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ABSTRACT: The fluorescence decays of the pyrene monomer of a series of pyrene-labeled poly(N,N-
dimethylacrylamide)s (PyPDMAAmM) were acquired in N,N-dimethylformamide (DMF) and acetone with
different concentrations of nitromethane and at very low polymer concentration. DMF and acetone are
good and mediocre solvents for PyPDMAAmM, respectively. Nitromethane is a potent quencher of pyrene.
Nitromethane addition to the polymer solution shortens the pyrene lifetime. The fluorescence decays of
the quenched and unquenched pyrene-labeled polymers were analyzed with a blob model. Shortening
the lifetime of pyrene reduces the volume probed by the dye while it remains excited. For each quencher
concentration, the blob volume and size were determined, and scaling laws were shown to hold. The
exponents retrieved from the scaling relationships agreed with those reported in polymer science textbooks.
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Introduction

An experimentalist aiming at characterizing polymer
chain dynamics by fluorescence collisional quenching
has no more than two options at hand. In the first
option, a dye and its quencher are covalently attached
at specific positions of the polymer chain. They can be
located at the chain ends of a monodisperse polymer,1=4
in which case end-to-end cyclization dynamics are
monitored, or at internal positions separated by a well-
defined polymer length,>8 which allows the investigation
of intrachain dynamics. A wealth of information has
been retrieved about polymer chain dynamics by using
this approach. These experiments require that the
polymeric chain spanning the dye and its quencher have
a well-defined length, since the rate of encounter
between a dye and its quencher depends strongly on the
polymer chain length between the two species. A
guantitative analysis of the fluorescence data is more
complicated if the dye and quencher are attached at the
ends of a polydisperse polymer. It is also interesting to
note that only two units of the entire polymer chain are
being probed in such an experiment, namely the two
units bearing the dye and its quencher. In the case of a
10K polystyrene chain end-capped with a dye and its
quencher, 98% of all monomer units constituting the
chain are invisible.

In the second option, the dye and its quencher are
randomly attached onto the polymer chain.”~1! This
procedure ensures that the entire chain is being probed.
Unfortunately, the random labeling of the polymer chain
leads to a distribution of chain lengths spanning dyes
and quenchers, which yields an intractable number of
encounter rate constants. Consequently, only qualitative
information about polymer chain dynamics could be
retrieved until recently.

Obviously, the ideal option consists of combining both
aspects, i.e., randomly labeling the polymer chain to
probe it in its entirety while still retrieving quantitative
information from the analysis of the fluorescence data.
This is now possible with the help of a blob model.'! In
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a blob-based analysis, the focus is the excited dye
attached onto the polymer chain. While it remains
excited, its motion is hindered by the chain already
present inside the polymer coil and also by the mass of
polymer it has to drag. Consequently, the excited dye
does not move freely throughout the polymer coil during
its lifetime but rather probes a well-defined volume,
which is referred to as a blob. The polymer coil is then
arbitrarily divided into identical blobs. Since the quench-
ers are randomly attached onto the polymer, they
distribute themselves randomly among the blobs ac-
cording to a Poisson distribution. The Kinetics of en-
counter between an excited dye and the quenchers can
be accounted for by using models that were initially
developed for micellar systems,213 the only difference
being that the micelle is replaced by a polymeric blob.
So far, the blob model has been successfully applied to
describe the kinetics of encounter between pyrenes
randomly attached onto polystyrene!!? and poly(N,N-
dimethylacrylamide).11® In these studies, the ground-
state pyrene is the quencher of the excited pyrene.
Diffusional encounter between the two leads to the
formation of an excited complex called an excimer,
which results in the disappearance of the excited
monomer.14

Whether they are derived for linear,'> star,'® or
branched” polymers or block copolymers in micelles,'®
blob models are always utilized to describe the scaling
properties of polymer chains. Consequently, scaling laws
must also be observed with the blob model developed
for the fluorescence experiments described above. Since
a blob represents the volume probed by an excited dye
during its lifetime, altering the lifetime of the dye must
affect the blob volume. As a result, a simple quenching
experiment will yield a series of blob sizes, for which a
scaling behavior should be observed. To this effect, a
series of seven pyrene-labeled poly(N,N-dimethylacryl-
amide)s (PyPDMAAmM) have been investigated in solu-
tions containing increasing amounts of nitromethane,
an efficient quencher for pyrene. Whether in dimethyl-
formamide (DMF), a good solvent for PyPDMAAmM or
acetone, a mediocre solvent for PyPDMAAmM,1P scaling
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Table 1. Weight-Average Molecular Weights (Determined
by Static Light Scattering), Pyrene Content in mol %,
and 4 (mol of Pyrenes per g of Polymer) of Py-PDMAAM
and PDMAAmM (Determined by UV—vis Absorption)

Muw pyrene content A
polymer (kg/mol) (mol %) (umol/g)
PDMAAmM 94 0.0 0
15Py-PDMAAM 80 0.2 15
100Py-PDMAAM 297 1.0 98
265Py-PDMAAM 165 2.7 263
350Py-PDMAAmM 134 3.7 349
480Py-PDMAAM 123 5.2 479
570Py-PDMAAmM 105 6.3 570
650Py-PDMAAM 105 7.3 645

laws are shown to hold between the parameters re-
trieved by the blob model.

Two types of quenchers are being used in this paper
with very distinct purposes. The first quencher is
nitromethane, which is a small molecule which dissolves
homogeneously in the solvent. The quenching of the
excited pyrene by nitromethane results in a shortening
of the pyrene lifetime which is proportional to the
nitromethane concentration. The second quencher is the
ground-state pyrene. Since pyrene is randomly incor-
porated into the polymer backbone, pockets are gener-
ated inside the polymer coil which are either rich or poor
in pyrene. This range of local pyrene concentrations
inside the polymer coil leads to a distribution of rate
constants for excimer formation which is handled by the
blob model. In this study, the nitromethane quencher
shortens the lifetime of the excited pyrene, which
restricts the volume it can probe before being quenched
by a ground-state pyrene. The introduction of nitro-
methane as a quencher to the polymer solution brings
under scrutiny processes which occur over shorter time
scales, a procedure which has already been used to
probe the internal motions of macromolecules by fluo-
rescence anisotropy.'®

Experimental Section

Most of the procedures used and syntheses carried out in
this study have been already reported.!’® They are succinctly
reviewed hereafter.

Chemicals. The quality and source of all chemicals and
solvents used in this study have been reported in an earlier
publication.t®

Synthesis of Poly(N,N-dimethylacrylamide-co-N-meth-
ylpyreneacrylamide) (PyPDMAAmM). The copolymers were
synthesized by random copolymerization of N-methylpyrene-
acrylamide (PyMeAAm) and N,N-dimethylacrylamide in DMF.
Details about the synthesis have been reported elsewhere.11®
The copolymers were purified by dialysis followed by several
precipitations. The weight-average molecular weights deter-
mined by static light scattering, and the pyrene contents
determined by UV—vis absorption were obtained in an earlier
publication'® and are listed in Table 1. The random incorpora-
tion of the comonomers into the growing polymer chain was
confirmed earlier by *H NMR.1%?

Steady-State Fluorescence Measurements. All fluores-
cence spectra were collected 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
acquired with the usual right angle configuration. A gentle
flow of nitrogen for 20 min was used to degas all solutions.
The fluorescence intensities of the monomer (Iy) and of the
excimer (lg) were taken by measuring the integrals under the
fluorescence spectra from 372 to 378 nm for the monomer and
from 500 to 530 nm for the excimer. All samples were excited
at 344 nm. The concentration in pyrene was kept at or below
3 x 107% M to avoid intermolecular excimer formation. The
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Figure 1. Fluorescence spectra of Py-PDMAAmM with increas-
ing pyrene contents in A (umol/g) = 15, 100, 265, 350, 480, 570,
and 645 (bottom to top). The spectra were normalized at 374
nm, which corresponds to the 0—0 peak. All samples were
excited at 344 nm, and the pyrene concentration of these
polymer solutions was ~3 x 1076 M.

same solution preparation was used for the time-resolved
fluorescence experiments.

Time-Resolved Fluorescence Measurements. All fluo-
rescence decay curves were recorded with a Photochemical
Research Associates Inc. System 2000 by the time-correlated
single photon counting technique. All samples were excited
at 344 nm, and the fluorescence emission from the pyrene
monomer and excimer were monitored at 375 and 510 nm,
respectively. More information on this instrument is reported
elsewhere.!!

Analysis of the Fluorescence Decays. The fluorescence
decays of the pyrene monomer were fitted by either a sum of
exponentials (eq 1) or the blob model equation (eq 2). The
parameters A,, Az, and A4 are given in eq 3. The definition of
the parameters Kpion,2° [hL) and ke[blob] is given in the Results
section. The parameter f in eq 2 represents the fraction of
excited pyrene monomers which form excimer via diffusion.

Nexp

im(t) = ZaM,i exp(—tty;) Ngp=2,3 (1)

im(t) = fexp(—Ayt — Ag[1 — exp(—A,b)]) +
(1 = f) exp(=tizy) (2

where

k.- k.[blob Ko 2
A, = M0 blobKel 1 A, =h blob .
(Kpion 1 Ke[blob])

7 Ky + ko[blob]
A, = Kpop T Ke[blob] (3)

Equation 2 was developed on the basis of the equations
generally used to deal with micellar systems.*?13 The random
copolymerization introduces some PyMeAAmM monomers next
to one another on the polymer backbone. The close vicinity of
these pyrene groups induces excimer formation on a subnano-
second time scale, which is too short to be probed by our time-
resolved spectrofluorometer. This fast excimer formation
process was accounted for in the analysis of the monomer
fluorescence decays by using a light scattering correction.?* The
parameters of eqs 1 and 2 were optimized using the Mar-
quardt—Levenberg algorithm.??

Results

Figure 1 represents the fluorescence spectra of
PyPDMAAms in DMF with increasing pyrene contents.
The fluorescence experiments were performed with a
pyrene concentration of 3 x 107® M to ensure that
excimer is formed intramolecularly. As more pyrene is
attached onto the polymer backbone, more intramolecu-
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Figure 2. Monomer fluorescence decays of pyrene (lex = 344
nm, lem = 375 nm) for 350-PyPDMAAmM with nitromethane
concentrations 0, 0.00092, 0.0035, and 0.0078 M in DMF.
Nitromethane content increases from right to left. The pyrene
congentration of these polymer solutions in DMF was ~3 x
10°¢ M.

Table 2. Summary of the Parameters Retrieved by the
Blob Model Analysis of the Monomer Fluorescence
Decays with and without Nitromethane Quencher

solvent,

[quencher)/mM 5 (103 Pa‘s) 7(Ns) Koiob (107 5™Y)  Nbiob
acetone 0.31 256 09+0.1 60 £ 6
acetone, 0.9 0.31 170 1.1+01 49 + 3
acetone, 3.1 0.31 100 1.5+0.2 41 +2
acetone, 8.2 0.31 46 24 +£0.2 29+1
DMF 0.79 220 11+01 26+ 2
DMF, 1.0 0.79 165 1.3+0.2 26+1
DMF, 3.5 0.79 99 1.7+01 21+3
DMF, 7.8 0.79 57 214+0.2 1942

lar encounters take place between an excited pyrene and
a ground-state pyrene and more excimer forms.

The effect of quencher concentration on the fluores-
cence decay of the pyrene monomer is shown in Figure
2. With increasing quencher concentration, the lifetime
of the pyrene monomer decreases. Nitromethane has
been used by others as a nonionic quencher suited for
organic solvents.?> The natural lifetime of the pyrene
monomer (zy,) attached onto the pyrene backbone was
determined from the biexponential fits of 15-PyPD-
MAAmM decays in acetone and DMF with eq 1. The
copolymer 15-PyPDMAAmM has a very low pyrene con-
tent, and most of the pyrenes exist as isolated mono-
mers. Thus, very little excimer is being formed with this
polymer sample. The fluorescence decays of 15-PyPD-
MAAmMm in acetone and DMF fitted with a sum of two
exponentials yield a long decay time with a contribution
which accounts for at least 85% of the total preexpo-
nential weight. This long decay time 3, was found to
equal 256 and 220 ns in acetone and DMF, respectively.
Upon quenching by nitromethane, 7y, reduces to ty. A
Stern—Volmer plot of %7\ Vs nitromethane concentra-
tion yields a straight line. The bimolecular quenching
rate constant (kg) by nitromethane is found to equal
2.2 x 10° and 1.7 x 10° M~ s71 in acetone and DMF,
respectively.

Quenching of pyrene by nitromethane provides a
means to control the pyrene lifetime. The largest
decrease in lifetime between the polymer with no
qguencher and the highest quencher concentration
(tm/Tm) Was 5.6 in acetone whereas in DMF the largest
ratio 3/tm was slightly lower at 3.9 (cf. Table 2).
According to the framework of the blob model, an excited
pyrene with a shorter lifetime probes a smaller volume
in the polymer coil. Consequently, quenching of pyrene
by nitromethane is expected to affect the blob size (Npjob)

Poly(N,N-dimethylacrylamide)s 8573

and the blob volume (Vypiop) retrieved from the analysis
of the fluorescence decays. These trends are investigated
in the Discussion section.

All monomer fluorescence decays with different ni-
tromethane concentrations in acetone and DMF were
fitted with eq 2. The fits were good with %2 smaller than
1.30. The blob model describes the kinetics of excimer
formation inside the polymer coil with three parameters,
namely, the average number of pyrene groups in a blob,
[ the rate constant of excimer formation inside a blob,
Kpion,2° and the rate at which pyrene groups exchange
from blob to blob, ke[blob], where k. is the exchange rate
constant and [blob] is the blob concentration inside the
polymer coil.1* The results obtained from the fits for all
polymer systems are listed in Table 3. In Table 3, the
parameter f represents the fraction of pyrenes that are
located in a pyrene-rich region of the polymer coil and
form excimer during the lifetime of the excited pyrene
(cf. eq 2).12

Discussion

The PyPDMAAmM series was studied in acetone and
DMF for two reasons. First, both solvents are good
solvents for the pyrene moieties so that little ground-
state pyrene associations are present and excimer is
formed essentially by diffusion.!? As a first approxima-
tion, each pyrene moiety can be considered as a poten-
tial quencher of the excited pyrene, and the pyrene <
guencher equivalence is believed to hold in acetone and
DMF.11P The existence of pyrene ground-state associa-
tions usually complicates a blob model analysis of the
fluorescence decays since an aggregate of ground-state
pyrenes can act as a single quenching entity. In that
case, there would be less quenchers in the polymer coil
than there are pyrenes. Second, the solvent quality of
acetone and DMF toward PyPDMAAmM has been shown
to be mediocre and good, respectively.11t Consequently,
the polymer coil is expected to adopt a conformation that
is more collapsed in acetone than in DMF. Since
different scaling behaviors are expected for polymers
dissolved in solvents having different quality, one would
expect those different scaling behaviors to be probed by
a blob model analysis. The parameters Kpiop and Npjop,
which are discussed in the following section, were found
to remain constant for a given quencher concentration
regardless of pyrene content, and only their average
values are reported in the text and figures. The reported
error bars represent the standard deviations calculated
from the results retrieved for the entire PyPDMAAM
series at a given nitromethane concentration.

Encounter Rate Constant (Kpion). The rate con-
stant kpiop characterizes the diffusion-controlled forma-
tion of excimer between one excited pyrene and one
ground-state pyrene, both located inside the same
blob.1120 A plot of kpe, ! as a function of the pyrene
lifetime in acetone and DMF is shown in Figure 3.
Within experimental error, ko1 increases linearly
with the pyrene lifetime. Interestingly, despite the fact
that DMF (725:.c = 0.79 mPa-s) is 2.5 times more viscous
than acetone (72s:c = 0.31 mPa-s), a single curve is
obtained in both solvents. The parameter kyop ™1 is not
viscosity-controlled! At first sight, this result is surpris-
ing because diffusion-controlled excimer formation usu-
ally imposes that the rate of excimer formation be
inversely proportional to the viscosity.

The explanation for this unexpected result is found
in the very definition of kye,. The rate constant for
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Table 3. Parameters Retrieved from the Blob Model Analysis of the Pyrene Monomer Fluorescence Decays of
Py-PDMAAmM in Acetone and DMF According to Eq 2

solvent polymer f Kplob (107 s71) mo ke[blob] (107 s7%) %2
acetone 100Py-PDMAAM 0.74 0.93 0.84 0.44 1.15
265Py-PDMAAmM 0.97 0.74 1.98 0.42 1.09
350Py-PDMAAM 0.96 0.79 2.30 0.46 1.18
480Py-PDMAAmM 0.99 0.95 2.92 0.68 1.14
570Py-PDMAAmM 0.99 0.89 3.75 0.45 1.01
650Py-PDMAAM 0.99 1.13 3.74 0.68 1.15
acetone 100Py-PDMAAM 0.66 1.10 0.80 0.51 1.04
0.9 mM 265Py-PDMAAM 0.94 1.08 1.55 0.73 1.13
nitromethane 350Py-PDMAAM 0.93 0.97 1.84 0.58 1.15
480Py-PDMAAmM 0.99 1.14 2.56 0.75 0.92
570Py-PDMAAmM 0.98 1.24 2.89 0.77 1.00
650Py-PDMAAM 0.99 1.32 3.42 0.74 1.12
acetone 100Py-PDMAAM 0.58 191 0.62 1.49 1.11
3.1mM 265Py-PDMAAM 0.92 1.57 121 1.32 1.16
nitromethane 350Py-PDMAAM 0.94 1.24 1.62 0.98 1.21
480Py-PDMAAmM 0.98 1.42 2.18 1.19 1.08
570Py-PDMAAM 0.99 1.44 2.62 1.00 1.21
650Py-PDMAAM 0.99 1.62 3.01 1.02 1.12
acetone 100Py-PDMAAmM?2 0.43
8.4 mM 265Py-PDMAAM 0.85 251 0.95 1.93 1.14
nitromethane 350Py-PDMAAM 0.87 2.01 1.18 1.98 1.10
480Py-PDMAAmM 0.96 2.20 1.55 1.87 1.11
570Py-PDMAAmM 0.99 2.63 1.73 1.73 1.28
650Py-PDMAAM 0.99 2.63 2.20 1.47 1.21
DMF 100Py-PDMAAmM? 0.40
265Py-PDMAAmM 0.86 1.14 0.86 0.64 0.98
350Py-PDMAAM 0.88 1.10 1.02 0.58 0.91
480Py-PDMAAmM 0.96 1.22 1.30 0.68 0.88
570Py-PDMAAmM 0.97 1.04 1.70 0.64 1.16
650Py-PDMAAM 0.99 1.20 2.10 0.77 1.03
DMF 100Py-PDMAAM? 0.52
1.0 mM 265Py-PDMAAM 0.85 1.46 0.82 0.81 1.27
nitromethane 350Py-PDMAAM 0.89 1.12 1.05 0.61 1.23
480Py-PDMAAM 0.96 1.15 141 0.76 1.20
570Py-PDMAAmM 0.97 1.26 1.61 0.83 1.01
650Py-PDMAAM 0.99 1.50 1.94 0.89 121
DMF 100Py-PDMAAmM? 0.51
3.5mM 265Py-PDMAAM 0.80 1.52 0.83 1.16 1.08
nitromethane 350Py-PDMAAM 0.82 1.79 0.88 1.02 1.08
480Py-PDMAAmM 0.82 1.58 1.14 0.94 1.11
570Py-PDMAAM 0.96 1.72 131 1.22 0.93
650Py-PDMAAM 0.97 1.79 1.68 1.47 1.24
DMF 100Py-PDMAAmM? 0.38
7.8 mM 265Py-PDMAAmM 0.77 1.82 0.79 1.17 1.09
nitromethane 350Py-PDMAAM 0.85 2.24 0.76 1.28 0.99
480Py-PDMAAM 0.98 1.94 1.01 1.19 0.87
570Py-PDMAAmM 0.93 217 1.15 1.81 0.94
650Py-PDMAAM 0.94 2.43 1.36 1.65 1.02

a The contribution from unquenched pyrenes is too large to retrieve meaningful parameters from the blob model analysis.

excimer formation (Kpiop) between one excited pyrene and
one ground-state pyrene both located inside a blob is a
pseudo-unimolecular rate constant. As in micelles where
the rate constant for excimer formation is also a pseudo-
unimolecular rate constant,'?13 kyop is really the product
of a rate constant for excimer formation k time the
concentration of one ground-state pyrene inside a blob;
in other words, kpop = k(1lpyrene/Vpion) = K/Vpioh. TO
rationalize the behavior of kyjon, both parameters k and
Vpiob Must be considered. Assuming that the pyrene
pendants forming excimer are separated far enough on
the backbone to ensure diffusional encounters, k will
be inversely proportional to the solvent viscosity (k ~
n~1). The blob volume combines a dynamic component
with a physical component. Because of its definition,
Vpiob depends on how far a chromophore attached onto
the polymer backbone will diffuse in solution. Conse-
quently, the blob volume is inversely proportional to the
solvent viscosity. This is the dynamic aspect of Vpjop. But
the blob volume has also a physical volume, which
should depend on the number of monomers making up

a blob, i.e., Npiop. This represents the physical aspect of
Viob- As a first approximation, one can assume that the
physical volume of a blob scales as Npop%”, a well-known
relationship derived for polymer coils and assumed to
be valid for any theory involving a blob model, where v
equals 0.5 in a poor solvent and 0.6 in a good solvent.15-18
Taking into account the physical and dynamic compo-
nents of Vpien, the blob volume is expected to scale as
Npiob>*/57. Consequently, the following relationship is
expected for the pseudo-unimolecular rate constant Kpop.

k -t 3
= ~ 4 3 Nbiob ° (4)

This relationship implies that kyjo, does not depend on
solvent viscosity and is inversely proportional to the
physical volume of a blob. The trend shown in Figure 3
agrees with this statement. A 2.5 increase in viscosity
when switching the solvent from acetone to DMF does
not affect kyjon, but kpiop™* Which is proportional to the



Macromolecules, Vol. 35, No. 22, 2002

0.8

o)

0.6

koos™, 107 s

0.4 4

Inkoto™(ksiop™

0.2

0.0

T T T T ]
0 50 100 150 200 250 300
Pyrene lifetime (ns)

Figure 3. Plot of kyion* (averaged for the entire PyPDMAAM
series studied for a particular quencher concentration with
standard deviation indicated by the error bars) vs the pyrene
lifetime in both acetone and DMF. The pyrene concentration
of these polymer solutions in DMF was ~3 x 107® M (a in
acetone and A in DMF). Inset: plot of In(Koiob™* — (Kbiob 1)o) VS
In(Npiow) Obtained in both acetone (o) and DMF (a). The
standard deviations on the mean are indicated by the error
bars.

physical size of a blob increases for a longer-lived pyrene
since it can probe a bigger volume inside the polymer
coil.

Another interesting point in Figure 3 is that kpjop !
does not equal zero when the pyrene lifetime equals
zero, which implies in other words that an excited
pyrene can probe a finite volume even if its lifetime
equals zero. This inconsistency is a result of a switch
occurring in the way the excimer is being formed. When
the pyrene lifetime shortens, only those pyrenes that
are very close to one another can form excimer. Zachari-
asse and co-workers have clearly established that the
process of excimer formation between two pyrene groups
located at the ends of short oligomethylene chains is not
diffusion-controlled.?* Thus, it is expected that excimer
formation occurs via local polymer motions of the
polymer backbone when an excited pyrene probes short
distances; i.e., its lifetime is short. As the pyrene lifetime
lengthens, excimer formation becomes diffusion-con-
trolled. This is the diffusion-controlled process of exci-
mer formation, which is being probed in Figure 3.

A similar conclusion was drawn from the study of the
excimer formation process of poly(methyl methacrylate)
randomly labeled with pyrene as a function of viscosity.8a
Excimer formation was found to be diffusion-controlled
at low viscosity and non-diffusion-controlled at high
viscosity. This is because at high viscosity, only those
pyrenes close to one another can form excimer, and this
process occurs via local polymer motions.

Probing Volume (Vpiop) and Size (Npjob). According
to eq 4, kpiop 1 is proportional to Vpion ~ Npiop®”. As the
pyrene lifetime increases, Vpop increases and so does
Kpiob* a@s shown in Figure 3. The size of a blob, i.e., the
number of monomer units making up a blob, can be
determined from the blob model analysis. This is
achieved by using eq 5, where 1 is the pyrene content
of the pyrene-labeled polymer (in moles of pyrenes per
gram of polymer) determined by UV—vis measurements,
and f and [mOare retrieved from the analysis of the
fluorescence decays with eq 2. Their values have been
listed in Table 3.

N O
blob = 2/£(285x + 99(1 — X))

(®)

The term (285x + 99(1 — x)) in the denominator of eq
5 accounts for the number-average molar mass of the
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Figure 4. Plot of Ny (averaged for the entire PyPDMAAM
series studied for a particular quencher concentration with
standard deviation indicated by the error bars) vs the pyrene
lifetime in both acetone and DMF. The pyrene concentration
of these polymer solutions in DMF was ~3 x 1076 M (a in
acetone and A in DMF).

monomer unit where x is the content of PyMeAAm in
mol %. The correction 1/f, where f is the fraction of
pyrenes that do form excimer by diffusion (cf. eq 2),
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.!* Except for 100-PyPD-
MAAm, f is usually close to 1.0, and the ratio A/f takes
a value that is close to the nominal pyrene content of
the polymer (4).

For each quencher concentration, the Ny, value
remains constant within experimental error. It is plotted
as a function of the pyrene lifetime in Figure 4. As
nitromethane is added to the solution, the pyrene
lifetime is shortened; the excited pyrene probes a
smaller volume as shown in Figure 3 (where Kpjop™1 O
Vpiob decreases with shorter lifetime), and Npjop de-
creases. There is thus qualitative agreement between
Figures 3 and 4. However, whereas kpjop~ is the same
in acetone and DMF, Ny is significantly smaller in
DMF than in acetone. If kpop ™! is indeed proportional
to Vhiob, the trends shown in Figures 3 and 4 indicate
that the polymer coil is denser in acetone than in DMF.
This conclusion is in agreement with the respective
quality of acetone (mediocre) and DMF (good) toward
PyPDMAAmM.11b

Although Npjp increases linearly with the pyrene
lifetime, a straight line drawn through Ny, does not
go through the origin. In fact, a linear relationship
between the pyrene lifetime and Npjep Would require
that, at zero probing time (tm = 0 ns), Npob be 24 and
16 monomer units in acetone and DMF, respectively.
This observation is similar to that observed with Kpjep ™t
in Figure 3. This result is rationalized in the same
manner. For very short lifetimes, the probing region is
limited to a few monomer units, and the kinetics of
encounter between two pyrene groups becomes strongly
dependent on chain conformation. In effect, local poly-
mer motions control the excimer formation process for
short pyrene lifetimes. As the lifetime lengthens, the
encounters become diffusion-controlled, and this is the
regime monitored in Figures 3 and 4.

Scaling Laws. Any derivation using blobs to describe
scaling relationships with polymeric systems requires
that Vpiop ~ Npiop®”, where v equals 0.5 and 0.6 in a ©
and good solvent, respectively. This relationship implies
that a plot of Vyep as a function of Npjen passes through
the origin. Although plots of Vpion (O Kpiop ™) and Npiop
do not go through the origin when graphed against the
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Figure 5. Plot of In(Kpion) VS IN(Npiop) Obtained in both acetone
(a) and DMF (2). The standard deviations on the mean are
indicated by the error bars. The slopes equal —1.8 + 0.3 in
DMF and —1.4 + 0.2 in acetone.
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Figure 6. Slope m of plots of kpeeMOvs (A/f) is plotted as a
function of Npep 3.

lifetime 7 (cf. Figures 3 and 4), a power law plot of Vpon
vs Npiop does pass through the origin (plot shown in
Supporting Information). This is because all the data
reported in this study such as Vpjop and Npjop deal with
the diffusion-controlled regime of excimer formation.
Consequently, scaling relationships can be derived
between these two parameters.

Since kpjop~? describes the volume probed by an
excited pyrene during its lifetime and Npjo, yields the
number of units inside a blob, one is tempted to
investigate whether ko scales as Npjop 3", as suggested
by eq 4. A plot of In(kpiob) @s a function of In(Npjob) yields
two straight lines in acetone and DMF as shown in
Figure 5. The slopes of the straight lines equal —1.4 +
0.2 and —1.8 £+ 0.3 in acetone and DMF, respectively.
These values are remarkably close to what would be
expected for a © solvent (acetone) and a good solvent
(DMF) where 3v would equal 1.5 and 1.8, respectively.

A second scaling relationship can be derived with the
product KpiopMC Since Kpjop is inversely proportional to
Vhiob @and s the average number of pyrenes per blob,
the product kypMCrepresents the local pyrene concen-
tration inside the polymer coil. According to eq 4, Kpiob
scales as Npop 3" whereas [hscales as (A/f)Npjop accord-
ing to eq 5. Consequently, the product kyonCis expected
to scale as (A/f)Npop! 2, where v is taken to equal 0.5
and 0.6 in acetone and DMF, respectively. For each
qguencher concentration, plots of kyopMCVs the corrected
pyrene content (A/f) yield straight lines with slopes m.
When the slope m is plotted as a function of Nyt ™3" in
Figure 6, a linear relationship is obtained, confirming
that the product kpepmOscales as (A/f)Npiop 3.

In 1967, de Gennes showed that the random distance
Ax travelled by a unit of a polymer chain in solution
during a time t is proportional to t¥4.25 kye! is
proportional to the volume probed by an excited dye
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during its lifetime. Consequently, kpop ™t is proportional
to Ax® and should scale as 7®* according to de Gennes’
derivation. Experimentally, kyon ! was found to increase
linearly with 7y as shown in Figure 3, but because of a
change in regime, kpiop~t intercepts the y-axis at (Kpion )0
= 0.3 x 1077 s71. To account for the nonzero intercept
of Figure 3, a plot of In(Kpiop™* — (Kpiob™Y)o) VS In(zy) is
shown in the inset of Figure 3. The slope of the straight
line equals 1.0 + 0.2. The scaling exponent agrees
qualitatively with the de Gennes’ prediction of 0.75.

Implications. Combining the quenching experiments
with the blob model analysis provides a quantitative
measurement of how far one unit of a polymer chain
will travel during a finite time. According to Figure 4,
one expects the following relationships to exist between
the time a given dye remains excited and the number
of units making up the volume of a PyPDMAAmM
polymer coil probed by this dye.

in acetone: 7,,(ns) = 7.1(Ny,, — 24) (6a)

in DMF: 1, (ns) = 20.8(N,,, — 16)  (6b)

The numbers 24 and 16 in eqgs 6 are due in part to
the local polymer motions which occur very rapidly,
allowing a monomer unit to probe a region of the
polymer coil made of 24 units in acetone and 16 units
in DMF. These numbers might also account for the
bulkiness of the pyrene dyes whose size is equivalent
to several monomer units. Nevertheless, one can con-
clude from these trends that any motion taking a
monomer unit farther away from these restricted re-
gions (24 monomer units in acetone and 16 monomer
units in DMF) is diffusion-controlled and occurs on a
much slower time scale. In the diffusion regime, eqs 6
predict that, in order to probe a volume made of 100
monomer units, the dye must remain excited for 540
and 1750 ns in acetone and DMF, respectively. In other
terms, it will take 1750 ns for one unit of the PyPD-
MAAmM backbone to have a chance of encountering any
other monomer units of a 100 unit ensemble of the
PyPDMAAmM polymer coil in DMF. Such considerations
can be used toward the prediction of whether two
specific units along a polymer backbone can encounter
during a finite time, with potential applications to
protein folding and, as we already demonstrated, to
associative polymers.26 Furthermore, the data shown in
Figure 5 also allow us to predict the trajectory of a given
monomer undergoing diffusion inside a polymer coil.

The blob model was developed to monitor the Kinetics
of encounter between pendants randomly distributed
along a polymer backbone. Its basic framework has been
shown to apply to a series of pyrene-labeled polysty-
renes!2 and more recently to a series of pyrene-labeled
poly(N,N-dimethylacrylamide)s.1? It has been used to
determine the level of association of various water-
soluble?62 and oil-soluble associative polymers.25b Since
blob models are introduced to account for the scaling
behaviors of polymeric systems, evidence that the blob
model used in this study could do so had been sorely
missing in the literature. Figures 5 and 6 demonstrate
that the parameters retrieved by the blob model obey
scaling laws with scaling exponents which agree with
those expected in polymer science. These conclusions
identify the blob model as being a robust tool to study
polymer chain dynamics by fluorescence spectroscopy.
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Conclusions

The fluorescence decays of the pyrene monomer of
several PyPDMAAmMs were acquired in acetone and
DMF with various amounts of nitromethane, an efficient
guencher of the excited pyrene. The fluorescence decays
were analyzed with the blob model. The rate constant
for encounter between one excited pyrene and one
ground-state pyrene inside a blob (ky0n) Was not affected
by solvent viscosity but was found to increase with
shorter lifetimes. The insensitivity of Ky toward
solvent viscosity is due to two effects which cancel each
other out. A viscous solvent slows the dynamics of
encounters as well as reduces the distance over which
encounters can occur. Close encounters should occur at
a faster rate, but they are slowed by the high viscosity.
The increase of kyop With shorter lifetime is explained
by the blob model prediction that kpo, is inversely
proportional to the blob volume. As the lifetime short-
ens, the excited dye probes a smaller volume and the
encounters occur at a higher rate.

The blob size (Npiop), Which represents the number of
monomer units inside a blob, was shown to increase
with the lifetime in the same manner as Ky~ 2. The
parameter Kpop scales as Npjop 3", Where v equals 0.5 in
a mediocre solvent (acetone) and 0.6 in a good solvent
(DMF). Plots of kpepMvs the corrected pyrene content
(A/f), mObeing the average number of pyrene per blob,
yielded straight lines whose slopes m scale as Ny ~3".
These experiments establish that despite its empirical
nature, the blob model yields trends that obey the well-
accepted scaling laws observed in polymer science.
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