here,
0.1 g of OIB—PHZ was methylated, and the amounts of
reactants used were scaled according to the procedure given
in the above section.

Fourier Transform Infrared (FTIR) Spectroscopy.
FTIR spectra were recorded on a MB-series Bomem spectro-
photometer. The presence of MA attached onto the polymer
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could be detected by FTIR by monitoring the absorption peak
at 1785 cm™* characteristic of the carbonyl groups. After O1B—
MA had reacted with PMA or PHZ, the peak at 1785 cm™*
disappeared and a new peak appeared at 1717 cm™! charac-
teristic of the presence of amide groups. In the case of OIB—
MA, the MA content of the oligomer could be obtained from
the ratio of the absorption at 1785 cm~* (abs(1785 cm™1)) over
the absorption at 1390 cm™! (abs(1390 cm™)) characteristic
of the naked oligoisobutylene according to eq 1,*” where Nya

N abs(1785 cm™*
MA _ ¢ 024 x 2DSA7ES CM )

— . 1
Nig abs(1390 cm ™) @
and Njg represent the number of MA and isobutylene units,
respectively.

Absorption Measurements. Absorption spectra were
recorded on a Hewlett-Packard 8452A diode array spectro-
photometer. The pyrene contents of both labeled polymers were
determined as reported elsewhere® and found to equal 3.3 x
107 and 2.6 x 107 mol/g for OIB—PMA and OIB—PHZ,
respectively.

Steady-State Fluorescence Measurements. Fluores-
cence spectra were recorded on a Photon Technology Interna-
tional LS-100 steady-state system with a pulsed xenon flash
lamp as the light source. Spectra of polymer solutions having
a concentration above 1 g/L were obtained using the front face
geometry. The spectra of more dilute solutions were obtained
with the usual right angle configuration. The solutions were
degassed under a gentle flow of nitrogen. The samples were
excited at 344 nm and the fluorescence intensities of the
monomer (lv) and of the excimer (lg) were obtained by taking
the integrals under the fluorescence spectra from 372 to 378
nm for the monomer and from 500 to 530 nm for the excimer.

Time-Resolved Fluorescence Measurements. Fluores-
cence decay curves were obtained by the time-correlated single
photon counting technique with a Photochemical Research
Associates Inc. System 2000. The excitation wavelength was
set at 344 nm, and the fluorescence from the pyrene monomer
and excimer were monitored at 375 and 510 nm, respectively.
To block potential light scattering leaking through the detec-
tion system, filters were used with a cutoff at 370 and 495 nm
for the pyrene monomer and excimer, respectively. All decays
were collected over 512 channels. A total of 20 000 counts were
collected at the peak maximum of the lamp and the decay
curves. The polymer solutions were degassed under a gentle
flow of nitrogen. At polymer concentrations lower than 1 g/L,
fluorescence decays were collected with a right angle config-
uration. At higher polymer concentrations, the front face
geometry was used. The analysis of the decay curves were
performed with the o-pulse deconvolution.'® Reference decay
curves of degassed solutions of PPO [2,5-diphenyloxazole] in
cyclohexane (v = 1.42 ns)'% and BBOT [2,5-bis(5-tert-butyl-
2-benzoxazolyl)thiophene] in ethanol (r = 1.47 ns)'*) were used
for the analysis of the monomer and excimer decay curves,
respectively.

Analysis of the OIB—Py Fluorescence Decays. First the
fluorescence decays of the monomer and excimer were fitted
with two or three exponentials according to eq 2, where Neyp

Nexp

iy (t) = Ay, exp(—t/ 2
() k; i €XP(—t/Ty) )

equals 2 or 3 and X equals M or E, whether one considers the
fluorescence decay of the monomer or the excimer, respectively.
Only for OIB—PHZ in hexane was ney, equal to 3. Since the
parameters retrieved from Scheme 1 for both OIB—Pys did
not satisfy all conditions required by the Birks’ model, Scheme
3 and Scheme 4 were introduced to describe the process of
excimer formation between OIB—Py molecules.

Scheme 3. Analysis of the fluorescence decays according
to Scheme 3 led to a set of four differential equations, which
have been solved in Appendix A. According to this derivation,
the fluorescence decays of the pyrene monomer (im(t)) and
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Scheme 3. Modified Birks’ Scheme, Which Accounts
for the Presence of Ground-State Pyrene Dimers
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excimer (ig(t)) are expected to be fitted by three and four
exponentials, respectively. Their expressions are given in eqs
3 and 4 for the monomer and excimer, respectively.

im(t) = apy exp(—tity) + ay, exp(—tit,) + ayz exp(—t/ry)
3

ig(t) = ag, exp(—t/t;) + ag, exp(—t/7,) + ag; exp(—t/ry) +
agq exp(—tirp) (4)

In egs 3 and 4, the two first exponentials are equivalent to
those obtained with Birks' scheme.® Consequently, the decay
times 7; and 7, are the same in the monomer and excimer
decays, and the ratio ag1/ag; is expected to equal —1.0.

im(t) and ig(t) were convoluted with the instrument response
function L(t) to yield Iu(t) and Ig(t), respectively. The light
scattering correction was implemented by adding the instru-
ment response function to the convolution product according
to eq 5, where the symbol ® indicates the convolution and ascatix

Iy (1) = iy (1) ® L(t) + agaux L(Y) %)

represents the fraction of light scattering correction being
applied to the monomer (X = M) and excimer (X = E) decays.
Because of the difficulties associated with the analysis of
fluorescence decays involving several decay times, the mono-
mer and excimer decays were fitted simultaneously. In the
analysis, the decay times 71, 72, and 73 were forced to remain
the same for the monomer and the excimer decays, and the
ratio agi/ag; was kept equal to —1.0. The lifetime of D* in
Scheme 3 (zp) could not be determined directly and it needed
to be fixed in the analysis. Several values were tried ranging
from 40 up to 70 ns, which correspond to a typical range of
values for the pyrene excimer lifetime.® The kinetic parameters
retrieved from the analysis were not much affected by the
different 7p values. However since the excimer lifetime e was
found to be close to 50 ns, all fluorescence decays were fitted
with a 7p value of 50 ns. This procedure allowed us to reduce
the number of independent parameters.

Scheme 4. The fitting parameters retrieved from the
fluorescence decay analysis for OIB—PHZ in hexane did not
satisfy all conditions required by Birks’ model and Scheme 3.
Consequently Scheme 4 was introduced to describe the process
of excimer formation between OIB—PHZ molecules in hexane.
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Analysis of the OIB—PHZ fluorescence decays according to
Scheme 4 led to a set of three differential equations, which
have been solved in Appendix B. According to this derivation,
the fluorescence decays of the pyrene monomer (im(t)) and
excimer (ig(t)) are expected to be fitted by three exponentials.

im(t) = ayy exp(—t/zy) + ay, exp(—t/7;) + ay; exp(—t/zy)
(6)

ig(t) = ag; exp(—t/t;) + ag, exp(—t/ry) + agz exp(—tzy) (7)

im(t) and ig(t) were convoluted with the instrument response
function L(t) according to eq 5 to yield Iw(t) and Ig(t),
respectively. As for the analysis of the fluorescence decays
according to Scheme 3, the monomer and excimer decays were
fitted simultaneously and the decaytimes i, 72, and 73 were
forced to remain the same for the monomer and the excimer
decays.

The resulting functions Iy(t) and lIg(t) were used to fit
simultaneously the experimental monomer and excimer fluo-
rescence decays, and the parameters were optimized using the
Marquardt—Levenberg algorithm.?° The goodness of the fit was
estimated by the y? parameter (a good fit yields a y?> < 1.30)
and the random distribution of the residuals and of the
autocorrelation function of the residuals around zero.

Viscosity Measurements. The viscosity of the OIB—MA
solutions in THF were measured with an Ubbelohde viscom-
eter. The viscosity of the polymer solution was found to depend
on the polymer concentration according to eq 8, where the

5 = 0.44 + 0.0033[Poly] ®)

viscosity # and the polymer concentration are expressed in
mPa-s and g/L, respectively.

Field Desorption Mass Spectrometry (FD MS): FD MS
experiments were done with a ZabSpec-oa-TOF Ultima double-
focusing mass spectrometer (Micromass, Manchester, U.K.).
The instrument was tuned for 2000 resolving power. The
accelerating voltage was 4000 V. The mass range 400—4000
Da was scanned at 5 s/mass decade. Data were acquired in
the continuum mode. 1 uL of sample (~5% in methylene
chloride) was deposited onto the FD emitter. The emitter
current was increased manually from 0 to 90 mA during the
run. The majority of the signal was collected in the emitter
current range 35—45 mA. The mass spectrum reported was
obtained by averaging the accumulated mass spectra over the
entire run.

Error Determination. For each set of preexponential
factors and decaytimes retrieved from the analysis of the
experimental fluorescence decays, 20 fluorescence decays for
the monomer and the excimer were simulated with 20 different
Poisson noise patterns.?* The same analysis was repeated with
the 20 simulated decays and the averages and standard
deviations of the retrieved preexponential factors and decay-
times were calculated. Each one of the 20 sets of preexponen-
tial factors and decaytimes was used to calculate 20 different
sets of kinetic parameters used in Schemes 3 and 4. These 20
sets of kinetic parameters allowed us to calculate the standard
deviations, which are reported for all the parameters listed in
Tables 2—6 and provide an estimate of the spread of the errors.

Results

In this report, we set out to characterize the micro-
structure and associative strength of OIB—MA by
monitoring the fluorescence of a dye attached onto the
succinic anhydride moieties. To obtain a satisfying
correspondence between the dye's response and the
OIB—MA microstructure and associative strength, it
was important to establish that most succinic anhydride
moieties were labeled. This in turn required a thorough
characterization of the OIB—MA sample, such as its
molecular weight and level of grafting. These param-
eters were characterized by a combination of several
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Table 1. Estimated Molecular Weights and MA Grafting
Levels (Given in Parentheses as 1 MA Unit per x
Isobutylene Units [1/x]) of the Naked OIB—MA, the
Methylated OIB—MA, and the OIB—Pys

sample

name OIB—MA OIB—PMA OIB—PHZz
FTIR2 2700 [1/48]
1H NMR? 3000 [1/53]
UV/vis abs® 2800 [1/50] 3500 [1/62]

mass spectrom 2200 £ 100 [1/38] 2500 =+ 100 [1/38]

a An FTIR spectrum of the OIB—MA sample was obtained after
the sample had been purified prior pyrene labeling. The ratio
abs(1785 cm~1)/abs(1390 cm~1) was measured and equaled 0.86.
Using eq 1, it was found that there was one succinic anhydride
unit per 48 isobutylene units. ® OIB—MA was hydrolyzed and
reacted with methanol in order to form the dimethyl ester, as
reported by Liu et al.’6 The signal from the methyl groups could
be easily detected at 3.6 ppm by 'H NMR. An NMR-based estimate
of Mj could be achieved by assuming that all succinic acid units
are methylated. The area under the methyl ester peak was
compared with the area under the peaks of the backbone protons
located between 0.6 and 1.6 ppm. The ratio of both areas was
calculated, and the number of isobutylene units per succinic
anhydride moiety was calculated to be 53. ¢ UV/vis absorption
measurements in THF were applied to determine the My's of the
pyrene-labeled OIB by using the extinction coefficient of a model
compound, namely pyrenemethanol in THF (e(pyrenemethanol at
344 nm) = 42 700 M~1-.cm~1). These measurements showed that
the OIB—Py contained one pyrene chromophore for 50 and 62
isobutylene units in OIB—PMA and OIB—PHZ, respectively.

techniques namely, FTIR, IH NMR, UV/vis absorption
and mass spectrometry (MS). The results are shown in
Table 1. FTIR and 'H NMR measurements were carried
out on the unlabeled OIB—MA and the methylated
OIB—MA polymer, respectively. UV/vis absorption mea-
surements were performed on the labeled polymer. All
three techniques compare the number of MA units with
respect to the number of isobutylene units in the OIB—
MA sample.

Whereas the calculation of the molecular weights by
FTIR, 'H NMR, and UV/vis absorption listed in the first
three rows of Table 1 is based on the assumption that
each OIB chain contains a single MA unit, MS yields
the absolute molecular weights of OIB—MA and the
OIB—Pys. The MS spectra exhibited a low intensity,
broad, noisy hump centered around 2200 + 100 for
OIB—MA and 2500 + 100 for OIB—PMA and OIB—PHZ,
meaning that the naked oligomer is made of 38 + 2
isobutylene units. This value is much shorter than the
value of 51 + 3 isobutylene units obtained by FTIR, 'H
NMR, and UV/vis measurements carried out on OIB—
PMA. The discrepancy between the two values is
certainly due to the fact that some chains do not display
any MA moiety.

FTIR, 'H NMR, and UV/vis measurements carried out
on OIB—PMA yield a molecular weight value of 2850 +
150 or 51 + 3 isobutylene units per MA moiety. The
larger molecular weight obtained with OIB—PHZ by
UV/vis absorption (cf. Table 1) indicates that less pyrene
is attached onto the oligomer. Actually 18% of the MA
moieties have not reacted. Differences in M, values
observed by UV/vis absorption can arise from differences
in labeling efficiencies between PMA and PHZ, assum-
ing that PHZ is being less reactive than PMA. To
investigate this possibility, OIB—PHZ was methylated.
UV/vis absorption measurements showed that the meth-
ylation reaction had not affected the pyrene content of
the polymer. IH NMR spectra of the methylated OIB—
PHZ sample exhibited a small and noisy peak at 3.6
ppm. Comparison of the area under the methyl ester
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Figure 2. Steady-state fluorescence spectra of the PMA and
OIB—PMA in THF with Aex = 344 nm. From bottom to top:
the dye PMA at a concentration of 2.5 x 107 M, OIB—PMA
at a concentration of 2.5 x 107 M or 0.008, 7.4, 17, 26, 45, 67,
119, or 163 g-L .

peak at 3.6 ppm, and the area under the backbone
protons indicated that 25% of the MA moieties had been
methylated. This result agrees qualitatively with the
UV/vis measurements carried out with OIB—PHZ, lead-
ing to the conclusion that, under our experimental
conditions, PHZ does not react as well with OIB—MA
as PMA does. Numerous PHZ labeling reactions were
carried out in an attempt to improve the reaction yield.
Toluene, xylene and dodecane are three high boiling
point solvents, which were tried. For each one of these
solvents, the PHZ labeling reaction was performed at
different temperatures and over different lengths of
time. The best labeling result was obtained by carrying
the reaction in refluxing xylene, as reported in the
Experimental section, yielding one pyrene moiety per
62 isobutylene units.

Steady-state and time-resolved fluorescence experi-
ments were carried out on both polymers in THF and
hexane. The fluorescence intensities of the monomer ()
and of the excimer (Ig) were measured by taking the
area under the fluorescence trace from 372 to 378 nm
and from 500 to 530 nm, respectively. As shown in
Figure 2 for OIB—PMA in THF, excimer formation
increases with polymer concentration. However even at
very low polymer concentration, a nonzero fluorescence
emission is observed around 500 nm, which does not
exist in the PMA fluorescence spectrum in THF. This
behavior was observed for both dyes either in THF or
hexane. This indicates that intramolecular excimer
formation is taking place, and that some OIB—MA bear
more than one MA unit per chain. The ratios Ig/ly were
plotted as a function of oligomer concentration in Figure
3. Despite the spectral differences observed in the
vibronic structure of the pyrene monomers for OIB—
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Figure 3. Plot of the Ig/ly ratio vs pyrene concentration for
OIB—PMA (pyrene content = 3.3 x 10~* mol/g of oligomer) in
THF (<) and in hexane () and for OIB—PHZ (pyrene content
= 2.6 x 1074 mol/g of oligomer) in THF (O) and in hexane (@,
nonmethylated sample; gray circle, methylated sample).

PMA and OIB—PHZ in hexane and in THF, which
prevent any direct comparison between the graphs, the
overall shape of the Ig/ly ratios vs OIB—Py concentra-
tion is still informative. In THF the Ig/ly ratios increase
linearly over the whole oligomer concentration range for
both OIB—Pys, as predicted by the Birks' Scheme.® This
is not so in hexane. Below a pyrene concentration of
about 0.01 mol/L (equivalent to OIB—PMA and OIB—
PHZ concentrations of 30 and 40 g/L, respectively), the
ratio Ig/ly increases linearly with oligomer concentra-
tion in hexane. Above the pyrene concentration of 0.01
mol/L, the ratio Ig/ly plateaus for OIB—PHZ, and
increases more slowly for OIB—PMA. This behavior is
very different from the one observed in THF.

Polyolefins grafted with MA and labeled with PMA
or PHZ are known to aggregate in apolar solvents via
their polar moieties,'?13 and the trends displayed in
Figure 3 can be explained on the basis of associations
occurring between OIB—Pys. Traditionally an increase
in pyrene concentration yields more diffusional encoun-
ters between pyrenes and the ratio Ig/ly increases. This
is indeed well predicted by the classic Birks’ scheme for
which the ratio Ig/ly is directly proportional to the
pyrene concentration® and is observed for both OIB—
Pys in polar THF where no associations are expected
to occur. However if OIB—Pys form aggregates in
hexane via their polar moieties and the solution is made
up of pyrene aggregates, excimer formation occurs only
inside a pyrene aggregate. Addition of more pyrene
groups results in the formation of more OIB—Py ag-
gregates, which produce excimer in the same manner.
The process of excimer formation is switched from an
intermolecular diffusion-controlled process between sepa-
rated pyrene groups to an intramolecular process be-
tween pyrene groups located inside the pyrene aggre-
gates. Consequently, the ratio I/l becomes independent
of pyrene concentration as observed in Figure 3 for
OIB—PHZ solutions in hexane at concentrations larger
than 40 g/L. The trend observed in Figure 3 for OIB—
PMA in hexane could be an intermediate case between
the two extreme cases, namely OIB—Pys in THF where
no intermolecular associations are taking place, and
OIB—PHZ in hexane where all chains are associated for
oligomer concentrations above 40 g/L.

To investigate these hypotheses, fluorescence decay
measurements were carried out. Typical traces for
oligomer concentrations of about 120 g/L are shown for
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Figure 4. Fluorescence decays of the monomer (left) and the
excimer (right) for (a) OIB—PMA in THF at 119 g/L and (b)
OIB—PMA in hexane at 120 g/L (top panel) and OIB—PHZ in
hexane at 117 g/L (bottom panel). The samples were excited
at 344 nm and the fluorescence emission of the monomer and
excimer were collected at 375 and 510 nm, respectively.

the pyrene monomer and excimer for OIB—PMA in THF
in Figure 4a, for OIB—PMA in hexane in Figure 4b (top),
and for OIB—PHZ in hexane in Figure 4b (bottom). In
THF, both OIB—PMA and OIB—PHZ had exactly the
same behavior and only one set of data is represented
in Figure 4a. However differences between the decays
obtained in hexane are striking. Whereas the monomer
and excimer decays of OIB—PMA in hexane are very
similar to those obtained for both OIB—Pys in THF, the
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monomer and excimer decays of OIB—PHZ exhibit a
clearly distinct behavior. The fluorescence decay of the
OIB—PHZ monomer presents a pronounced fluorescence
reduction at the early times. The rise time of the
excimer, which is clearly visible for OIB—PMA in
hexane and for both OIB—Pys in THF, can hardly be
detected by a naive ocular inspection of the excimer
decay of OIB—PHZ in hexane.

To account for these effects in a more quantitative
manner, the fluorescence decays of both OIB—Pys in
THF and of OIB—PMA in hexane were fitted with a sum
of two exponentials, but three exponentials were re-
quired to fit the fluorescence decays of OIB—PHZ in
hexane. The decay times and preexponential factors
retrieved from the fits are listed in Table 2 parts A—D).
At very low oligomer concentration, the fluorescence
decays of the pyrene monomer were biexponential in all
solvents. This behavior is attributed to the presence of
oligoMA attached onto some of the OIB chains, which
induces intramolecular excimer formation, as was ob-
served by steady-state fluorescence. The long decay time
obtained with more than 80% of the total preexponential
weight was attributed to the lifetime 7y of pyrenes
attached onto single MA units. Thus, 7 was found to
equal 290 and 210 ns for OIB—PMA and OIB—PHZ in
THF, respectively, and 356 and 263 ns for OIB—PMA
and OIB—PHZ in hexane, respectively.

Although the pyrene monomer and excimer decays of
both OIB—Pys in THF and OIB—PMA in hexane could
be fitted with two exponentials as requested by Birks’
scheme, several other conditions requested by Birks’
scheme were not fulfilled. For instance the decay times
of the monomer never matched those of the excimer and
the ratios of the preexponential factors of the excimer
decays never equaled —1.00. The OIB—PHZ decays in
hexane did not follow Birks’ scheme either since three
exponentials were required to fit the decays. The decays
of OIB—PHZ in hexane had also well-defined features.
A short decay time (tm1) of 8.9 + 1.8 ns is obtained for
the OIB—PHZ monomer decays, which is paralleled by
a short rise time (zg;) of 9.2 &+ 3.3 ns for the OIB—PHZ
excimer decay. This short decay/rise time indicates that
pyrenes are forming excimer on a fast time scale, or in
other terms that some pyrenes are close to one another,
as they would be inside pyrene aggregates. For all
excimer decays of OIB—PHZ in hexane, the decay time
Te2 equals 57 + 7 ns and is obtained with the strongest
contribution. This 7g, value is also typical for the pyrene
excimer lifetime.®

The first exponential in the fluorescence decays of the
OIB—PHZ monomer and excimer in hexane always
exhibits a short decay time. If its contribution is
attributed to that arising from excited pyrenes located
inside pyrene aggregates, the normalized preexponen-
tial factor ay; can be taken as a representation of the
fraction of pyrene groups, which are located inside
pyrene aggregates. A plot of am; vs OIB—PHZ concen-
tration is given in Figure 5. Below a pyrene concentra-
tion of 0.0005 M (equivalent to an oligomer concentra-
tion of 1.9 g/L), am1 equals zero. Above this concentration,
amv1 increases with oligomer concentration until it
reaches a plateau for pyrene concentrations larger than
0.01 M (equivalent to an oligomer concentration of 40
g/L). The presence of a plateau would indicate that the
fraction of pyrenes located inside pyrene aggregates does
not change above 40 g/L, which would follow from a
complete aggregation of the OIB—PHZ molecules. In-
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terestingly this explanation agrees with that proposed
earlier in order to explain the behavior of the ratio
e/l of OIB—PHZ in hexane, which was also found to
plateau for pyrene concentrations larger than 0.01 M
(cf. Figure 3).

Another parameter, which gives information about
the nature of the pyrene excimer, is the ratio (agi/(ag2
+ ags)), where ag; is the rise time contribution of the
excimer decay and has a negative amplitude and ag;
and agz are the positive amplitudes of the excimer
decay. For OIB—PMA in hexane and OIB—PMA and
OIB—PHZ in THF, ag; equals zero. If no preassociated
pyrenes are present and excimers are formed via a
purely diffusional process, the ratio (agi/(ag; + ags))
must equal —1.00. If this ratio is more positive than
—1.00, pyrene ground-state dimers are present. The
more positive the ratio and the more pyrene ground-
state dimers are present. Thus, the ratio (agi/(ag2 + ags))
gives information about the nature of the excimer, which
is being formed, and it was plotted against oligomer
concentration in Figure 6. Within experimental error,
the ratio remains constant with oligomer concentration
for a given oligomer and solvent. It was found to equal
—0.87 + 0.01 for OIB—PMA and OIB—PHZ in THF,
—0.68 + 0.07 for OIB—PMA in hexane, and —0.23 4 0.09
for OIB—PHZ in hexane. The following conclusions can
be drawn from these results: (1) Pyrene excimers are
formed mostly via intermolecular diffusional encounters
in THF, where the ratio (ag1/(ag2 + ags)) is close to —1.00
for both OIB—PMA and OIB—PHZ. (2) Pyrene excimers
are formed mostly from the excitation of pyrene ground-
state dimers for OIB—PHZ in hexane, where the ratio
(aei/(ag2 + agg)) is the most positive and equals —0.23
=+ 0.09. (3) Pyrene excimers are formed via both diffu-
sional encounters and excitation of pyrene ground-state
dimers for OIB—PMA in hexane, where the ratio (ag/
(a2 + ags)) takes an intermediate value and equals
—0.68 + 0.07.

It might be surprising at first sight that the ratio (agi/
(ag2 + agz)) for OIB—PHZ in hexane remains constant
as the oligomer concentration decreases whereas the
preexponential factor ay; undergoes a substantial drop.
Both parameters are claimed to represent the pyrene
aggregate population and would be expected a priori to
behave in a similar manner. However this last state-
ment is not true. The ratio (agi/(ag2 + ags)) yields
gualitative information about the fraction of all pyrenes
present as ground-state dimers. The preexponential
factor am; is related to the fraction of only pyrene
monomers involved in pyrene aggregates. At very low
polymer concentration where no intermolecular associa-
tion takes place, no pyrene aggregate is formed and the
fraction of pyrene monomers involved into pyrene ag-
gregates is nil and am; equals zero, as observed in
Figure 5. However even at these low polymer concentra-
tions, pyrene ground-state dimers are present due to
the presence of oligpMA and the ratio (agi/(ag2 + ags))
does not equal zero. Thus, although both parameters
report similar information about the process of excimer
formation, they are not expected to behave in a similar
manner.

The features of the fluorescence decays exhibited by
the OIB—PHZ excimer in hexane are typical of those of
an excimer formed inside a pyrene aggregate. Typically
the fluorescence decay of the pyrene excimer formed in
a system, which yields pyrene aggregates, will exhibit
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Table 2. Parameters Obtained from the Biexponential Fit of Fluorescence Decays of OIB—PMA and OIB—PHZ in THF
and Hexane?

A. OIB—PMA in THF

[OlB] (g/L) ™ML (ns) ami ™2 (ns) amz ){2 TEL (ns) ag2 TE1 (ns) ag2 Xz
0.007 84+ 4 0.21 +£0.01 290+ 1 0.79 £ 0.01 1.10 n.a. n.a. n.a. n.a. n.a.
26 2842 0.18 £ 0.01 9240 0.82 £0.01 1.14 39+0 —0.71 £ 0.00 89+0 1.00 1.14
45 17+1 0.22 £0.01 62+0 0.78 +£0.01 1.14 37+0 —0.84 + 0.00 69+ 0 1.00 1.17
67 29+1 0.38 + 0.04 51+1 0.62 +0.04 1.29 34+0 —0.87 £+ 0.00 58+ 0 1.00 1.13
119 18+0 0.50 4+ 0.03 32+0 0.50 +0.03 1.29 21+0 —0.86 + 0.00 48 +£0 1.00 1.04
134 154+1 0.38 4+ 0.02 2940 0.62 £ 0.02 1.09 23+0 —0.86 £ 0.00 47 +£0 1.00 1.33
163 22+0 0.90 £+ 0.02 40+1 0.10 £ 0.02 1.13 20+ 0 —0.86 + 0.00 45+0 1.00 1.03
B. OIB—PHZ in THF
[OIB] (g/L) 7M1 (NS) ami M2 (NS) amz Ve 7E1 (NS) ag2 7e1 (NS) ag2 %
0.009 105+ 9 0.17 £ 0.03 210+ 2 0.83 +0.03 1.25 n.a. n.a. n.a. n.a. n.a.
49 33+1 0.26 + 0.01 70+0 0.74 £0.01 1.26 39+0 —0.86 + 0.00 72+0 1.00 1.14
75 24+1 0.29 4+ 0.02 52+0 0.72 +£0.02 1.13 35+0 —0.89 4+ 0.00 58+ 0 1.00 1.14
110 23+0 0.55 £ 0.02 42+0 0.46 £ 0.02 1.34 27+0 —0.88 + 0.00 52+ 0 1.00 0.98
145 17+1 0.35 +0.02 36+0 0.65 £+ 0.02 1.19 26+ 0 —0.87 + 0.00 51+0 1.00 1.06
C. OIB—PMA in Hexane
[O1B] (g/L) vz (NS) am1 vz (NS) amz 22 7E1 (NS) ag2 7e1 (NS) ag2 22
0.007 109+ 5 0.17 £ 0.00 356+ 1 0.83 + 0.00 1.17 n.a. n.a. n.a. n.a. n.a.
8 31+1 0.19 4+ 0.00 115+0 0.81 + 0.00 1.30 44 +1 —0.62 + 0.00 113+0 1.00 1.19
12 29+1 0.214+0.01 91+0 0.79 £0.01 1.18 44 +£0 —0.73 £ 0.00 9140 1.00 1.22
27 19+1 0.26 +£ 0.01 48+ 0 0.74 +0.01 1.24 n.a. n.a. n.a. n.a. n.a.
53 11+0 0.25 +£0.01 31+1 0.75+0.01 1.08 25+0 —0.76 + 0.00 54 +0 1.00 1.46
63 18+0 0.59 + 0.02 33+0 0.41 +0.02 1.14 23+0 —0.75 + 0.00 544+ 0 1.00 0.98
100 16+ 0 0.62 £ 0.02 31+0 0.38 £ 0.02 1.08 20+ 0 —0.71 £ 0.00 53+0 1.00 1.10
120 14 +0 0.65 £ 0.01 28+ 0 0.35 +£0.01 1.22 17+0 —0.62 + 0.00 48 +£0 1.00 1.18
160 124+0 0.81 +£0.01 26+0 0.19 +£0.01 1.03 13+0 —0.62 + 0.00 51+0 1.00 1.10
D. OIB—PHZ in Hexane
[O1B] (g/L) w1 (NS) amn vz (NS) amz Tms (NS) ams Ve 7e1 (NS) @g1 7e2 (NS) a2 7e3 (NS) a3 Va
0.009 82 (£12) 263 (+1) 1.15 n.a. n.a. n.a. n.a.
0.07 (+£0.01) 0.93 (+£0.01)
0.1 20.4 (£1) 218 (+0) 1.18 8.0 61 (+0) 189 (£3) 1.04
0.13 (+0.01) 0.87 (+0.01) 0.01 1.00 0.09 (+0.01)
0.4 8.5 (£1.0) 64 (£10) 229 (+1) 1.11 n.a. n.a. n.a. n.a.
0.23 (+£0.01) 0.08 (+0.01) 0.69 (+0.01)
0.6 11.3 (+0.7) 170 (+10) 241 (+20) 0.99 8.6 (+£0.8) 61 (+0) 198 (+3) 1.11
0.22 (+0.01) 0.55 (+0.12) 0.24 (+0.12) —0.15 (+0.01) 1.00 0.11 (+0.00)
3.0 13.1 (+0.5) 122 (£8) 175 (+£10) 1.07 8.1 (+0.6) 56 (+1) 125 (+2) 1.11
0.35 (+£0.01) 0.47 (£0.10) 0.18 (+£0.10) —0.24 (£0.01) 1.00 0.15 (+£0.01)
6.8 10.1 (+0.3) 92 (£7) 156 (+2) 1.12 9.7 (£0.7) 56 + (1) 122 (+2) 0.99
0.50 (+0.01) 0.19 (+0.02) 0.31 (+0.02) —0.22 (£0.01) 1.00 0.18 (+£0.02)
9.3 7.4 (£0.3) 39 (+3) 135 (+1) 1.03 8.1 (+0.6) 56 (+1) 115 (£2) 1.11
0.52 (+0.01) 0.14 (+0.01) 0.34 (+0.00) —0.24 (£0.01) 1.00 0.19 (+0.02)
15 8.4 (+£0.2) 44 (+4) 124 (+1) 1.01 9.6 (£1.0) 52 (+£2) 92 (£2) 1.09
0.58 (+0.01) 0.13 (+0.00) 0.29 (+0.01) —0.25 (£0.02) 1.00 0.42 (+£0.08)
20P 8.4 (+0.3) 34 (+3) 96 (+1) 1.36 8.7 (£0.8) 52 (+2) 85 (+2) 1.03
0.58 (+0.01) 0.14 (+0.01) 0.28 (+0.00) —0.29 (£0.03) 1.00 0.36 (+0.12)
24 8.7 (£0.2) 52 (+4) 103 (+1) 1.04 7.8 (£1.2) 45 (+3) 75 (+1) 1.07
0.62 (+0.01) 0.16 (+£0.01) 0.21 (+0.01) —0.21 (£0.02) 0.55 (£0.07) 0.66 (+£0.08)
28 9.6 (£0.3) 27 (£3) 55 (+1) 1.39 10.4 (£3.1) 55 (£3) 38 (£6) 1.18
0.58 (+0.03) 0.19 (+0.02) 0.22 (+0.02) —0.27 (£0.19) 1.00 0.92 (+0.65)
38 7.4 (£0.2) 26 (+2) 81 (+1) 1.10 18.7 (+£1.2) 70 (£0) 28 (+1) 0.97
0.63 (+£0.01) 0.13 (+0.01) 0.24 (+0.01) —0.49 (£0.19) 1.00 0.66 (+0.19)
58b 6.0 (£0.1) 21 (£1) 65 (+1) 1.06 8.0 (+£0.6) 65 (+2) 42 (£5) 1.10
0.66 (+0.01) 0.17 (+£0.01) 0.17 (+0.00) —0.23 (£0.03) 1.00 0.40 (£0.22)
59 8.5 (£0.1) 35 (+2) 70 (+2) 1.35 11.3 (+1.8) 64 (+1) 34 (+5) 0.96
0.72 (+0.01) 0.17 (+0.01) 0.11 (4+0.01) —0.19 (£0.07) 1.00 0.29 (+0.06)
78 7.5(£0.2) 29 (+2) 56 (+1) 0.96 5.7 (£0.7) 62 (+0) 0.94
0.60 (+0.01) 0.18 (+£0.01) 0.22 (+£0.02) —0.16 (£0.01) 1.00
117 6.5 (£0.3) 16 (+1) 57 (£0) 1.05 6.7 (£0.8) 51 (£3) 73 (£5) 1.01
0.57 (+0.04) 0.29 (+0.04) 0.14 (+0.00) —0.14 (+£0.05) 1.00 0.42 (+0.40)
153 7.2 (£1.5) 21 (+3) 48 (+1) 1.31 5.6 (£0.5) 55 (+1) 109 (+22) 1.04
0.64 (+£0.14) 0.23 (£0.12) 0.13 (+£0.02) —0.15 (+£0.01) 1.00 0.03 (£0.03)

a The samples were excited at Aex = 344 nm and the fluorescence emission was collected at Aem = 375 nm and Aem = 510 nm for the
monomer and excimer, respectively. ® Methylated OIB—PHZ sample.

either a short but little pronounced rise time (rise time
<10 ns and (ag1/(ag2 + ags)) < —0.3) or no rise time.*°
In this laboratory, similar features were observed for a
modified ethylene-propylene random copolymer labeled

with PHZ in hexane!? and various pyrene-labeled poly-
(ethylene oxide)s in water.2?

In the case of a typical Stern—Volmer plot where a
dye is quenched by a quencher Q, the following relation-
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Figure 5. Plot of the normalized preexponential factor am;
of the fluorescence decay of the OIB—PHZ monomer in hexane
as a function of pyrene concentration (pyrene content = 2.6 x
1074 mol/g of oligomer, ®, nonmethylated sample; gray circle,
methylated sample).
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Figure 6. Ratio of the preexponential factors of the excimer
decays as a function of pyrene concentration for OIB—PMA
(pyrene content = 3.3 x 107* mol/g of oligomer) in THF (<)
and in hexane (®) and for OIB—PHZ (pyrene content = 2.6 x
104 mol/g of oligomer) in THF (O) and in hexane (®; non-
methylated sample; gray circle, methylated sample).

ship is observed

|
T =1+kqulQl ©)

where 1 is the fluorescence intensity of the dye at a given
guencher concentration [Q], lp is the fluorescence in-
tensity of the dye with no quencher, and 7y is the dye’s
lifetime. In our experiments, the excited chromophore
is an excited pyrene and the quencher is a ground-state
pyrene. Although our fluorescence data do not behave
ideally due to the presence of pyrene aggregates, the
contribution of these aggregates to the monomer fluo-
rescence decays must be limited to the early times, since
excimer formation within an aggregate occurs on a fast
time scale. Thus, as a first approximation, the integral
under the monomer fluorescence decay, which is rep-
resented by [Z[Jand is given in eq 10, can be taken as
an estimate of the fluorescence intensity arising from
diffusional phenomena so that | 0 [Z[]

AT T ApoTyo T QpgaT
GO amm M2Tm2 M3Tm3 (10)
ay, tayy + ays

The parameters ay; and 7y of eq 10 are listed in Table

Macromolecules, Vol. 34, No. 5, 2001

(tym/T=1)1/ Ty, kPa

0 0.01 0.02 0.03 0.04 0.05
[Pyl mol/L

Figure 7. Plot of the quantity ((zm/(Z0) — 1)(n/t\m) as a function
of pyrene concentration for OIB—PMA (pyrene content = 3.3
x 107* mol/g of oligomer) in THF (¢) and in hexane (#) and
for OIB—PHZ (pyrene content = 2.6 x 10~* mol/g of oligomer)
in THF (O) and in hexane (®, nonmethylated sample; gray
circle, methylated sample).

2, parts A—D). Equation 9 can then be rewritten as eq
11 so that the difference in lifetimes for OIB—PMA and
OIB—PHZ can be factored out.

M 1
(§D_ 1)a = ko[Q] (11)

Because large amounts of oligomer are added to the
solutions, the solution viscosity must be taken into
account and the product ((zm/Z0) — 1)(n/tm) is plotted
as a function of pyrene concentration in Figure 7. As
expected for a purely diffusion-controlled reaction, a
linear relationship is obtained in Figure 7 for both OIB—
Pys in THF and OIB—PMA in hexane and the product
n x Kgq is given by the slope of the straight line and
equals 780 & 50 kPa-L-mol~t. This analysis supports
the claim that diffusional quenching is occurring for
both OIB—Pys in THF and OIB—PMA in hexane.

The ratio ((tm/@20) — 1)(n/tm) behaves differently for
OIB—PHZ in hexane. In this case, the quenchers, which
an unassociated excited pyrene can encounter by diffu-
sion, are ground-state pyrenes, which are either at-
tached onto single MA units or onto oligoMA or are
involved in pyrene aggregates. However if most pyrenes
are involved into pyrene aggregates, excimer formation
will occur inside a pyrene aggregate and will not be
diffusion-controlled. Whereas the ratio ((zm/Z0) — 1)(/
7wm) Yields a linear trend for OIB—PMA in hexane similar
to that of both OIB—Pys in THF, a bent profile is
observed for OIB—PHZ in hexane. Furthermore, at any
given pyrene concentration in Figure 7, the quantity
((zm/@0 — 1)(y/tm) for OIB—PHZ in hexane lies above
that for both OIB—Pys in THF and OIB—PMA in
hexane. This behavior indicates that the quenching of
an excited pyrene monomer is more efficient for OIB—
PHZ in hexane than the three other oligomer/solvent
combinations considered. This enhanced quenching is
certainly the result of pyrene associations. In hexane,
most OIB—PHZ molecules are involved into aggregates
and an excited pyrene monomer forms excimer readily
inside the pyrene aggregate on a much faster time scale
than by diffusion. Diffusional quenching occurs when
fewer or no aggregates are present such as for OIB—
PMA in hexane and both OIB—Pys in THF.

The data obtained for OIB—PHZ in hexane (the ratio
Ie/ly, the overall shape of the monomer and excimer
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fluorescence decays, the first preexponential factor am:
for the monomer decays, the ratio (agi/(ag2 + ags)), and
the quantity ((tm/@0 — 1)(y/tm)) indicate that this
oligomer/solvent system behaves in a unique manner.
However the labeling reaction of OIB—MA with PHZ
to yield OIB—PHZ was shown not to be complete. Thus,
some MA moieties remain unreacted after the pyrene
labeling reaction and could be hydrolyzed over time into
carboxylic acids, which could induce associations in
hexane via the formation of hydrogen bonds.® To check
whether the presence of carboxylic acid functions was
responsible for inducing aggregation of the OIB—PHZ
sample in hexane, two experiments were carried out.

First the OIB—PHZ was methylated, so that all
carboxylic acids which could potentially promote polar
associations via hydrogen bonding, are transformed into
methyl esters, which cannot form hydrogen bonds. The
extent of methylation reaction was determined by 'H
NMR. UV/vis absorption measurements demonstrated
that the methylation reaction did not affect the pyrene
labeling of the OIB—PHZ sample. Steady-state and
time-resolved fluorescence experiments were also car-
ried out with the methylated sample. The results are
the circles filled in gray shown in Figures 3 and 5-9.
Within experimental error, all fluorescence measure-
ments carried out with the methylated OIB—PHZ
sample in hexane agreed perfectly with those obtained
with the nonmethylated OIB—PHZ sample.

Second the pyrene labeling reaction was carried out
with a large excess of modified oligomer OIB—MA so
that the pyrene content would be only 1.1 x 10~*mol/g,
much lower than the nonmethylated sample investi-
gated in this work which had a pyrene content of 2.6 x
10~*mol/g. The sample containing less pyrene is ex-
pected to display more carboxylic acid functions. Nev-
ertheless all the features described for the high pyrene
content samples were also observed with the OIB—PHZ
sample, which contained less pyrene (data not shown).

At this stage, our fluorescence data have established
that OIB—PHZ associates strongly in hexane, OIB—
PMA is partially associated in hexane, OIB—PMA and
OIB—PHZ are not associated in THF, and the strong
association exhibited by OIB—PHZ in hexane is not due
to the presence of unreacted MA moieties. To character-
ize quantitatively the association level of these different
oligomeric systems, the fractions of groups, which are
associated and unassociated, must be determined. Since
pyrene has been attached onto the associating groups
and since pyrene responds differently whether it is
involved into a pyrene aggregate or whether it is acting
as a single unit, a thorough analysis of the fluorescence
data should yield the fractions of pyrenes, which are
associated or unassociated. This task is attempted in
the following section.

Discussion

To describe quantitatively the association level of
these oligomeric systems, models are derived in this
section which try to account for the various features
observed in the fluorescence data. The fluorescence
decays obtained for the monomer and excimer of OIB—
PMA in hexane are very similar to those obtained for
both OIB—Pys in THF. Consequently their fluorescence
decays were analyzed in the same manner according to
Scheme 3.

Scheme 3 acknowledges the fact that several pyrene
groups can be attached onto a single OIB chain. These
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pyrene groups are referred to as Pyagq. The notation Py
refers to single pyrene groups attached onto one OIB
chain. Upon excitation, the excited Py* can form an
excimer by either encountering a ground state Py or
Pyagg. Both species Py and Pyagq act as a quencher and
are referred to as Q in Scheme 3. The rate constant of
intermolecular excimer formation is given by kgwm,
whereas the rate constant of intramolecular excimer
formation is given by Kagg. An excimer formed intermo-
lecularly from Py* or intramolecularly from Pygage*
undergoes dissociation with a rate constant Kve or K-agg,
respectively.

Several steps were taken in order to carry out the
analysis of the fluorescence decays according to Scheme
3. The pyrene excimer has usually a small dissociation
constant.® To limit the number of unknown parameters,
k-agg Was set to equal zero in Scheme 3, because the
already slow dissociation process was expected to be
even slower for two pyrenes attached on the same OIB
chain. In a first attempt, the rate constant ks was
assumed to be too large to be detected by our time-
resolved spectrofluorometer. With this assumption, two
and three exponentials are expected to fit the monomer
and excimer decays, respectively. Simultaneous analysis
of the monomer and excimer fluorescence decays ac-
cording to these assumptions yielded x? larger than 1.30,
indicating poor fits, and the residuals were distorted at
the early times. Such behavior could be the consequence
of some rapid processes occurring at the early times,
such as intramolecular excimer formation. Consequently
kagg Was assumed to be large, but not so large that our
instrument could not detect it. The monomer and
excimer fluorescence decays were fitted simultaneously
by eqgs 3 and 4, respectively. The derivation of eqs 3 and
4 is given in Appendix A. The decay times and preex-
ponential factors retrieved from the analysis of OIB—
PMA in THF, OIB—PHZ in THF, and OIB—PMA in
hexane are listed in Table 3, parts A—C, respectively.
The %2 parameters were all smaller than 1.30; the
residuals and the autocorrelation function of the residu-
als were randomly distributed around zero, indicating
good fits (cf. Figure 4).

In egs 3 and 4, the two first exponentials deal with
excimer formation via intermolecular diffusion-con-
trolled processes. They can be analyzed according to
Birks’ scheme formalism (cf. eqs A18—A23) and they
yield the values of kem[Q], kme and g, which are listed
in Table 4, parts A—C). Since the parameter kem[Q]
describes the process of excimer formation via diffusion,
it must be corrected for the viscosity change of the
oligomer solution. This is done by multiplying the
product kem[Q] by the viscosity n. The difference in
pyrene content between OIB—PMA and OIB—PHZ was
taken into account by plotting the product 7kem[Q] as
a function of pyrene concentration, as shown in Figure
8. According to Scheme 3, a plot of 7kem[Q] Vs pyrene
concentration should yield a straight line. This is indeed
observed for both OIB—Pys in THF and OIB—PMA in
hexane, which behave in an identical manner. It is also
interesting to note that the slope of this straight line,
which is an estimate of the product nkgw, yields a value
of 760 £ 25 kPa-L-mol~1, surprisingly close to the 780
+ 50 kPa-L-mol~! value obtained for #kq in Figure 7.

As expected for the pyrene excimer, a small dissocia-
tion rate constant kye of (1.0 £ 0.2) x 106, (1.2 &+ 0.4) x
108, and (1.0 &+ 0.7) x 10° s~* was retrieved for OIB—
PMA in THF, OIB—PHZ in THF, and OIB—PMA in
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Table 3. Decay Times and Preexponential Factors Obtained from the Fit of the Fluorescence Decays of OIB—PMA and
OIB—PHZ in THF and Hexane with Eqgs 3 and 4

[OIB] (9/L) T1(ns) 72 (ns) 73 (ns) amL amz ams ag1 ags ag4 %
A. OIB—PMA in THF
26 43+ 1 91+0 94+£07 0144+001 0.71+£0.01 0.15+0.01 —-1.00 -0.07+0.01 0.28+0.00 1.27
45 44 + 1 66 £ 0 10+1 0.31+0.02 054+£001 016+001 —-100 -0.05+0.00 0.164+0.00 1.14
67 37+0 57+0 54+03 056+001 029+000 0.15+0.01 -1.00 -0.04+0.00 0.14+0.00 1.08
119 27 +1 44 + 1 14 +1 0.714+0.01 006+£0.01 023+0.02 -100 -0.25+0.02 0.39+0.03 1.13
134 25 +1 444+1 96+20 077+0.08 0.05+0.01 0.18+0.8 —-1.00 -0.06+0.06 0.19+0.06 1.17
163 23+0 424+0 854+06 077+001 0.064+0.03 0.17+0.02 -1.00 -0.07+£0.01 0.224+0.01 1.00
B. OIB—PHZ in THF
49 42+ 1 70+ 0 14 +£3 0.25+0.04 066+0.02 0.09+002 -1.00 -0.03+0.01 0.15+0.01 1.16
75 40+ 1 56 +£1 18 +2 0.45+0.04 040+0.01 0.15+0.03 -1.00 -0.044+0.01 0.13+0.01 1.14
110 30+0 51+£0 9.1+£0.7 0704+0.01 0.15+£0.00 0.14+0.01 —-1.00 -0.054+0.01 0.16+0.01 1.04
145 28+1 50+0 12+1 0.73+0.02 0.13+0.01 0.14+0.03 —-1.00 -0.07+0.02 0.20+0.02 1.06
C. OIB—PMA in Hexane

8 4 +1 1144+0 14+ 2 0.09+0.02 0.77+0.01 0.14+001 -100 -0.054+0.01 0.42+0.01 1.26
12 48 £+ 2 91+1 24 +£3 0.02+0.07 0.79+£0.03 0.19+0.04 —-100 -0.08+0.04 0.34+0.04 1.23
27 44 + 1 54 +£1 16 +1 0.55+0.03 0.23+£0.04 0.23+0.01 —-1.00 -0.034+0.01 0.12+0.02 1.06
53 27 +0 54+0 6.7+£03 075+0.00 0.06+000 0.19+001 -1.00 -0.084+0.01 0.34+0.01 1.22
63 24 +0 54+0 86+£08 079+0.02 0.05+£0.00 0.16+0.02 —-1.00 -0.054+0.01 036+0.01 1.01
120 18+ 0 46+0 494+03 0.75+£0.01 0.064+0.00 0.19+0.01 -1.00 -0.114+0.01 0.68+0.02 1.17
160 17+ 0 42+0 874+03 062+£0.02 0.034+0.01 0.35+0.02 -1.00 -0.304+0.04 1.02+0.06 1.03

Table 4. Kinetic Parameters Obtained from the Analysis
of OIB—PMA, OIB—PHZ, and PMA-Labeled OIB in THF
and Hexane According to Scheme 3

[O1B] Kagg kem[Q] Kme
(g/L) (107s7Y (107s7Y (107 s71) e (NS)
A. OIB—PMA in THF
26 10.3+0.8 1.0+0.0 0.21 +0.00 53+ 1
45 9.34+0.5 1.44+0.0 0.10 £+ 0.00 53+0
67 183+ 1.0 2.0+0.0 0.11 + 0.00 51+0
119 7.0+0.3 3.3+0.1 0.05 4+ 0.00 43+0
134 10.1+1.3 354+0.1 0.05 4+ 0.00 43+1
163 11.4+0.8 39+0.1 0.07 + 0.00 41+0
B. OIB—PHZ in THF
49 6.9+1.2 1.2+0.0 0.15 + 0.00 51+1
75 52+0.7 1.7+0.1 0.07 +£0.01 49+0
110 105+ 0.8 2.6 £0.0 0.10 &+ 0.00 47 +£0
145 8.2+0.9 28+0.1 0.11 +£0.01 47 +0
C. PMA-Labeled OIB in Hexane
8 6.9+ 0.9 0.7+ 0.0 0.23 +£0.02 53+ 2
122 n.a. n.a. n.a. n.a.
27 6.0 +0.3 1.9+0.0 0.02 £+ 0.00 51+0
53 147 +£0.7 3.3+0.0 0.07 £ 0.00 52+0
63 114 +0.1 3.7+0.0 0.07 + 0.00 53+ 0
120 20.0+£1.0 494+0.0 0.14 £+ 0.00 44 +£0
160 11.2+04 56+0.1 0.11 + 0.00 41+0

aError in am: listed in Table 3c is too large to yield reliable
kinetic parameters.

hexane, respectively. Over the concentration range
studied, the excimer lifetime takes a value of 47 + 5,
47 £+ 3, and 49 £ 5 ns for OIB—PMA in THF, OIB—
PHZ in THF, and OIB—PMA in hexane, respectively.
These values are reasonable for the pyrene excimer.t
Within experimental error, g takes a value close to 50
ns which justifies our assumption that zp equals 50 ns
in the analysis of the fluorescence decays.

Since k-ag9 has been set to equal zero in Scheme 3,
the third decay time yields the rate constant of intramo-
lecular excimer formation Kagg (cf. eq A24). kagg Was
found to equal (1.1 £+ 0.4) x 108, (0.8 £ 0.2) x 108, and
(1.1 £ 0.6) x 108 s71 for OIB—PMA in THF, OIB—PHZ
in THF, and OIB—PMA in hexane, respectively. The
rate constant of intramolecular excimer formation was
the largest rate constant retrieved from this analysis,
as expected for excimer formation inside a pyrene
aggregate.

The fraction of pyrenes (fagg), Which are attached on
OIB chains, which display more than one pyrene moiety,

ks [Q] n, kPa

0.00

0.03
[Py}, mol/L

Figure 8. Plot of kem[Q]# vs pyrene concentration for OIB—
PMA (pyrene content = 3.3 x 10~ mol/g of oligomer) in THF
(©) and in hexane (®) and for OIB—PHZ (pyrene content =
2.6 x 107* mol/g of oligomer) in THF (O) and in hexane (@,
nonmethylated sample; gray circle, methylated sample).
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0.1
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0.0001
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Figure 9. Plot of fogy as a function of pyrene concentration
for OIB—PMA (pyrene content = 3.3 x 10~* mol/g of oligomer)
in THF (¢) and in hexane () and for OIB—PHZ (pyrene
content = 2.6 x 10~* mol/g of oligomer) in THF (O) and in
hexane (®, nonmethylated sample; gray circle, methylated
sample).

was calculated from eq A26. Figure 9 represents fagq for
both OIB—Pys in THF and OIB—PMA in hexane as a
function of pyrene concentration. Within experimental
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Table 5. Decay Times and Pre-Exponential Factors Obtained from the Fit of the Fluorescence Decays of OIB—PHZ in
Hexane According to Eqs 6 and 7

[O1B] (9/L) 71(NS) 72 (NS) 73 (NS) ami am2 ams ag1 ags ag4 XZ
0.6 77+£06 61+0 1994+0 0.22+001 0.08+0.01 0.704+0.01 -0.154+0.01 0.90+0.00 0.10+0.00 1.05
3.0 87+04 58+0 146+1 036+£0.01 012+£001 052+001 -0.18+£0.01 0.92+0.00 0.08+0.00 1.15
6.8 86+03 60+0 148+1 050+£001 012+0.01 038+0.01 -0.164+0.01 0.92+0.00 0.08+0.00 1.19
9.3 88+01 60+0 138+1 054+000 013+0.01 033+0.00 -0.174+0.01 0.92+0.00 0.08+0.00 1.16

15 92+01 60+£0 127+1 0.60+£0.00 0.13+£0.01 0.27+0.00 -0.13+£0.01 092+0.00 0.08+0.00 1.17
20* 10+0 56+0 101+1 0.61+000 0.14+£001 025+£001 -0.17+£0.01 0.89+£0.00 0.11+0.00 1.28
24 90+01 59+0 106+1 0.63+£0.00 0.18+0.01 0.18+0.01 -0.10£0.01 0.92+0.00 0.08+0.00 1.17
28P 11 58 40 0.66 0.15 0.19 —0.14 0.37 0.63 1.26
38 93+01 59+1 88+3 069+£0.00 016+0.03 0.16+0.03 -0.10+£0.01 0.85+0.04 0.15+0.04 1.23
582 81+00 63+£1 35+£3 0.73+£0.00 020+£0.01 0.08+0.01 -0.18+£0.01 0.79+0.04 0.21+004 1.12
59 88+06 64+0 30+1 071+£001 016+0.00 0.124+0.00 -0.164+0.01 082+0.01 0.18+001 1.18
78 80+01 63+£0 38+£1 062+£0.00 013+£0.01 025+000 -0.13+£0.01 0.96+0.02 0.04+0.02 0.95
117 94+01 63+£1 372 0.78+£0.00 010£0.01 0.124+0.00 -0.11+0.01 0.74+0.03 0.26+0.03 1.08
153 83+01 59+0 31+1 0.72+£0.01 0.06+0.00 0.23+000 -016+0.01 0844001 0.16+001 1.11

a Methylated OIB—PHZ sample. P This polymer concentration lies in the crossover region and the software cannot converge for some

of the simulated decays.

error, fagq for both OIB—Pys in THF is found to remain
constant with OIB concentration and equals 0.21 4+ 0.04.
This indicates that 79% of all MA moieties are present
as single units on the OIB and 21% of MA moieties are
involved into MA aggregates. These MA aggregates can
be either oligopMA or several MA units attached close
to one another onto the same OIB chain. This study in
THF provides information about the microstructure of
OIB—MA. Figure 9 also shows that some aggregation
is taking place for OIB—PMA in hexane above a pyrene
concentration of 0.01 mol/L since the fraction fagq takes
values which are larger than its expected lowest value
of 0.21 obtained in THF, where no intermolecular
associations are supposed to occur.

Since the monomer and excimer decays of OIB—PHZ
in hexane behaved in a very distinct manner due to the
presence of pyrene aggregates, they were analyzed
according to Scheme 4. In Scheme 4 the pyrene excimer
forms in a sequential manner. First OIB—PHZ mol-
ecules encounter and form a stable aggregate via polar
associations between the MA moieties. In Scheme 4, kg
is the rate constant for diffusional encounters and kye
is the dissociation rate constant of a polar aggregate.
The polar aggregates were assumed to be stable during
the lifetime of an excited pyrene and kyg was set to
equal zero, as was previously done in an earlier work
dealing with modified polyolefins in hexane.'? Inside a
polar aggregate, the pyrenes rearrange on a fast time
scale to form an excimer with a rate constant Kagg.
Within the polar aggregate the excimer can dissociate
with a rate constant k—,gg. According to Scheme 4, three
excited species are present in the solution. They are
PYiitn PYager @nd E*, which represent unassociated
excited pyrenes, excited pyrenes involved in a polar
aggregate, and the pyrene excimer, respectively. Three
differential equations describe the time dependence of
PYairr PYagr @nd E*. Their integration given in Ap-
pendix B predicts that the monomer and the excimer
decays should be fitted with a sum of three exponentials,
where the three decay times 73, 72, and 73 are the same
in the decays of the monomer and of the excimer. The
decay times and preexponential factors retrieved from
the simultaneous analysis of the OIB—PHZ fluorescence
decays are listed in Table 5. The kinetic parameters
were obtained according to the mathematical treatment
given in Appendix B and are listed in Table 6.

In Table 5, r; and 72 remain constant for all oligomer
concentrations and equal 8.9 £ 0.9 and 60.3 £+ 2.2 ns,
respectively. Thus, 71 and 7, represent photophysical

Table 6. Kinetic Parameters Obtained from the Analysis
of PHZ-Labeled OIB in Hexane According to Scheme 4

[O1B], kagg kfagg kem[Q] TE
g/L (107s7Y) (107 s71) (107 s71) (ns)
0.6 120+ 1.0 0.58 +£0.1 0.1+0.0 58+ 0
3.0 10.5+ 0.5 0.53 + 0.05 0.3+0.0 56+ 0
6.8 10.8 + 0.4 0.36 + 0.03 0.3+0.0 58+ 0
9.3 10.6 £0.1 0.35 + 0.03 0.3+0.0 58+ 0
15 10.2 £ 0.1 0.24 4+ 0.02 0.4+0.0 59+ 0
24 105+ 1.3 0.24 + 0.03 0.6 £ 0.0 58+ 0
28b 8.2 0.49 2.1 54.8
38 10.1+0.1 0.20 + 0.03 0.7+ 0.0 58+ 1
582 11.3+0.1 0.55 + 0.03 24+0.0 61+ 1
59 10.6 + 0.0 0.38 + 0.02 29+0.1 62+ 0
78 11.8 +£0.2 0.27 + 0.02 2.3+0.1 62+0
117 10.1 £ 0.1 0.15+0.01 2.3+0.1 63+ 1
153 11.5+0.1 0.14 +0.01 2.9+0.0 59+0

a Methylated OIB—PHZ sample. P This polymer concentration
lies in the crossover region, and the software cannot converge for
some of the simulated decays.

processes, which are not affected by the pyrene concen-
tration. Since the pyrene aggregates are expected to
remain the same regardless of pyrene concentration, the
decay times 7; and 7, are believed to describe photo-
chemical processes, which are taking place inside the
pyrene aggregates. The decay time 71 being the shortest
decay time certainly represents the process of excimer
formation inside a pyrene aggregate (Kagq in Scheme 4),
whereas 12, which is typical of the excimer lifetime (zg
in Scheme 4) must represent the excimer decay. The
third decay time 73 decreases with increasing oligomer
concentration. This is the expected behavior that a decay
time would display for a diffusion-controlled process.
Thus, 73 represents the contribution of the diffusional
encounters and yields the product kem[Q] as shown in
Appendix B (cf. eq B6c). Over the whole oligomer
concentration range, 73 decreases from 199 to 31 ns,
whereas 7, remains constant and equals 60.3 + 2.2 ns.
Thus, 73 crosses over 7z as the oligomer concentration
decreases so that for a given oligomer concentration, 73
equals 7,. This situation makes the analysis of the
decays very difficult in the concentration range where
the crossover takes place, which is estimated to occur
between 30 and 60 g/L. The decay times 73 and 7, are
too close to be accurately determined by the analysis
program. Thus, the decay times 73 retrieved in this
OIB—PHZ concentration range were not all taken into
consideration.

The kinetic parameters used in Scheme 4 were
obtained by following the mathematical treatment
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described in Appendix B. They are listed in Table 6 and
are very similar to those obtained in Table 4. The rate
of excimer formation inside a pyrene aggregate Kagg is
large and equals (1.1 £ 0.1) x 108 s~1. The excimer
dissociation rate constant K-aqq is small and equals (0.34
+ 0.15) x 107 s71. The excimer lifetime 7 is constant
for all concentrations and equals 58.6 + 2.5 ns. The
product kem[Q] increases with oligomer concentration.
Only those values obtained for oligomer concentrations
of 28, 38, 58, and 59 g/L exhibit some scattering in the
kem[Q] values due to the analysis problems associated
with the decay time crossover. To account for the
viscosity increase due to increasing oligomer concentra-
tions, the product kem[Q]y for OIB—PHZ in hexane is
plotted as a function of oligomer concentration in Figure
8. The trend is again different from those observed for
both OIB—Pys in THF and OIB—PMA in hexane. OIB—
PHZ associations might be responsible for this discrep-
ancy. When most pyrene groups are involved into
pyrene aggregates as for OIB—PHZ in hexane, the
pyrene aggregates constitute the most probable quench-
er for an excited unassociated pyrene. But a pyrene
aggregate also pools together several ground-state
pyrenes, which would each act as a single quencher were
no pyrene aggregate formed. As a result the concentra-
tion of quencher decreases, which explains why the
product kem[Q]# is smaller for OIB—PHZ in hexane than
for any other data set. As explained in Appendix B, the
parameter fagq can be determined by analyzing either
the monomer or the excimer decays. When calculated
by using either set of data, the f,gq values showed some
differences. The average value is represented in Figure
9 and the error bars indicate the spread of the differ-
ence. In Figure 9, the behavior exhibited by faq indicates
that the level of association of OIB—PHZ in hexane is
the highest of all other oligomer/solvent systems stud-
ied. Above a pyrene concentration of 0.01 mol/L (equiva-
lent to an oligomer concentration of 40 g/L), all OIB—
PHZ are aggregated. The aggregates dissociate at lower
pyrene concentrations. These conclusions agree quali-
tatively with the results presented in the previous
section.

Conclusions

The associations between the polar moieties of a
modified oligoisobutylene were investigated by using
fluorescence spectroscopy. The oligoisobutylene was
modified by attempting to attach a single MA unit to
one of its ends. Two types of amino-compounds labeled
with the dye pyrene were then reacted with the MA
moiety. The modified oligoisobutylene displayed a MA-
to-pyrene linker, made of either one methylene unit for
OIB—PMA or one amide bond —NH—CO— and three
methylene units for OIB—PHZ. Analysis of the fluores-
cence decays of both OIB—Pys in THF showed that only
79% of all MA moieties are attached as single units.
Whereas both OIB—Pys do not associate in polar THF,
OIB—PMA, and OIB—PHZ were shown to associate
mildly and strongly in hexane, respectively. The en-
hanced association observed with OIB—PHZ in hexane
is arising from the more polar MA-to-pyrene linker. By
developing models to characterize the kinetics of the
pyrene monomer and excimer, the associative strength
of these different oligomer/solvent systems could be
determined quantitatively.
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Appendix A

Determination of the Monomer and Excimer
Concentration Profiles According to Scheme 3. In
Scheme 3, Q is the quencher that can be either a
ground-state monomer or a pyrene aggregate. The
kinetic equations describing Scheme 3 are given by

dIPy*
[Z:, ] = _(i + kEM[Q])[Py*] + kyelE*] (A1)
d *
% = Keml[QI[PY*] — (kME + é)[E*] (A2)
d[Py;
[ (;/tgg] - _ (% + kagg)[Py:gg] + k—agg[D*] (A3)
d[D*]

. 1\ -,
dt — kagg[Pyagg] - (kagg + T_D)[D ] (A4)

Equations Al and A2 are first solved according to Birks’
classical derivation.

d *
B X(Py*] + eeulEY (A5)
d *
B QYT - YEE (89)
where
X =+ key[Q] (A7)
M
and
Y = Ky + T—lE (A8)

Solving egs A5 and A6 and applying the initial condi-
tions [Py*] = [Py*]o, and [E*] = 0, at t = 0, one obtains

[Py*1o

[Py*] =77 [0~ X)e M+ (X — A)e ] (A9)
[E*] = —kE“ﬁ[Ql[zy*]"[e*‘“ e (Al0)
2 1
where
/11,2 =
X+Y)+ \/(X—i-Y)Z - 4(x —l)(v —i)
™ Tg
5 (A11)

In egs A9 and A10, 4, = (1/r1) and A, = (1/1,) where 73
and 7 are the first and second decay times, respectively.

Equations A3 and A4 were resolved by assuming that
K-agg is negligible. The concentration profiles of [Py;,]
and [D*] are given in eqs A12 and A13.
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[PYagel = [PYagelo eXp( [1 +kagg]) (A12)

Kagg[PYagql 1
[D*]= - —13991 2002 EXp( [ +kagg])
—-—+ k
v Tp
k...[P
1 1 Kk Tp
T B 5 + agg

Combining eqs A9 with A12 and A10 with A13 yields
the concentration profiles of the pyrene monomer [Py*]+
and excimer [E*]r, repectively.

[Py*]; = [ Y ]"[(z = X)e M+ (X = Ae ] +
1
[Pyagg]o exp(— [‘L'_ + kagg]t) (A14)
M
KenlQIPY*To. o
E* = —|e it e 2! —
[ ]T 12 _ /11 [ ]
K. oo[P
agg[ yagg]O exp _ i_’_ka t] +
11, T
™ Tp agg
K, qq[P
[D], + [ agg[l Yaso exp(— }) (15)
= .= 4Kk D
™ Tp agq

According to eqs Al4 and A15, the monomer and
excimer decays are represented by three and four
exponentials, respectively. The three first decay times
in the excimer decay are the same as in the monomer
decay. Consequently, the fluorescence intensities of the
monomer (im(t)) and excimer (ig(t)) can be written as

iy(t) = ay; exp(—t/t,) + ay, exp(—t/r,) +
ayz exp(—t/z3) (A16)

ig(t) = ag, exp(—t/7y) + ag, exp(—t/z,) +
ag, exp(—t/ty) + ag, exp(—t/tp) (Al7)

Determination of the Rate Parameters. The
kinetic parameters kem[Q], kme, and e in Scheme 3
were obtained by handling the two first exponentials
in egs Al4 and Al5 in the same manner as the Birks’
treatment.

_ 2w
A= (A18)

(ALt
="ATD (A19)
kewlQl = X — % (A20)
Y=4,+1, —X (A21)

_ (X = 1)(4; — X)

e = kol (A22)
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ke === Y~ kue (A23)

In egs A16 and Al7, 3 yields the rate of excimer
formation inside a pyrene aggregate.

11
Kaoo =3 72 (A24)

The fraction of pyrenes (fagg), Which are attached on
OIB chains displaying more than one MA moiety, is
given by eq A25

_ [Pyzgg]o + [D*]O
Py, + [PYiglo + [D*],

where the concentrations [Py*]o, [Pyagg]o, and [D*]o are
functions of the avi and agi preexponential factors with
i = 1—-3. Fitting the fluorescence decays with eqs Al6
and Al7 yielded a very small agz coefficient (cf. Table
3), which suggested that this parameter is retrieved
with some uncertainty. Consequently, fygq Was calcu-
lated by re-arranging the preexponential factors ams,
ams, ag1, and agq in egs A16 and Al7 and the preexpo-
nential factor agz was kept out of the derivation.

(A25)

k a, k
fagg=1—[1+ emlQl x —2 -2 |
Ay = A ag 1.1,
v Te agy
Ay = X VI
— A26
j~2 - j-1 M1 ( )

Appendix B

Determination of the Monomer and Excimer
Concentration Profiles According to Scheme 4. In
Scheme 4, an unassociated excited pyrene (Pyj¢) can
either emit a photon with its own fluorescence lifetime
v Or it can encounter a quencher, which is either an
unassociated ground-state pyrene (GSPy), a GSPy at-
tached onto oligoMA, or a GSPy located inside a polar
aggregate. The net result of this encounter is the
formation of a pyrene aggregate containing one excited
pyrene (Py; o). The rate of diffusional encounter is
given as kEMTQ] where [Q] represents the concentration
of guencher species which can associate with Pyj.
Upon a rapid rearrangement occurring with a pseudo-
unimolecular rate constant Kagg, Pya can form an
excimer E*. The excimer can either ﬁuoresce with a
lifetime e or dissociate to give back Pyagg with a rate
constant K—agq.

According to Scheme 4, the time dependence of the
three species is described by the three following dif-
ferential equations:

Py,
T~ (= M @0

eel _ el QUPYinl — (Kag * o JIPYie] +

K_agglE*] (B2)

d[E] . 1) .
T = kagg[Pyagg] - (kagg + T_E)[E ] (83)
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Integration of this set of differential equations yields
two triexponential functions for the concentration of the
excited pyrene monomer ([Py*]r) and the pyrene excimer
concentration ([E*]) where the three decay times are the
same in both expressions as shown in eqs B4 and B5.

[Py*]: = [Pygis] + [Py:gg] = ay e '+ A2 e 7+
ayz € " (B4)

[EX]=ag e " +a,e " +a,e "™ (B5)

The expressions of the decay times and preexponential
factors given as a function of the parameters kem[Q],
Kaggs K-agg, Tm, TE, [PYgislo (Which equals [Pyji¢] at time
t = 0), [Py,qelo (Which equals [Py, ] at time t = 0), and
[E*]o (which equals [E*]o at time t = 0) have been
derived hereafter by using the following notations:

1 1 1
XO = kEM[Q] + ‘L’_ X = kagg + ‘L’_ Y = k—agg + ‘L’_
M M E

The decay times 11, 72, and 73 are given in eq B6a—c.

mgz—a+vy:¢m+vf—4x_%xy_i)

T, 2
(B6a)
—(x+Y)+\/(X+Y)2—4(x—i)(v—i)
. Tm Tg
7, 2
(B6b)
= %o = keulQ] + - (B60)

According to eq B6c, 73 decreases with increasing
oligomer concentration. The expressions of 7; and 7
depend only on Kagg, K-agg, Tm, and 7e. Since Kagg and K—agq
characterize the polar aggregates, which are assumed
to preserve their features over the covered range of
oligomer concentration, 71 and 7, are not supposed to
change with oligomer concentration, whereas 73 does.
These conclusions agree well with our experimental
observations.

The expressions of the ayi and agi preexponential
factors are shown in eqs B7a—c and B8a—c, respectively.

g1
71
Ay = 1 21 (B7a)
T
g1
72
Ay = 1 22 (B7b)
X
1
Y N
T, .
Az = 1 %3 + [PYairedo (B7c)
X N
Tm

Macromolecules, Vol. 34, No. 5, 2001

ag; =
1 1 . % 1 1
(Y - T_z)[E*]O - (X - a)[Pyagg]O - V[Pydiﬁ]O(T_S - T_z)
1_1
T T
(B8a)
g, =
1\, 1\ s Lof1 1
(Y - 7_1)[E lo — (X - a)[Pyagg]O - 1/[Pycjiff]o(T_S - T_l)
1i_1
T, T
(B8h)
Qg3 =

L)x-1
(XO i TM)(X TM) 1)( - )[PyZiﬂ]O =

XOZ—XO(X-I—Y)-I-XY—(Y—— X—=
Tg M

v[PYgirlo (B8C)

The origin of the v coefficient used in eqs B8a and B8b
is given in eq B8c.

Determination of the Rate Parameters and the
Fraction of Associated Pyrenes. The first section of
Appendix B showed that, according to Scheme 4, the
fluorescence decays of the pyrene monomer and excimer
are expected to exhibit triexponential decays. Expres-
sions of the preexponential factors and decay times were
given as a function of the rate constants and concentra-
tions at initial time. Now the reverse operation is being
carried out where the expressions of the parameters
kem[Q]. kaggu k—aggu ™, TE, [Pyziﬁ]Oa [Py:gg]O: and [E*]o
are obtained as a function of the preexponential factors
and the decay times. The rate constants were deter-
mined according to the following procedure.

av/ag
=— (B9)
av/ag,
A_1l
T, T
Y A1 (B10)
x=14L_y (B11)
T, T
K,..=X-— 1 B12
agy T ( )
xy-+1
I
k_angJ e (B13)
agg
Te = (Y = K ggg) (B14)
1
M

The fractions of unassociated pyrenes (fgir) and of
associated pyrenes (fagg) can be calculated from the
monomer decays or from the excimer decays. First the
parameter v is calculated according to eq B16:
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e sl

V= 1 1
XOZ—XO(X-I-Y)+XY—(X——)(Y——)
M Tg
(B16)
From the Excimer Decays:
_ [Pyaitdo _
faire = " . -
[Pydiff] + [Pyagg]o + [E ]O
\ 1 \ . \
a - a Yoo Y- rl
1+v—H1+ 11 + v 1+ +of1+ 13
aES X — = aE3 X — = X - =
™ ™™ ™
(B17
[Py:gg]o — E(Y _ i) +
diff
[Pygiredo + [Pngg]O + [E*]o g3 !

a,
E(Y - l) + (Y - l)] x —— (B17b)
83 7 73 X — 1

Tm
[E*], ﬁ(%+%++
* " =Tl — T 5
[Pydiff]O + [Pyagg]o + [E*]o I aE3 aES
(B17c)
and
Py* 1, + [E*
fage =1 — Fair PYagelo + [E7, (B17d)

[PYairdo + [PYagelo + [E*]o

From the Monomer Decays:

[PYairo
faire = P - -
[PYairdo + [PYagglo + [E*]o
' , 1 \
v 1 X L L
a a
14+y— 3|1+ 2mq 4 L) B U EIRSLIY] | S
X — 1 CIVE] v — 1 CIVE! Y- =
T™m T 7]
(B18a)
[Py:gg]O —
[Pygirelo T [Pngg]o +[E*]o
A R
it (ﬂ + ﬂ) 14—+ »——| (B18b)
CIVERCIVE! X — 1 X — 1
T™m ™
£, _
[PYitdo +- F’y;igg]o + [E*]o
SRR | RS
a, T a, T T
fyn| | 2+ M2 MY b2y
awsy 1 awsy_ 1 s
7, 7, 1y
B18c

and
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Py [,
[PYairdo + [PYagelo T [E*]o

f (B18d)

agg 1- diff

References and Notes

(1) Glass, J. E. Hydrophilic Polymers. Performance with Envi-
ronmental Acceptability; Advances in Chemistry Series 248;
American Chemical Society. Washington, DC, 1996. Schulz,
D. N.; Glass, J. E. Polymers as Rheology Modifiers; ACS
Symposium Series 462; American Chemical Society. Wash-
ington, DC, 1989.

(2) Jenkins, R. D.; Bassett, D. R.; Silebi, C. A.; El-Aasser, M. S.
J. Appl. Polym. Sci. 1995, 58, 209—230. Regalado, E. J.; Selb,
J.; Candau, F. Macromolecules 1999, 32, 8580—8588.

(3) Jenkins, R. D.; Sinha, B. R.; Bassett, D. R. Polym. Mater.
Sci. Eng. 1991, 65, 72.

(4) Annabale, T.; Buscall, R.; Rammile, E.; Whittlestone, D. J.
Rheol. 1993, 37, 695—726. Volpert, E.; Selb, J.; Candau, F.
Macromolecules 1996, 29, 1452—1463.

(5) Tanaka, F.; Edwards, S. F. Macromolecules 1992, 25, 1516—
1523. Semenov, A. N.; Joanny, J.-F.; Khokhlov, A. R. Mac-
romolecules 1995, 28, 1066—1075.

(6) Birks, J. B. Photophysics of Aromatic Molecules; Wiley: New
York, 1970; pp 301-371.

(7) Ringsdorf, H.; Venzmer, J.; Winnik, F. M. Angew. Chem., Int.
Ed. Engl. 1991, 30, 315—318. Kramer, M. C.; Welch, Steger,
J. R.; McCormick, C. L. Macromolecules 1995, 28, 5248—5254.
Mizusaki, M.; Morishima, Y.; Winnik, F. M. Macromolecules
1999, 32, 4317—-4326.

(8) Ebata, K.; Masuko, M.; Ohtani, H.; Kashiwasake-Jibu, M.
Photochem. Photobiol. 1995, 62, 836—839.

(9) Mathew, A. K.; Siu, H.; Duhamel, J. Macromolecules 1999,
32, 7100—7108.

(10) Winnik, F. M. Chem. Res. 1993, 93, 587—614 and references
herein.

(11) Covitch, M. J. The Lubrizol Corporation 1999, 01, 3463. Jao,
T.-C.; Mishra, M. K.; Rubin, I. D.; Duhamel, J.; Winnik, M.
A. J. Polym. Sci., Part B: Polym. Phys. 1995, 33, 1173—1181.
Mishra, M. K.; Rubin, I. D. US Patent 5,200,102, 1993.

(12) Vangani, V.; Duhamel, J.; Nemeth, S.; Jao, T.-C. Macromol-
ecules 1999, 32, 2845—2854.

(13) Nemeth, S.; Jao, T.-C.; Fendler, J. Macromolecules 1994, 27,
5449—5456.

(14) Gaylord, N. G.; Mehta, M. J. Polym. Sci.: Polym. Lett. Ed.
1982, 20, 481—-486. Coutinho, F. M. B.; Ferreira, M. I. P. Eur.
Polym. J. 1994, 30, 911-918. Gaylord, N. G.; Mishra, M. K.
J. Polym. Sci.: Polym. Lett. Ed. 1983, 21, 23—30; de Roover,
B.; Sclavons, M.; Carlier, V.; Devaux, J.; Legras, R.; Mourtaz,
A. J. Polym. Sci., Part A: Polym. Chem. 1995, 33, 829—-842.
Heinen, W.; Rosemdller, C. H.; Wenzel, C. B.; de Groot, H. J.
M.; Lugtenburg, J.; van Druin, M. Macromolecules 1996, 29,
1151-1157.

(15) Nemeth, S.; Jao, T.-C.; Fendler, J. H. Photochem. Photobiol.
A: Chem. 1994, 78, 229—235.

(16) Liu, R.; Farinha, J. P. S.; Winnik, M. A. Macromolecules 1999,
32, 3957—3963.

(17) Walsh, E.; Gaymans, R. J. Polymer 1994, 35, 1774—1778.

(18) Demas, J. N. Excited-State Lifetime Measurements; Academic
Press, New York, 1983; p 102.

(19) (a) Berlman, I. B. Handbook of Fluorescence Spectra of
Aromatic Molecules; New York; Academic Press: 1971. (b)
Measured on Pr. M. A. Winnik’s (U. of Toronto, Canada)
picosecond time-resolved fluorometer.

(20) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling,
W. T. Numerical Recipes Fortran. The Art of Scientific
Computing; Cambridge University Press: New York, 1989;
pp 523—528.

(21) Jones, A. S.; Dickson, T. J.; Wilson, B. E.; Duhamel, J.
Macromolecules 1999, 32, 2956—2961.

(22) Lee, S.; Duhamel, J. Macromolecules 1998, 31, 9193—9200.

MAO001211R



