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ABSTRACT: Pyrene-labeled poly(N,N-dimethylacrylamide)s were prepared by radical copolymerization
of N,N-dimethylacrylamide with N-(1-pyrenylmethyl)acrylamide. The progress of the copolymerization
reaction was followed by 1H NMR to ensure that the pyrene-labeled monomer was homogeneously
incorporated into the polymer backbone. Since pyrene is hydrophobic and poly(N,N-dimethylacrylamide)
is water-soluble, a set of water-soluble associative polymers was generated. The effect of solvent quality
toward these associative polymers was investigated. The level of association and the kinetics of encounter
between pendants were determined in N,N-dimethylformamide (DMF), acetone, water, and mixtures of
acetone and water. Analysis of the fluorescence decays with a blob model yields quantitative results
which agree with the qualitative information retrieved by other techniques (static light scattering, intrinsic
viscosity, UV-vis absorption). The level of association between hydrophobic pendants was found to be
small in acetone (a good solvent for pyrene). It increases when water is added to the solution, since pyrene
is insoluble in water. The level of association is smaller in DMF than in acetone, because DMF is a
better solvent than acetone for the polymer, and swelling of the polymer coil results in a decrease of the
interactions existing between the pyrene groups.

Introduction

Interesting viscoelastic properties exhibited by solu-
tions of associating polymers (AP) have rendered them
useful in a multitude of industrial applications, such as
associative thickeners in paints, drag reducing agents
in pipelines, oil recovery agents or viscosity modifiers
in oil.1 Characterizing APs’ associative behavior has
been the subject of intensive study. APs are typically
made of a backbone soluble in a given solvent onto
which insoluble units have been attached. The inter-
molecular associations between insoluble pendants form
a transient network resulting in highly viscous solu-
tions.2 The micellelike aggregates made of insoluble
moieties constitute the keystones of the AP network.3
In many cases, the intermolecular cross-linkages are
severed under shear and the viscosity plummets.4 The
ability of AP solutions to shear-thin has led to numerous
practical applications. Since the desirable viscoelastic
behavior of APs is due to their associating power,
methodologies are required that can provide information
about the fraction of insoluble pendants which are
associated. We refer to this parameter as the level of
association (fagg).

Over the last 5 years, our laboratory has developed
such a methodology for APs where the dye pyrene is
either the associating group or is covalently attached
onto the associating group and is randomly distributed
along the polymer backbone.5 The reason for using
pyrene as a probe for the associative pendant arises
from its ability to form excimers.6 Upon photon absorp-
tion, an excited pyrene can either fluoresce or encounter
a ground-state pyrene via diffusion to form an excited

complex called an excimer. An excimer can also be
generated instantaneously when aggregated pyrenes
absorb a photon. Careful analysis of the fluorescence
data can distinguish whether the excimer is formed
instantaneously or by diffusion. The determination of
the fractions of pyrenes which either form excimer by
diffusion or are involved in a pyrene aggregate yields
the level of association of a given pyrene-labeled AP.5

So far, this methodology has been applied to deter-
mine the level of association of two pyrene-labeled APs,
namely a maleated ethylene propylene copolymer5a and
a hydrophobically modified alkali swellable emulsion
copolymer.5b Each study was carried out with a limited
number of pyrene-labeled polymers, the former study
with just one polymer and the latter with three poly-
mers having very low pyrene contents. Both studies
established quantitatively that a better solvent for the
associating pendants leads to a smaller level of associa-
tion of the AP. These preliminary results encouraged
us to undertake an in-depth study of a water-soluble
AP to investigate the relationship existing between
solvent, polymer backbone, hydrophobic content and the
level of association.

To this effect, seven pyrene-labeled poly(N,N-di-
methylacrylamide)s (PyPDMAAm) were synthesized by
random copolymerization of N,N-dimethylacrylamide
(DMAAm) with N-(1-pyrenylmethyl)acrylamide (Py-
MAAm). The incorporation of PyMAAm into the PD-
MAAm backbone occurred randomly as shown by 1H
NMR experiments carried out during the course of the
polymerization (cf. Experimental Section). The pyrene
content of the PyPDMAAms (called λ in mol of pyrene/g
of polymer) ranged from 15 to 645 µmol/g. The pyrene
content of each polymer is listed in Table 1 along with
its weight-average molecular weight determined by* To whom correspondence should be addressed.
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static light scattering. In water, PDMAAm is readily
soluble, whereas pyrene is sparingly soluble. Conse-
quently PyPDMAAm is a water-soluble AP where the
associating groups are the pyrene dyes. The level of
association of each PyPDMAAm was measured in
solvents having different solvating abilities toward
pyrene and the PDMAAm backbone. Using static light
scattering, intrinsic viscosity, and UV-vis absorption
measurements, the following conclusions could be drawn
about the solvating abilities of N,N-dimethylformamide
(DMF), acetone, and water. DMF is a good solvent for
both the backbone and the pyrene moieties, acetone is
a solvent which is good for pyrene and poor for the
polymer backbone whereas water is a solvent which is
good for the polymer backbone and bad for the pyrene
moieties.

The direct effect of changing solvent is to affect how
PyPDMAAm is being solvated. There is also an indirect
effect which is to alter the way pendants randomly
located along the polymer backbone encounter. A good
solvent for the polymer backbone stretches the chain,
which leads to less diffusional encounters between
pendants. Since the first step in the determination of
fagg requires establishing the rate of diffusional encoun-
ter between pendants, the effect of solvent quality on
the rate of encounter is discussed in detail in this article.
This discussion is followed by the study of the effect of
solvent on the fagg parameter.

To the best of our knowledge, no other method in the
literature can accomplish what the procedure outlined
in this study does in terms of describing the diffusional
encounters between pyrenes attached randomly onto a

polymeric backbone under any solvent conditions. Since
pyrene is coined as being “the most frequently used dye
in fluorescence studies of labeled polymers”,7 this pro-
cedure is expected to provide a valuable tool for the
characterization of any polymeric system which has
been covalently labeled with the dye pyrene.

Theory

In this report, a blob model is used to determine
quantitatively the level of association of a series of
PyPDMAAms. The equations presented in this section
are the final results of derivations which have been
reported in earlier publications.5b,8 To apply the blob
model, the polymer coil is divided arbitrarily into
theoretical blobs defined as a region of the polymer coil
probed by an excited pyrene during its lifetime (cf.
Scheme 1). The pyrene pendants distribute themselves
randomly among the blobs according to a Poisson
distribution. The blob model describes the formation of
excimer by diffusion utilizing three parameters: The
rate constant of excimer formation within a blob, kblob,9
the rate constant at which pyrene groups exchange from
blob to blob, ke[blob] (where ke is the exchange rate
constant and [blob] is the blob concentration inside the
polymer coil) and the average number of pyrene groups
per blob, 〈n〉. According to the blob model, the excited
pyrene monomers have a time-dependent behavior given
by eq 1 where the fraction f refers to the pyrene
monomers that form excimer by diffusion. The fraction
(1 - f) refers to the pyrenes that do not form excimer
and fluoresce with their natural lifetime τM.

The parameters A2, A3, and A4 are given in eq 2.

Scheme 2 illustrates how excimers are produced.
Excimers can be formed either by diffusive encounters

Scheme 1. Two-Dimensional Blob Representations of a Polymer Chain Randomly Labeled with Pyrene: (A)
Polymer Coil Is Divided into Blobs: (B) Definition of Two Parameters Associated with the Blob Model. the Areas

Shaded Dark Gray, Light Gray, and White, Are Rich, Poor, and Absent of Pyrene, Respectively

Table 1. Weight-Average Molecular Masses (Determined
by Static Light Scattering), Pyrene Content in mol % and

λ (mol of Pyrenes/g of Polymer) of PyPDMAAm and
PDMAAm (Determined by UV-Vis Absorption)

polymer
Mw,

kg/mol

pyrene
content,
mol %

λ,
µmol/g

PDMAAm 94 0.0 0
15PyPDMAAm 80 0.2 15
100PyPDMAAm 297 1.0 98
265PyPDMAAm 165 2.7 263
350PyPDMAAm 134 3.7 349
480PyPDMAAm 123 5.2 479
570PyPDMAAm 105 6.3 570
650PyPDMAAm 105 7.3 645

[Py*](t) ) f exp[-(A2 + 1
τM

)t - A3(1 - exp(-A4t))] +

(1 - f) exp(-t/τM) (1)

A2 ) 〈n〉
kdiff ke[blob]

kdiff + ke[blob]
A3 ) 〈n〉

kdiff
2

(kdiff + ke[blob])2

A4 ) kdiff + ke[blob] (2)
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or from direct excitation of preassociated pyrenes. A
fraction of pyrenes associated in the ground state (fagg)
absorbs a fraction of the excitation light. These form
excimer instantly. The remaining fraction (1 - fagg) of
pyrenes represents nonassociated pyrenes. A fraction
of them (f, introduced in eq 1) may diffusively encounter
a ground-state pyrene to form an excimer. Those
pyrenes are referred to as Pydiff

/ . The remaining frac-
tion (1 - f) of unassociated pyrenes characterizes those
unassociated pyrenes which do not form excimer
(Pyfree

/ ) and fluoresce with their natural lifetime (τM).
Because preassociated ground-state pyrenes and iso-
lated ground-state pyrenes can both encounter the
excited pyrene by diffusion to form an excimer, they are
being referred to as quenchers (Q) of Pydiff

/ in Scheme 2.
Two populations of excimer are used in Scheme 2,

namely E0* and D*. The first population, E0*, corre-
sponds to the excimers which exhibit the ideal π-π
stacking expected of traditional pyrene excimers and
fluoresce with a lifetime τE0. The second one, D*,
corresponds to the excimers which are formed inside
pyrene aggregates, that do not exhibit the ideal geom-
etry of pyrene excimers and fluoresce with a longer
lifetime τD (τD > τE0). The existence of such excimers
has been reported.5,10 They are often encountered in
polymeric systems where the polymer backbone restricts
the freedom of the dye preventing the ideal overlap of

the pyrene orbitals. Equation 3 describes the time-
dependent profile of the excimer.

The excimer fluorescence decays were fitted with
eq 3, where the parameters kblob, 〈n〉, and ke[blob]
have been retrieved beforehand from the analysis of

Scheme 2

[E*] ) -[Pydiff
/ ](t)0)e

-A3 ∑
i)0

∞ A3
i

i!
×

1

τM

+ A2 + iA4

1

τM

-
1

τE0

+ A2 + iA4

exp(-( 1

τM

+ A2 + iA4)t) +

([E0*](t)0) + [Pydiff
/ ](t)0)e

-A3 ∑
i)0

∞ A3
i

i!
×

1

τM

+ A2 + iA4

1

τM

-
1

τE0

+ A2 + iA4)e-t/τE0 + [D*](t)0)e
-t/τD (3)
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the monomer decays, and are fixed in the analysis. The
analysis of the monomer decays with eq 1 combined
with the analysis of the excimer decays with eq 3
yields the relative initial contributions from all four
species [Pyfree

/ ](t)0), [Pydiff
/ ](t)0), [E0*](t)0), and [D*](t)0)

and their fractions are obtained in eqs 4, parts a-d:

The sum of fE0 and fD yields fagg, the fraction of
pendants which are associated.

Experimental Section

All chemicals were purchased from Sigma-Aldrich (Milwau-
kee, WI) except for the ones listed below. Sodium dodecyl
sulfate (SDS) was purchased from VWR (Mississauga, ON).
Solvents of spectrograde quality (acetone, DMF and diethyl
ether) were purchased from either Sigma-Aldrich, or VWR and
used interchangeably. All solvents were used as received
unless otherwise noted. The double distilled water (deionized
from Millipore Milli-RO 10 Plus and Milli-Q UF Plus (Bedford,
MA)) was used in all preparatory steps and spectroscopy
experiments.

Synthesis of N-(1-Pyrenylmethyl)acrylamide (Py-
MAAm). The synthesis of PyMAAm was accomplished by
the reaction of acryloyl chloride with 1-pyrenemethylamine
hydrochloride (PyMeNH2.HCl). The amine was dried under
vacuum in a drying flask at 60 °C for 2 h prior to use. All
reaction flasks were dried under vacuum to remove any traces
of moisture. N-Methylmorpholine (1.3 mL, 11.8 mmol) was
added using a dry, airtight syringe to a suspension of 1.081 g
(4.04 mmol) of PyMeNH2.HCl in 40 mL of chloroform under
N2 atmosphere. The slurry was stirred for 1 h at ∼0 °C until
a thick white solution of PyMeNH2 (solution A) was obtained.
In a second flask, 3.0 mL (30 mmol) of acryloyl chloride was
added to 10 mL of ice-cooled chloroform under N2 atmosphere.
This acryloyl chloride solution was added dropwise by a dry,
airtight, N2 flushed syringe to the ice-cold solution A. The
reaction mixture was allowed to warm to room temperature
over 2 h and then stirred for 24 h. A milky solution with some
white precipitates was obtained. To this solution was added
50 mL of chloroform. The precipitate (N-methylmorpholine-
HCl) was removed by filtration. The filtrate was washed
twice with 0.25 N HCl, saturated NaCl, saturated NaHCO3,
and saturated NaCl solutions in that order. The chloroform
layer was dried over anhydrous MgSO4. The MgSO4‚H2O
was removed by gravity filtration. The product was washed
thoroughly with benzene (yield 81%), dried under vacuum and
then recrystallized from chloroform. 200 MHz 1H NMR
(CDCl3): δ 5.2 (d, 2H, Py-CH2), 5.6 (d of d, 1H, alkene trans-
H), 5.8 (m, 1H, NH), 6.1 (d of d, 1H, alkene cis-H), 6.3 (d, 1H,
alkene gem-H), 7.9-8.3 (several peaks, 9H, phenyl H’s). IR

(solid dry film): cm-1 1667 (strong) amide I band CO abs; 1550
(strong) amide II NH bending, 3275 (strong) NH stretching,
3034 (med) phenyl CH stretching. UV-vis (0.05 M SDS in
water): distinctive pyrene peaks at 344 (ε ) 4.3 × 104 M-1

cm-1), 328, and 314 nm.
Random Copolymerization. The copolymers were syn-

thesized with various comonomer mole ratios of PyMAAm to
N,N-dimethylacrylamide (DMAAm). The exact pyrene content
(λ, mol of pyrene/g of polymer) was determined postsynthesis
by UV-vis absorption measurements. The polymerization
procedures were essentially the same for all polymers that
were made, and the general scheme is as follows: PyMAAm
was recrystallized and dried under vacuum prior to use.
DMAAm was eluted through an inhibitor remover column
three times and distilled under vacuum. A dry, N2 filled glass
ampule containing 0.061 g (0.223 mmol, 1.4 mol %) of Py-
MAAm, 1.626 g (16.4 mmol, 98.6 mol %) of DMAAm, 0.0010 g
of AIBN, and 10 mL of DMF was outgassed in a vacuum line
by six freeze-thaw cycles. The solution mixture in the last
two cycles was thawed to room temperature. The ampule was
then sealed under vacuum. The polymerization was carried
out at 58 ( 2 °C to conversions of up to 40%. The polymeri-
zation mixture was cooled to ∼0 °C and added dropwise to 10×
excess ice-cold diethyl ether to precipitate the polymer. The
white or light yellowish polymer was dialyzed against water
with 3500 MW cutoff dialysis bag to remove oligomers, residual
DMF, and unreacted monomers. The polymer solution was
removed from the bag and rotovaped to remove water. The
polymer was then redissolved in acetone and the polymer
solution was added dropwise into 10× excess ice-cold diethyl
ether until a large amount of white precipitates formed. This
was repeated four more times. The precipitates were then
removed and dried under vacuum for 2 days at 70 °C. 200 MHz
1H NMR (acetone-d6): δ 1.2 and 1.7 (broad, ∼2H, CH2), 2.6
(broad merged with next peak, ∼1H, CH), 2.9 and 3.1 (s, ∼6H,
NCH3), 5.2 (broad, seen in polymers with pyrene content > 4
mol %, Py-CH2), and 7.9-8.4 (several peaks, pyrenyl H). UV-
vis (0.05 M SDS in water): distinctive pyrene peaks at 344,
328, and 314 nm. Weight-average molecular weights were
obtained by static light scattering measurements.

Determination of Random Copolymerization. The
random copolymerization of 91 mol % of DMAAm with 9 mol
% of PyMAAm was conducted in deuterated DMF with the
same procedure outlined above and followed over time by 1H
NMR. In a Schlenk flask were placed 0.060 g (0.21 mmol, 8.8
mol %) of PyMAAm, 0.2172 g (21.9 mmol, 91.2 mol %) of
DMAAm, 0.0004 g of AIBN, and 3 mL of DMF-d7. Several
aliquots (∼20 µL) of the reaction mixture were removed over
time under inert conditions and dissolved in CDCl3, and a
NMR spectrum was acquired on a 500 MHz Bruker spectrom-
eter. The usage of deuterated solvent allowed for the quantita-
tive monitoring of the peak integral associated with the various
compounds in the reaction mixture, namely the polymer and
the two monomers. The 1H NMR spectrum at the midpoint of
the reaction exhibited the following peaks: δ 1.2 and 1.7
(broad, polymer backbone CH2), 2.6 (broad merged with next
peak, polymer backbone CH), 2.9-3.1 (broad peaks, NCH3 of
polymer and DMAAm), 5.20 (d, Py-CH2) and 7.9-8.4 (several
peaks, pyrenyl H of polymer and PyDMAAm). 5.60-5.64 (two
d of d, alkene trans-H of PyMAAm and DMAAm), 6.12 (d of d,
alkene cis-H of PyMAAm), 6.24 (d of d, alkene gem-H of
DMAAm), 6.34 (d of d, alkene gem-H of PyMAAm), 6.55 (d of
d, alkene cis-H of DMAAm). The peaks at 6.55 and 6.24 ppm
were chosen to determine how much DMAAm monomer was
present for a given conversion. The peaks at 6.12 and 6.34 ppm
were chosen to characterize the DMAAm monomer. All the
peaks were observed against the internal standard pyrene
(several peaks from 7.9 to 8.3 ppm). The decrease of the peak
intensities of DMAAm and PyDMAAm with respect to the
internal standard was monitored over time to yield the
cumulative copolymer composition. Figure S1 in the Support-
ing Information is the plot of the cumulative copolymer
composition as a function of conversion which shows no
appreciable drift from the initial feed composition for monomer
conversions up to 80%. This confirms that the incorporation

fdiff )
[Pydiff

/ ](t)0)

[Pydiff
/ ](t)0) + [Pyfree

/ ](t)0) + [E0*](t)0) + [D*](t)0)

(4a)

ffree )
[Pyfree

/ ](t)0)

[Pydiff
/ ](t)0) + [Pyfree

/ ](t)0) + [E0*](t)0) + [D*](t)0)

(4b)

fE0
)

[E0*](t)0)

[Pydiff
/ ](t)0) + [Pyfree

/ ](t)0) + [E0*](t)0) + [D*](t)0)

(4c)

fD )
[D*](t)0)

[Pydiff
/ ](t)0) + [Pyfree

/ ](t)0) + [E0*](t)0) + [D*](t)0)

(4d)
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of 9 mol % of PyDMAAm into the copolymer is random.
Consequently all polymers investigated in this study were
randomly labeled with pyrene, since they all had a pyrene
content lower than 9 mol %.

Pyrene Content of Copolymer Samples. A Hewlett-
Packard 8452A diode array spectrophotometer was used for
the absorption measurements. The spectrometer has an ac-
curacy of at most (1 nm. The copolymer composition was
determined by UV-vis absorption measurements. The pyrene
content of the polymer was established by measuring the
absorption of a solution prepared from a carefully weighed
amount (mp) of pyrene labeled polymer in a known volume (Vp)
of acetone solution. The pyrene concentration [Py] was then
estimated from the absorption value at 344 nm in acetone (ε
) 40,000 M-1 cm-1). The pyrene content λ for the copolymer
could be calculated from

expressed in mol of pyrene/g of polymer. The polymer absorp-
tion spectra were obtained in water solutions to qualitatively
determine the amount of aggregation using the peak-to-valley
ratio, PA.7

Light-Scattering Measurements. The absolute weight-
average molecular weight of all the polymers was determined
using static light-scattering measurements. Refractive index
increments (dn/dc) were determined for the PDMAAm, 15-
PyPDMAAm, 100-PyPDMAAm, 265-PyPDMAAm, and 645-
PyPDMAAm. For all the other polymers, it was evaluated as
a composition-weighted average of the values determined for
these polymers.11 The dn/dc values of the polymers were
measured at 22.0 ( 0.1 °C using a Brice-Phoenix differential
refractometer equipped with a 510 nm band-pass interference
filter. Light-scattering measurements for PDMAAm were done
in water, acetone, and DMF. Measurements of all the PyPD-
MAAm polymers were done in acetone and the weight-average
molecular weights are reported in Table 1. Measurements for
265-PyPDMAAm, 480-PyPDMAAm, and 645-PyPDMAAm were
done in DMF. A Brookhaven BI-200 SM light-scattering
goniometer equipped with a Lexel 2 W argon ion laser
operating at 514.5 nm was used for the static light-scattering
measurements. The weight-average molecular weight was
determined by Zimm extrapolation to zero angle and zero
concentration for a series of measurements for six to eight
solutions of concentrations between 0.1 and 1.0% (w/v) at
angles ranging from 45 to 150°. The samples were filtered
through 0.5 µm filters prior to light-scattering measure-
ments.

Intrinsic Viscosity Measurements. Viscosities of the
PDMAAm were measured in DMF and acetone at 20.0 ( 0.1
°C with a Ubbelohde viscometer in a water bath in order to
determine intrinsic viscosity [η].

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. The spectra of all solutions were
obtained with the usual right angle configuration. All solutions
were degassed under a gentle flow of nitrogen for 20 min. The
samples were excited at 344 nm and the fluorescence intensi-
ties of the monomer (IM) and of the excimer (IE) 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.
More experimental details about this instrument can be found
in earlier publications.5,8

Analysis of the Fluorescence Decays. The fluorescence
decays were fitted by either a sum of 2, 3, or 4 exponentials

(cf. eq 5). In eq 5, X equals either M for monomer or E for
excimer.

The monomer fluorescence decays were also fitted by eq 1,
which was derived from the blob model. Equation 1 is a
variation of the equations generally used to deal with micellar
systems.12 Due to the random copolymerization synthetic pro-
cedure, some PyMAAm monomers are expected to be incor-
porated into the polymer backbone next to one another. These
nearby pyrene moieties form excimer on a subnanosecond time
scale which is dealt with by using a light-scattering correc-
tion.5,8 Equations 1 and 5 were convoluted with the instrument
response function L(t). The light-scattering correction was
introduced by adding the instrument response function to the
convolution product according to eq 613

where the symbol X indicates the convolution and ascatt

indicates the fraction of light-scattering correction being
applied. The resulting function IX(t) was then compared with
the experimental fluorescence decay, and the parameters of
either eq 1 or 5 were optimized using the Marquardt-
Levenberg algorithm.14a

The excimer decays were also fitted with eq 3. In eq 3, τD

was fixed to equal τE3 obtained from the triexponential fits of
the excimer fluorescence decays. The A2, A3 and A4 values were
taken from the results of the fits of the monomer decays with
eq 1 and kept constant in the analysis. A general linear least-
squares routine was used to fit the excimer fluorescence
decays.14b The ø2 parameter was optimized by applying a
Golden section search to the lifetime τE0.14c

Results
Steady-state fluorescence spectra were recorded for

all PyPDMAAm polymer solutions in DMF, acetone,
water, and acetone/water mixtures. Fluorescence mea-
surements were all performed at low polymer and
consequently low pyrene concentrations to prevent
intermolecular pyrene excimer formation. The pyrene
concentration of all the polymer solutions were deter-
mined by absorption measurements to be 3 × 10-6 M.
Figure 1A shows the normalized spectra of the polymers
PyPDMAAm in acetone with pyrene contents ranging
from 15 to 350 µmol/g. The spectra were normalized at
374 nm, which corresponds to the 0-0 peak. Figure 1A
shows that more excimer is being formed intramolecu-
larly as the pyrene content of the polymer increases.
Similar trends were observed for all solvents. The ratio
of excimer to monomer, IE/IM, was calculated. Since
the process of excimer formation is diffusion-controlled,
the solvent viscosity (η(water, 24 °C) ) 0.96 mPa‚s,
η(acetone, 24 °C) ) 0.31 mPa‚s) is taken into account
by multiplying the ratio IE/IM by the solvent viscosity
(η). The solvent viscosity of 15% acetone and 85% water
(w/w, 15 acetone/85 water) mixture was measured
with an Ubbelhode viscometer and found to be higher
than that of water (η(15 acetone/85 water, 24 °C) ) 1.23
mPa‚s), and the viscosity of the 35% acetone and 65%
water mixture (w/w, 35 acetone/65 water) was even
higher (η(35 acetone/65 water, 24 °C) ) 1.41 mPa‚s).
The product of η × IE/IM is plotted as a function of
pyrene content in Figure 1B.

According to the Birks’ scheme, the ratio ηIE/IM
increases linearly with concentration for molecular
pyrenes in a homogeneous solution.6 When pyrene is
covalently attached onto a polymer backbone, the ratio

iX(t) ) ∑
i)1

nexp

aXi exp(- t/τXi) nexp ) 2, 3, or 4 (5)

IX(t) ) iX(t) X L(t) + ascattL(t) (6)

λ )
[Py]

mp/Vp
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ηIE/IM has been found to increase exponentially with
pyrene content.8 This trend is observed in Figure 1B
for PyPDMAAm in all solvents. Figure 1B further
indicates that the steep ηIE/IM increase is more pro-
nounced for the polymer solutions in water at higher
pyrene contents (λ > 300 µmol/g). This trend is due to
the presence of aggregates of ground-state pyrenes in
water.7,15 Upon excitation, unassociated pyrenes will
form excimer slowly via diffusion. On the other hand,
ground-state pyrene dimers present in water form
excimer instantaneously. The process of excimer forma-
tion is thus expected to be much more efficient in water
than it is in acetone or DMF, resulting in a larger ηIE/
IM value in water than in acetone for a given pyrene
content. Intermediary trends were observed for the
acetone/water mixtures.

The existence of pyrene-pyrene ground-state associa-
tions can be established qualitatively from UV-vis
absorbance measurements and the analysis of the
excimer fluorescence decays. When the 1-pyrenyl moiety
is used to label a polymer, a broadening of the absor-
bance peak at 344 nm is observed upon pyrene aggrega-
tion.7 The broadness of the peak is quantified by
determining the ratio PA of the absorbance at the peak
at 344 nm to that of the nearest valley (PA ) Abs(peak)/
Abs(valley)). The PA value is close to 3.0 in the absence
of associations and lower when associations are present.
Figure 2 shows that this value equals 2.8 ( 0.1 for all
the polymers in acetone, indicating little pyrene ag-
gregation. The same trend is observed in DMF where
the PA value equals 2.9 ( 0.1. The PA value is much
lower in water, ranging from 2.1 for 15-PyPDMAAm to
1.4 for 650-PyPDMAAm in water. The decrease in PA
value with increasing pyrene content observed in water

indicates that more pyrenes aggregate for polymers with
higher pyrene contents. When acetone is added to the
water solution the amount of associations reduces with
the increase of acetone content. In the 15 acetone/85
water mixed solvent, the PA value ranged from 2.6 to
1.5, showing a decrease in the amount of associations,
and in the 35 acetone/65 water mixed solvent the PA
value ranged from 2.8 to 2.0. These results clearly
indicate that acetone in water reduces or “melts” the
associations.

Similar conclusions can be drawn from the analysis
of the excimer fluorescence decays. In an excimer
fluorescence decay, the presence of a rise time is
attributed to the formation of excimers by diffusional
encounters between one excited pyrene and ground-
state pyrenes. All the excimer decays were fitted with
three exponentials yielding the rise time (τΕ1), two decay
times (τΕ2 and τΕ3) and their corresponding preexponen-
tial weights (aE1, aE2 and aE3). These are reported in
Table S1 in the Supporting Information. Because of the
presence of a rise time (cf. Figure 3), a negative
amplitude (aE1) is obtained. The ratio

Figure 1. Samples excited at 344 nm: (A) fluorescence
spectra of 15, 100, 185, and 350-PyPDMAAm in acetone (from
bottom to top); (B) ratio ηIE/IM as a function of pyrene content,
λ (µmol/g) (b in water, 2 in acetone, 0 in 35 acetone/65 water
mixture, and ] in 15 acetone/85 water mixture). The pyrene
concentration of these polymer solutions was 3 × 10-6 M.

Figure 2. Peak-to-valley ratios (PA) of the UV-vis absorption
spectra of the PyPDMAAms at 344 nm (b in water, 2 in
acetone, 0 in the 35 acetone/65 water mixture, and ] in the
15 acetone/85 water mixture). The pyrene concentration of
these polymer solutions was 3 × 10-6 M.

Figure 3. Excimer fluorescence decays of 350-PyPDMAAm
in water (right) and acetone (left) (λex ) 344 nm, λem ) 510
nm). The pyrene concentration of these polymer solutions was
3 × 10-6 M. The residuals and the autocorrelation function of
the residuals are randomly distributed around 0.

ê )
aE1

aE2
+ aE3

Macromolecules, Vol. 35, No. 22, 2002 Effect of Solvent Quality 8565



gives information about whether the excimers are
formed by preassociation (ê ) 0.0) or by diffusional
encounters (ê ) -1.0).5b The ratio ê equaled -0.75( 0.07
in acetone and DMF and -0.08 ( 0.04 in water
indicating large amounts of preassociated pyrenes in
water but not in acetone and DMF. In the case of mixed
solvents, the ê ratio equaled -0.14 ( 0.06 and -0.38 (
0.08 with 15 acetone/85 water and 35 acetone/65 water,
respectively. The triexponential analysis of the excimer
fluorescence decays shows that in the 15 acetone/85
water and 35 acetone/65 water mixtures, the amount
of associations is intermediary between that in acetone
and water.

Interestingly, the ê ratio obtained from the triexpo-
nential analysis of the excimer fluorescence decays
remained constant with pyrene content for all solvents
considered. This behavior is different from that observed
for the PA values shown in Figure 2, where a downward
trend is obtained with increasing pyrene content for any
solvent that induces some pyrene associations. A priori,
these observations are contradictory since the PA mea-
surements indicate increased levels of association with
increased pyrene content, whereas the ê ratios suggest
that the level of association is independent of pyrene
content. These differences arise from the nature of the
techniques used. In an excimer fluorescence decay, only
those pyrenes that produce excimer are accounted for.
In a PA measurement, all pyrenes present in the solution
are monitored, even those which do not form any
excimer. The contribution of the pyrenes which do not
form any excimer is larger at low pyrene content and
negligible at high pyrene content. Consequently their
dependency on pyrene content affects the PA measure-
ments but not the ê ratios.

Informative as they might be, the previous measure-
ments do not provide any quantitative information
about the level of association of these polymer/solvent
systems. To this date, the procedure outlined in the
Theory section is the only one which can yield this
information for an AP where the associative pendants
are made of pyrene dyes. This procedure was used
toward the quantitative determination of the fractions
fdiff, ffree, fE0, and fD (cf. eq 4). First the lifetime (τM) of
the unquenched pyrene attached onto the polymer
backbone was determined from the monomer fluores-
cence decays of the 15-PyPDMAAm polymer. All mono-
mer fluorescence decays were fitted with a sum of
exponentials and the preexponential factors and decay
times are reported in Table S2 in the Supporting
Information. 15-PyPDMAAm has the lowest pyrene
content and most of the pyrenes attached onto the
polymer backbone exist as single isolated monomers
which form hardly any excimer. The fits of the decays
of 15-PyPDMAAm yielded a long decay time with a
minimum 86% contribution of the preexponential
weights. This long decay time was attributed to τM and
was found to equal 256 ns in acetone, 255 ns in 35
acetone/65 water, 250 ns in 15 acetone/85 water, 245
ns in water, and 220 ns in DMF.

In each solvent, the parameters f, kblob, 〈n〉, and
ke[blob] were retrieved from the analysis of the mono-
mer fluorescence decays with eq 1. The ø2 were smaller
than 1.30, the residuals and autocorrelation function of
the residuals were randomly distributed around zero
indicating good fits of the fluorescence decays. The f,
kblob, 〈n〉, ke[blob], and ø2 values are listed in Table S3
in the Supporting Information. Within experimental

error, kblob and ke[blob] were found to remain constant
with pyrene content, and their average values have been
listed in Table 2.

The average number of quenchers per blob, 〈n〉,
yielded the size of the blob (Nblob) using eq 7.8 In eq 7,
x is the mole fraction of pyrene labeled acrylamide units
in the copolymer, and 285 and 99 represent the molar
masses of the pyrene labeled acrylamide and N,N-
dimethylacrylamide. In each solvent, Nblob remains
constant with pyrene content within experimental error
and the average value is listed in Table 2. In each
solvent, the average number of quenchers per blob (〈n〉)
and the product kblob〈n〉 increase linearly with the
corrected pyrene content (λ/f) as shown in Figures 4 and
5, respectively. The correction 1/f, where f is the fraction
of pyrene monomers that do form excimer by diffusion
(cf. eq 1), accounts for the fact that some domains of
the polymer coil are poor in pyrene and do not contribute
to the process of excimer formation.8 Except for 100-
PyPDMAAm, f is usually close to 1.0 and the ratio λ/f
takes a value, which is close to the nominal pyrene
content of the polymer (λ):

The trends exhibited in each solvent by the param-
eters kblob, 〈n〉, ke[blob], and Nblob as well as by the
product kblob〈n〉 are expected according to the blob model
framework and discussed in more detail in the following
section. At this stage, all the parameters (i.e., kblob, 〈n〉,
and ke[blob]) relevant to excimer formation by diffusion
have been obtained. Equation 3 was used to fit the

Table 2. Summary of the Parameters Retrieved by the
Blob Model Analysis of the Monomer Fluorescence

Decays

solvent
η

(103 Pa‚s)
kblob

(107 s-1) Nblob

ke[blob]
(106 s-1)

water 0.89 1.9 ( 0.0 19 ( 1a 6.1 ( 1.5
15% w/w acetone/

85% w/w water
1.23 1.4 ( 0.2 25 ( 2a 5.5 ( 0.7

35% w/w acetone/
65% w/w water

1.41 1.1 ( 0.1 31 ( 2a 4.8 ( 0.5

acetone 0.31 0.9 ( 0.1 60 ( 6 5.3 ( 0.1
DMF 0.79 1.1 ( 0.1 26 ( 1 6.9 ( 0.9

a For these systems, the pyrene S quencher equivalence does
not exist due to the presence of hydrophobic associations (fagg >
0.0). 〈n〉 does not equal the number of pyrene per blob, and the
Nblob value recovered in these solvents is not accurate.

Figure 4. Plot of 〈n〉 vs λ/f where the parameters 〈n〉, and f
have been retrieved from the analysis of the monomer fluo-
rescence decays (λex ) 344 nm, λem ) 375 nm) with eq 1 (b in
water, 2 in acetone, 0 in the 35 acetone/65 water mixture,
and ] in the 15 acetone/85 water mixture).

Nblob )
〈n〉

(λ/f)(285x + 99(1 - x))
(7)
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excimer decays. The parameters kblob, 〈n〉, and ke[blob]
retrieved from the monomer decay analysis were fixed
in eq 3. Initially the excimer decays were fitted assum-
ing that no long-lived excited dimers were present (i.e.,
[D*]0 ) 0). The fits were poor at the longer times. The
presence of a long-lived component in the excimer
decays is confirmed by carrying out a triexponential fit
(results listed in Table S1 in the Supporting Informa-
tion). The excimer fluorescence decays had long decay
times (τE3) of 106 ( 15, 112 ( 21, 128 ( 19, 120 ( 15,
and 133 ( 26 ns in water, the 15 acetone/85 water
mixture, the 35 acetone/65 water mixture, acetone, and
DMF, respectively. These long decay times were recov-
ered with lesser accuracy because the contributions of
their preexponential weight were small. Although their
presence in the decays was small, they had to be taken
into account because the biexponential fits were poor.
As a consequence, the lifetime of the long-lived excited
dimers τD was arbitrarily fixed in the analysis of the
excimer decays with eq 3 to equal the values τE3

retrieved from the triexponential fits. On the basis of
the long decay times found in the triexponential fits of
the excimer decays, τD values of 100, 110, 125, 120, and
130 ns were chosen for the analysis of the excimer
decays in water, the 15 acetone/85 water mixture, the
35 acetone/65 water mixture, acetone, and DMF, re-
spectively. The fits were carried out with eq 3 and found
to be good. The excimer lifetime τE0 and the fractions of
all fluorescent species present in solution were deter-
mined for each polymer/solvent pair. The τE0 values
equaled 52.5 ( 2.5, 55.7 ( 2.7, 55.0 ( 2.0, 51.7 ( 2.3,
and 53.8 ( 2.2 ns in water, the 15 acetone/85 water
mixture, the 35 acetone/65 water mixture, acetone, and
DMF, respectively. These values are reasonable for the
lifetime of the pyrene excimer.6 They are listed in Table
S4 in the Supporting Information. The fraction of
aggregated pyrene pendants (fagg) is given by the sum
of fE0 and fD. It is plotted in Figure 6 for all the solvents
considered.

Discussion

The kinetics of excimer formation for dilute solutions
of PyPDMAAm with different pyrene contents were
investigated using a blob model. For each solvent, the
parameters retrieved from the monomer fluorescence
decay analysis (i.e., kblob, 〈n〉, ke[blob]) can be shown to

be consistent within the framework of the blob model.
However comparison of the results obtained with dif-
ferent solvents requires a thorough understanding of
the physical meaning of the blob model parameters. A
description of how kblob and 〈n〉 are expected to behave
is provided hereafter.

The rate of excimer formation by diffusion between
one excited pyrene and one ground-state pyrene located
inside the same blob (kblob) is a pseudo-unimolecular rate
constant. In fact, kblob is the product of the rate constant
of diffusion-controlled encounter with the equivalent
concentration of one ground-state pyrene inside one
blob, i.e.

The rate constant k is inversely proportional to the
solvent viscosity η (k ∝ η-1).16 As the solvent viscosity
increases, a smaller volume is being probed by an
excited pyrene so that Vblob is also inversely proportional
to the solvent viscosity (Vblob ∝ η-1). The consequence
is that kblob is not expected to depend on solvent
viscosity.

Experimental support for this conclusion is presented
in a forthcoming article.19 This result is unexpected
because the rate constant of excimer formation by
diffusion in numerous other systems exhibiting re-
stricted geometries must be corrected for medium
viscosity when comparisons between systems are being
made.20 This is because these systems have well-defined
boundaries which do not change with viscosity. In this
respect, the blob model is unique since the boundary of
the restricted volume where excimer formation takes
place evolves with solvent viscosity.

Although kblob does not depend on solvent viscosity,
the rate of excimer formation by diffusion kblob is
inversely proportional to the blob volume (kblob ∝ 1/Vblob).
This statement is similar to the one made for micellar
systems for which the pseudo-unimolecular rate of
quenching inside a micelle is inversely proportional to
the micellar volume.21 The parameter 〈n〉 is the average
number of quencher per blob where a quencher is either
a ground-state pyrene or a ground-state pyrene ag-
gregate. Consequently the product kblob〈n〉 is propor-
tional to 〈n〉/Vblob, which represents the local quencher
concentration inside the polymer coil.

Figure 5. Plot of kblob〈n〉 vs λ/f where the parameters kblob,
〈n〉, and f have been retrieved from the analysis of the monomer
fluorescence decays (λex ) 344 nm, λem ) 375 nm) with eq 1
for water, acetone and mixtures of the two (b in water, 2 in
acetone, 0 in the 35 acetone/65 water mixture and ] in the
15 acetone/85 water mixture). The inset shows the same plot
for polymers in acetone (2) as compared with DMF (4).

Figure 6. Fraction of associated pyrenes for the polymers
studied (b in water, 2 in acetone, 0 in the 35 acetone/65 water
mixture, ] in the 15 acetone/85 water mixture, and 4 in DMF).

kblob ) k × 1
Vblob

kblob ) k × 1
Vblob

∝ η-1

η-1
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Water, Acetone and Mixed Solvents. Figure 5
shows that the local quencher concentration (kblob〈n〉)
obtained by fluorescence increases linearly with the
corrected pyrene content (λ/f) obtained by UV-vis
absorbance. For each solvent, kblob remains constant
with pyrene content and its values are listed in Table
2. Since kblob is inversely proportional to Vblob, the
quantity Vblob remains constant with pyrene content of
the polymer for a given solvent. As the pyrene content
increases, more pyrenes fill the blobs and the average
number of quencher per blob (〈n〉) increases linearly
with the corrected pyrene content (cf. Figure 4). The fact
that the blob model yields reasonable trends even in
water is remarkable due to the presence of hydrophobic
pyrene associations which induce a hydrophobic collapse
of the polymer coil.

The plots of kblob〈n〉 vs (λ/f) shown in Figure 5 overlap
for water and for the 15 acetone/85 water and 35
acetone/65 water mixtures. In water, most pyrene
groups are associated (cf. Figure 6) and the quenchers
are mostly aggregates of ground-state pyrenes. The
pyrene S quencher equivalence does not hold in water
or the acetone/water mixtures because significant as-
sociations between pyrenes lead to the following rela-
tionship:

As a matter of fact, the local quencher concentration
([Q]loc) is related to the local pyrene concentration
([Py]loc) according to the following relationship:

where Nagg represents the average number of pyrene
units per pyrene aggregate. According to eq 8 and
assuming a hypothetical Nagg of 20, [Q]loc will be 20
times smaller than [Py]loc if fagg equals 1.0. Thus,
knowledge of the level of association becomes critical
when comparing the local quencher concentration inside
the polymer coil in different solvents. The pyrene S
quencher equivalence exists only in those solvents
where fagg is close to 0, i.e., acetone and DMF in the
present study (cf. Figure 6). The pyrene S quencher
equivalence is also required for the determination of
Nblob. Since eq 7 used to calculate Nblob requires the
average number of pyrene per blob, it can be used only
for those solvents where fagg is close to zero, i.e., none
of the solvents inducing pyrene associations. Neverthe-
less, it is worth noting that the determination of the
fractions fdiff, ffree, fE0, and fD is not affected by the
presence of pyrene aggregates, despite the fact that the
meaning of the parameters retrieved from the blob
model might be affected by it.

Water being a poor solvent for pyrene, addition of
water to the acetone solutions leads to the formation of
pyrene aggregates. This was confirmed qualitatively by
UV-vis absorbance measurements and from the analy-
sis of the excimer rise time. This is confirmed quanti-
tatively in Figure 6, where fagg increases with increasing
water content. For a given solvent, fagg increases also
with the pyrene content of the polymer indicating
increased pyrene associations. This agrees with the
qualitative PA trends obtained by UV-vis absorbance
(cf. Figure 2). In water, fagg equals 1.0 only for the

highest pyrene contents investigated in this study.
Interestingly polymers with lower pyrene contents have
an fagg value which is lower than 1.0. For 265PyPD-
MAAm in water, only 64% of all pyrene groups are
associated. A similar result (58%) has been obtained for
two pyrene-labeled hydrophobically modified alkali
swellable emulsion copolymers with pyrene contents of
42 and 65 µmol/g.5b

Addition of acetone to the aqueous polymer solutions
melts the pyrene aggregates and frees the polymer
chain, the excited pyrene monomers probe a larger
volume, and kblob decreases (cf. Table 2). Since the
addition of acetone melts the pyrene aggregates, more
pyrene groups are available to act as quencher and the
number of quenchers (〈n〉) populating the larger blobs
increases. This is observed in Figure 4. Multiplying the
decreasing kblob by the increasing 〈n〉 results in a
constant local quencher concentration and within ex-
perimental error, no difference is observed for the plots
of kblob〈n〉 vs (λ/f) in water and the 15 acetone/85 water
and 35 acetone/65 water mixtures.

Since the kblob values in acetone and the 35 acetone/
65 water mixture are equal within experimental error,
an excited pyrene probes a similar volume in both
solvents. However, fagg is much larger in the 35 acetone/
65 water mixture than in acetone (cf. Figure 6). Switch-
ing the solvent from the 35 acetone/65 water mixture
to acetone melts the remaining pyrene aggregates.
Thus, acetone generates more quenchers which can
distribute themselves among blobs which have similar
sizes in acetone and in the 35 acetone/65 water mixture.
Consequently the local quencher concentration (kblob〈n〉)
is larger in acetone than in water and the 15 acetone/
85 water and 35 acetone/65 water mixtures.

Acetone and DMF. The blob model has been used
to determine the fraction of associated pyrenes of
different PyPDMAAms in four solvent systems so far.
Figure 6 shows that fagg is much smaller in acetone than
in water but also, that it is smaller than in the acetone/
water mixtures, as expected. It equals 0.21 ( 0.07 in
acetone, which indicates that 21% of all pyrenes are
preassociated, even in acetone which is a good solvent
for pyrene according to the PA values shown in Figure
2. Two reasons can be evoked to rationalize the presence
of residual pyrene associations in acetone. First PyPD-
MAAm is made by radical copolymerization and Py-
MAAm is incorporated randomly into the polymer
backbone. If some PyMAAm monomers are incorporated
next to each other, they will form excimer instanta-
neously and cannot be distinguished from pyrene ground-
state aggregates. Consequently the random incorpora-
tion of PyMAAm can result in a nonzero value of fagg.
Second poor solvent quality toward the polymer back-
bone can also lead to nonzero fagg values. A poor solvent
will yield a collapsed polymer coil where the pyrenes
are closer to one another, inducing the formation of
pyrene aggregates.

The second viral coefficients (A2) were measured by
light-scattering for all PyPDMAAms in acetone, and
they are listed in Table 3. Interestingly, A2 decreases
with increasing pyrene content, which indicates that the
incorporation of pyrene into the polymer decreases the
polymer-solvent interaction parameter and thus also
the solubility of the copolymer in acetone. According to
the A2 values, acetone switches from a mediocre solvent
for PyPDMAAm at low pyrene contents to a bad solvent
at pyrene contents larger than 500 µmol/g. Being at best

[Py]loc >> [Q]loc )
〈n〉

Vblob

[Q]loc ) [Py]loc(1 - fagg +
fagg

Nagg
) ∝ kblob〈n〉 (8)
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a mediocre solvent for PyPDMAAm, acetone could yield
artificially high levels of association. To monitor the
effects of solvent quality on fagg, a new set of experiments
were completed in DMF which was expected to be a
better solvent for PyPDMAAm. This was confirmed by
static light-scattering which yielded A2 values which
were consistently larger in DMF than in acetone (cf.
Table 3). Furthermore, the A2 coefficients were positive
regardless of the pyrene content for the four PyPD-
MAAms studied in DMF. That acetone is a mediocre
solvent and DMF a good one for the PyPDMAAms was
confirmed by carrying out intrinsic viscosity ([η]) mea-
surements. The pyrene-labeled polymers yield [η] val-
ues, which were found to be consistently and signifi-
cantly smaller in acetone than in DMF (cf. Table 3),
further confirming that the PyPDMAAm coil is more
expanded in DMF than in acetone.

Within experimental error, the parameters kblob, Nblob,
ke[blob], and fagg retrieved for the PyPDMAAms in DMF
remained constant with pyrene content and equaled
1.1 ( 0.1 × 107 s-1, 26 ( 1, 6.9 ( 0.9 × 106 s-1 and 0.13
( 0.05. Changing the solvent from acetone (mediocre
solvent for PyPDMAAm) to DMF (good solvent for
PyPDMAAm) yielded a lower level of association as
expected, but fagg remained larger than 0.0 in DMF. The
remaining “residual” association observed in DMF must
be due to the random incorporation of short PyMAAm
stretches into the polymer backbone. Although fagg does
not equal 0.0 in DMF and acetone, it is rather small in
both solvents so that the quencher S pyrene equivalence
can be assumed to hold in both solvents at first ap-
proximation. Consequently 〈n〉 represents the number
of pyrene per blob and the values retrieved for Nblob
are not expected to be severely affected by the presence
of residual pyrene ground-state aggregates. The blob
size Nblob was found to be 2.3 ( 0.2 times larger in
acetone than in DMF, whereas the blob volume does not
change much between acetone and DMF (kblob[for ac-
etone] ≈ kblob[for DMF]). Thus, the polymer coil is less
dense in DMF than in acetone, as expected since DMF
is a better solvent for PyPDMAAms. Since the chains
are stretched in DMF, the pyrenes are far apart result-
ing in a lower fagg value in DMF than in acetone.

Relationship with Other Works. Hydrophobically
modified PDMAAms (HM-PDMAAm) with hydrophobes
incorporated along the polymer backbone belong to the
category of APs described as multisticker chains.22 In
the semidilute and entangled concentration regime,
each chain is held in place by two types of physical ties,
namely the entanglements of the polymer chain and the
hydrophobic aggregates. Under stress, a HM-PDMAAm

chain can relax by reptating out of its tube only when
it has been released from all its hydrophobic ties. The
theory dealing with the viscoelastic behavior of these
polymeric solutions was developed by Leibler et al. and
it combines reptation with the notion that the chain
motion is slowed by stickers involved into transient
associations.23 One ubiquitous parameter in Leibler et
al. theory is p, the fraction of stickers engaged in an
association, referred to as fagg in this study. Candau et
al. have shown that several scaling behaviors predicted
by the Leibler et al. model are well-obeyed.22b,c However
none of these measurements can access the p parameter
in situ as fluorescence measurements can do with fagg.
The ability to determine the fagg parameter by fluores-
cence should open new research venues for the charac-
terization of the viscoelastic behavior of multisticker
chains in the semidilute and entangled concentration
regime.

Recently HM-PDMAAms have been shown to form
thermally reversible coacervates.24 This property leads
to potential applications for HM-PDMAAm in separa-
tion technology24 and in drug delivery systems25a among
others.25 HM-PDMAAms have been synthesized with
N-phenylacrylamides,24 N-[1-(1-pyrene)octadecyl]acryl-
amide,26a N-octadecylacrylamide,26b N-dodecylmethacryl-
amide,26b and 2-(N-ethylperfluorooctanesulfonamido)-
ethyl acrylate as hydrophobes.26c The rheological pro-
perties of HM-PDMAAms have been examined in the
three later cases. Of these, only those polymers contain-
ing perfluorinated alkyl side groups exhibit strong
associating behavior at less than 1.5 mol % hydrophobic
content and molecular masses on the order of 106

g/mol.26e HM-PDMAAms containing hydrocarbon alkyl
chains exhibit some associating behavior as well but at
higher concentration, with higher hydrophobic content
(2.8 and 6.5 mol %) with lower molecular masses (104

g/mol).26c The underlying feature of all these systems
resides in the associative power exhibited by the hydro-
phobes of the HM-PDMAAms. The determination of fagg
as a function of the chemical structure of the HM-
PDMAAms should provide valuable information toward
the design of improved thermally reversible coacervates.
If the dye pyrene can be covalently attached onto the
hydrophobe, the present study demonstrates that fagg
can be determined by fluorescence.

Conclusions
The hydrophobic chromophore pyrene has been co-

valently attached onto a water-soluble polymer back-
bone, poly(N,N-dimethylacrylamide). In water, hydro-
phobic associations between the pyrene hydrophobes
take place. Their presence was established qualitatively
by monitoring two well-established spectroscopic effects,
namely the broadening of the absorbance peak at 344
nm and the disappearance of a rise time in the excimer
decays. Upon addition of a less polar solvent like
acetone, the pyrene aggregates melt. Using a blob
model, the level of association of the pyrene hydrophobes
could be determined quantitatively. In a given solvent,
fagg increases with pyrene content and decreases upon
addition of an organic solvent like acetone which melts
the hydrophobic aggregates. Switching the solvent from
acetone (a mediocre solvent for PyPDMAAm) to DMF
(a good solvent for PyPDMAAm) further reduces fagg
since the polymer coil expands and the pyrene groups
are more isolated.

In this work, the determination of fagg demanded the
knowledge of how the pyrene pendants diffusionally

Table 3. Second Viral Coefficients and Intrinsic Viscosity
Obtained for the PyPDMAAm Polymers in Acetone and

DMF

A2 (10-4 cm3‚mol‚g-2)
[η] (cm3‚g-1)DMF

((10%)
acetoneb

((20%) DMF acetone

PDMAAma 2.1 2.8 21.8 ( 0.1 21.2 ( 0.1
100PyPDMAAm 0.9
265PyPDMAAm 2.3 0.9 36.5 ( 0.2 27.6 ( 0.2
350PyPDMAAm 0.7
480PyPDMAAm 1.6 -0.0
570PyPDMAAm -0.5
645PyPDMAAm 1.6 -0.8 17.2 ( 0.1 11.5 ( 0.3

a In water, PDMAAm has an A2 of 3.1 × 10-4 cm3‚mol‚g-2 and
[η] of 30.7 ( 0.2 cm3‚g-1. b Larger errors are associated with
acetone due to the higher volatility of the solvent.
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encounter. This was accomplished by applying the blob
model. The diffusion-controlled encounters between
pyrenes could be analyzed in a variety of solvents having
different solvating properties. DMF is a good solvent for
the polymer backbone and the pyrene pendants. Acetone
is a good solvent for the pyrene pendants, but a poor
one for the polymer backbone. Water and the acetone/
water mixtures were good solvents for the polymer
backbone but bad ones for the pyrene pendants. These
solvent/polymer combinations cover any possible situ-
ation which can be encountered with this series of
pyrene-labeled PDMAAms. Regardless of the polymer/
solvent combination investigated, the blob model gave
a quantitative description of the polymeric system which
was always in agreement with the qualitative informa-
tion known about the system (solvent quality, hydro-
phobic associations).
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