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ABSTRACT: Fluorescence dynamic quenching experiments were conducted on three series of pyrene-labeled
polystyrenes in nine organic solvents to evaluate the effect that viscosity has on their long-range polymer chain
dynamics (LRPCD). Two series of polystyrenes were randomly labeled with the chromophore pyrene by either
a short and rigid amide linker for the CoA-PS series or a long and flexible ether linker for the CoE-PS series. The
third series was obtained by end-labeling five monodisperse polystyrenes with pyrene. The monomer and excimer
fluorescence decays of all pyrene-labeled polymers were acquired and analyzed with the fluorescence blob model
(FBM) for the randomly labeled polymers and the Birks’ scheme for the end-labeled polymers. The FBM analysis
yielded the rate of excimer formation inside a blob, kyp, and the size of a blob, Nye,. Birks’ scheme analysis
yielded the rate of end-to-end cyclization, k., for a polystyrene chain length equal to N. After normalization, the
products kyiop X Npion for the randomly labeled polystyrenes and k., x N for the end-labeled polystyrenes were
found to yield identical trends, confirming that any pyrene-labeled polystyrene construct reports the same
information on the LRPCD of the polystyrene backbone. The products kpigp X Npiop and ke, x N increased linearly
with the inverse of viscosity, 7!, for 7 < 1 mPa-s as expected for a diffusion-controlled process. However, the
trends obtained with kpjo, X Npiop and ke, x N did not pass through the origin when 7~! — 0, suggesting that
excimer formation is more efficient than expected in high-viscosity solvents. Ny, was found to decrease with
increasing viscosity. kpop did not change much with viscosity in all but the most viscous solvent. The product

X kpiop, Was found to scale as (Npjop) 7>
theoretical predictions.

Introduction

Traditionally, fluorescence dynamic quenching (FDQ) experi-
ments have been and continue to be instrumental in studying
long-range polymer chain dynamics (LRPCD) in solution.' ™
In these experiments, a chromophore (C) and its quencher (Q)
are covalently attached onto a polymer. Upon absorption of a
photon, the excited C (C*) can relax by either emitting a photon
or being quenched by a diffusion-controlled encounter with Q.
Since C and Q are covalently attached onto the chain, their
encounter reflects the motions of the two monomers bearing C
and Q and, thus, the LRPCD of the polymer of interest.
Furthermore, fluorescence is sufficiently sensitive for FDQ
experiments to be conducted at polymer concentrations so low
that only intramolecular quenching events can be detected. The
rate constant (&gt which C* is being quenched intramolecu-
larly by Q can be measured directly and quantitatively from
the analysis of the fluorescence decays of C*. It is interesting
that although the quenching of C* by Q is a bimolecular process,
[(koUobtained from FDQ experiments conducted on labeled
polymers is a pseudo-unimolecular rate constant.*®’ Indeed,
[&qLls the product of the bimolecular rate constant kq times the
local quencher concentration [Q],,. inside the polymer coil. Since
[Qlioc cannot be measured independently, all FDQ experiments
conducted on labeled polymers report the product ko= kg x
[Qlioe- Since kg describes the collisions taking place between
C*and Q, it is theoretically expected to depend on the inverse
of the viscosity, 77!, and numerous experimental studies on end-
labeled oligomethylenes,®® short end-labeled polymers,®'°
randomly labeled polymers,” and short end-labeled peptides'' "
have showed that within experimental error [&q[increases
linearly with 57",

By and large, the bulk of FDQ studies aiming at determining
(&oUuses the chromophore pyrene for both C and Q as the
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, where the exponent of —1.73 agrees with that expected from Flory’s

excited pyrene can undergo self-quenching by forming an
excimer upon an encounter with a ground-state pyrene.* To
this end, pyrene has been attached at the end of small
oligomethylene chains,”'#>* short monodisperse poly-
mers,*®1%2373! or dendrimers**>* and randomly along longer
polymers.>”*7*> A predicted by theory,' ~* FDQ experiments
conducted on end-labeled chains yield a single [&qpUvalue, an
important simplification when compared to studies dealing with
randomly labeled polymers which yield a distribution of &[]
values.>** The simpler analysis associated with the fluorescence
data obtained with end-labeled polymers has led to their
overwhelming use in the literature with*®'%>73! or without
pyrene.'! ~13%3733 Experiments aiming at probing the effect of
viscosity on LRPCD monitor the kinetics of excimer formation
for pyrene end-labeled chains by either using solvents having
different viscosity”'® or changing the temperature of the
solvent, 2328731

In this article, pyrene-labeled polymers are used to investigate
the effect that the local pyrene concentration, [Py]j,, has on
[£oLby changing the solvent viscosity. As the solvent viscosity
increases, excimer formation occurs only between those pyrenes
that are close enough to form an excimer while a pyrene remains
excited. Those pyrenes that are close enough are only found in
those regions of the polymer coil where [Py],,. is sufficiently
large. Thus, [Pyl is expected to increase as the solvent
viscosity increases. However, the relationship between [Py]joc
and viscosity might not be best probed with short monodisperse
end-labeled polymers, since the small coil dimension of a short
chain should enable an excited pyrene to probe the entire
polymer coil regardless of solvent viscosity. Consequently,
[Py]ioc is not expected to change much when using the short
monodisperse chains most commonly used in the litera-
ture.*¢-10731:44753 The drastic reduction in [&o[Cwith increasing
chain length for end-labeled polymers prevents the use of long
polymers for which too few end-to-end encounters occur.*?°
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Scheme 1. Chemical Structures of CoA-PS, CoE-PS, and PS(X)-Py,
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Table 1. Pyrene Contents x in mol % (see Scheme 1) and Ap, in
pumol g~1, Molecular Weights, and PDI of the CoA-PS and
CoE-PS Samples

sample x, mol % Py  Jpy, umol g7'  M,, kg mol”!  PDI
1.5 141 35 1.81

1.8 169 45 1.87

CoE-PS 3.2 284 32 1.99
4.8 412 16 1.85

5.1 436 34 1.80

6.4 533 46 1.65

1.1 105 43 1.88

2.5 230 39 2.04

CoA-PS 3.7 331 55 1.90
5.0 437 28 1.88

5.2 459 34 1.96

6.4 550 39 1.91

1.4 137 14.6 1.10

1.6 157 12.7 1.20

PS(X)Py2 2.6 250 8.0 1.09
4.6 444 4.5 1.12

6.9 667 3.0 1.10

Table 2. Solvent Viscosities, Intrinsic Viscosities, and Solvent
Qualities for PS-40K at 7' = 25 °C

solvent

solvent 1, mPa+s [nlswk, L/g £[n], L/g quality
methyl acetate 0.36 0.0159 0.0001  poor
methyl ethyl ketone (MEK) 0.41 0.0178 0.0002  poor
dichloromethane (DCM) 0.41 0.0248 0.0004  good
tetrahydrofuran (THF) 0.46 0.0246 0.0014  good
toluene 0.56 0.0259 0.0003  good
N,N-dimethylformamide (DMF)  0.79 0.0192 0.0003  poor
dioxane 1.18 0.0241 0.0001  good

N,N-dimethylacetamide (DMA) 1.92 0.0221 0.0007  mediocre

benzyl alcohol (BA)“ 5.47

“ The solution in benzyl alcohol was too viscous for intrinsic viscosity
measurements.

Furthermore, the inherently weak excimer emission obtained
with long end-labeled polymers would be further reduced in
high-viscosity solvents.”* Considering the drastic enhancement
in excimer formation observed when dealing with randomly
labeled polymers,>* we set out to monitor the effect of viscosity
on [koUfor two series of polystyrene randomly labeled with
pyrene. The fluorescence decays were analyzed with a fluores-
cence blob model (FBM).>*' The FBM is particularly well-
suited for these experiments, since it yields information on the
process of excimer formation taking place inside a blob which
represents the volume probed by the excited pyrene during its
lifetime. Excimer formation taking place inside a small or large
blob yields a [&y[value obtained under conditions where [Py]oc
is large or small, respectively.

To the best of our knowledge, there are only two reports in
the literature where the process of excimer formation has been

0 (0]
o (H2C)4\N - N/(CH2)4

PS(X)-Py;

studied for polymers randomly labeled with pyrene in high-
viscosity solvents.”* In both cases, only qualitative information
on the process of excimer formation was retrieved from the
fluorescence intensity of the excimer over that of the monomer,
the Ig/ly ratio, obtained from the steady-state fluorescence
spectra. Furthermore, the trends obtained in both manuscripts
were somewhat inconsistent. In the case of poly(vinyl acetate)
randomly labeled with pyrene, the Ig/Iy ratio was found to
increase linearly with the inverse of viscosity (1/77) in mixtures
of methanol and ethylene glycol, whereas Ig/ly seemed to
plateau for large 1/57 values in mixtures of ethyl acetate and
glycerol triacetate.” In both solvent systems, the Ig/ly ratio
tended to zero in high-viscosity solvents. When the data given
for poly(methyl methacrylate) randomly labeled with pyrene
in mixtures of ethyl acetate and tripropionate were used to
construct a plot of the I/l ratio versus 1/, a straight line was
obtained that did not pass through zero.*

The rather wide divergence observed in literature results based
on the qualitative analysis of fluorescence spectra obtained with
randomly labeled polymers in high-viscosity solvents suggests
that this phenomenon is still not fully understood. The present
study draws from recent advances in theoretical and analytical
tools designed to study the complex photophysical processes
occurring in excimer formation between pyrene pendants
randomly attached onto a polymer to investigate how the rate
of excimer formation changes with viscosity. This study suggests
that excimer formation inside the polymer coil does not occur
homogeneously, but rather inside pyrene-rich pockets which are
singled out when the viscosity increases. The Ig/l\ ratio is found
to decrease mostly because an increase in viscosity inhibits
excimer formation and results in a larger fraction of isolated
pyrene monomers. The concepts presented in this study are
novel and are expected to broaden our understanding of how
diffusion-controlled encounters take place between polymer
segments in high-viscosity solvents.

Experimental Section

Two series of polystyrenes randomly labeled with pyrene were
prepared. These polymers referred to as CoA-PS and CoE-PS were
obtained from copolymerizing styrene with either 1-pyrenemethyl-
acrylamide or 4-(1-pyrenyl)methoxymethylstyrene, respectively.
Scheme 1 shows the chemical structure of the three pyrene-labeled
polystyrenes, and Table 1 lists their number-average molecular
weight (all substantially larger than 10000 g-mol™' for the
randomly labeled polymers), polydispersity index, and pyrene
content in terms of moles of pyrene per gram of polymer (4p,) or
molar fraction of pyrene labeled monomer in the polymer (x). The
short and stiff amide linker connecting pyrene to the polystyrene
backbone of CoA-PS was replaced by a long and flexible ether
linker for CoE-PS. One series of pyrene end-labeled monodisperse



1246 Ingratta and Duhamel

polystyrenes was prepared by reacting 1-pyrenebutylamine with a
monodisperse polystyrene terminated at both ends with a carboxylic
acid functionality. The end-labeled polymers are referred to as
PS(X)-Py,, where X is the number-average molecular weight in
kg+mol~!. The synthesis and characterization of these polymers
have been reported earlier.’*>> Table 2 lists the solvents used in
this study, their viscosity, and the solvent quality toward polystyrene
established by intrinsic viscosity measurements.”*

The procedure used for the acquisition of the fluorescence decays
and their analysis has been reported earlier.>* The monomer and
excimer decays of CoA-PS and CoE-PS were fitted with eqs 1 and
2, respectively.

" 1
[Py*l¢) = [PYaierl =0 exp[—(A2 + - )’ -
M

Ay(1 — CXP(_AJ))] + [Py:ree](t:O) exp(—t/ty) (1)

2 A A, +iA
_ * —A 3 2 4
[E*] = =[Pyl =0 z TR 1
B - =44+,

™M  Tgo

X

exp(—(ri + A, + iA4)t) + |[E0] e, +
M

2 A A, +iA
¥ —A 3 2 4
[Py il =y z TR 1
50— — =+ 4, + A,

™  Tro

-1
e T 4

[D*]e” "™ (2)

The parameters A,, A3, and A4 used in eqs 1 and 2 are described in
eq 3 where [2L) kyiop, and k. x [blob] are respectively the average
number of quenchers per blob, the rate constant describing
the diffusive encounter between an excited chromophore and one
quencher located in the same blob, and the product of the rate
constant for the exchange of quenchers between blobs and the blob
concentration inside the polymer coil. Equations 1—3 have been
used extensively over the past decade to study polymer chain
dynamics in solution.’

kyygpk.[blob] kblob2

A, = A, =
? biob T Kc[blob] " (kyyop + k.[blob])’
A, = Ky + K [blob] (3)

Four pyrene species are evoked to fit the fluorescence decays of
the CoA-PS and CoE-PS series.” The species Pyg;; represents those
pyrene monomers that form excimer by diffusive encounters inside
the polymer coil. Those pyrenes that are located in pyrene-poor
domains of the polymer coil and are too far to undergo any diffusive
encounter with a ground-state pyrene while still being excited emit
as “free” unattached pyrene labels with the natural lifetime of pyrene
(tm) and are referred to as Py in eq 1. The model also assumes
that ground-state pyrene dimers are present in solution. Direct
excitation of a ground-state pyrene dimer results in an excimer EQ*
emitting with a lifetime g if the pyrenes are properly stacked or
a long-lived dimer D* that emits with a lifetime 7p if the pyrenes
are improperly stacked.

The fluorescence intensity of the monomer and excimer decays
of the PS(X)-Py, series were fitted with eqs 4 and 5, respectively.

Iy(®) = ay, exp(—t/t)) + ay, exp(—t/T,) + ay exp(—t/Ty)
)

I(t) = ag, exp(—t/T)) + ag, exp(—t/t,) 5)

The pre-exponential factor ay in eq 4 accounts for those polymers
which are labeled at only one end and emit with the natural lifetime
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Scheme 2. Birks’ Scheme for the Formation of Excimer with a
Pyrene End-Labeled Monodisperse Polymer

L

hv+Py +Py=—> Py* + Py = E*
Vv ke vz

of the pyrene monomer (7). The doubly labeled polymers exhibit
a biexponential decay where the decay times 7; and 7, are the same
in the monomer and excimer decays. Under conditions where strong
excimer emission occurs, i.e., for short chains with degrees of
polymerization smaller than 100 and fluid solvents with viscosity
smaller than 1 mPa-s in the case of the PS(X)-Py; series, the ratio
of the pre-exponential factors agj/ag, approaches —1.0.>* The decay
times 7; and 7, and the ratio of the pre-exponential factors ami/am
are used to calculate the rate constants k., and k-, and the excimer
lifetime 7 according to Birks’ scheme (Scheme 2).5¢

The parameters kyon, [0} and k.[blob] obtained from the analysis
of the randomly labeled polystyrenes according to the FBM and
key, k—cy, and 7g obtained from the Birks’ scheme analysis of the
end-labeled polystyrenes have been already reported in an earlier
report.”* They are listed in Tables SI.1—8 in the Supporting
Information. These parameters were used earlier to demonstrate
the equivalence that exists between the product kyjo, X [Eand k.
Although the trends presented in the current article are based on
parameters that were obtained from the same kb, [2L}and k., values
which were reported earlier,”* all trends and their effects presented
in this article have never been discussed before.

Results and Discussion

Randomly Labeled Polymers. As reported earlier,™ the fits
resulting from the global analysis of the monomer and excimer
decays according to eqs 1—3 for the randomly labeled polymers
CoA-PS and CoE-PS and according to eqs 4 and 5 for the end-
labeled polymers PS(X)-Py, were excellent with all y* being
smaller than 1.30 and the residuals and autocorrelation function
of the residuals being randomly distributed around zero (see
Figures SI.1 and SI.2 in the Supporting Information). The
parameters retrieved from these analyses are listed in Tables
SI.1—8 of the Supporting Information. Excimer formation was
found to occur essentially by diffusion as the presence of only
low levels of ground-state (GS) pyrene dimers were found in
the fluorescence decays (see the fraction of aggregated pyrenes,
Jage» in Tables SI.3 and SI.6 of the Supporting Information).
Nevertheless, as the pyrene content of CoA-PS and CoE-PS
increased, more GS pyrene dimers were found, associated with
an increase in f,,,. To account for the presence of residual GS
pyrene dimers, all trends obtained with the FBM parameters
were extrapolated to zero pyrene content where no GS pyrene
dimer remains. This procedure is always conducted in a FBM
analysis®*'®73% as it ensures that the kinetics of excimer
formation approach those encountered when, first, no GS pyrene
dimers are present and, second, the increased drag exerted by
the covalent attachment of pyrene onto the chain becomes
vanishingly small.

With a randomly labeled polymer like CoA-PS or CoE-PS,
the effect that viscosity has on the distance traveled by an excited
pyrene during its lifetime can be estimated from the number of
monomers, Ny, encompassed inside Vyq,, which is the volume
probed by the excited pyrene during its lifetime. Ny 1S
determined thanks to eq 6,° where [@Js the average number of
pyrenes per blob, Ap, is the pyrene content in mol g~', fyaisr is
the molar fraction of pyrenes forming excimer by diffusion
which is determined from the monomer decays as fuarr =
[Pyaiteli=0y/([PYaiteli=0) + [PYfreely=0)), x is the molar fraction of
pyrene labeled monomers in the copolymer, and Mp, and My,
are the molar masses of the pyrene labeled monomer (Mp, equals
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Figure 1. Ny as a function of pyrene content for CoA-PS in methyl
acetate (@), MEK (#), DCM (O), THF (A), toluene (<), DMF (a),
dioxane (O), DMA (x), benzyl alcohol (H); [Py] = 3 x 107° M.

286 and 348 g mol~! for the CoA-PS and CoE-PS polymers)
and styrene (104 g-mol™!), respectively.

(A0
Apy/fnaiee Mpy(x) + Mg (1 — x)]

Noiop =

(6)

Figure 1 shows a plot of Ny, versus the corrected pyrene
content (Apy/fuiairr) for the CoA-PS series in nine organic solvents.
The corrected pyrene content is introduced to account for those
pyrene-poor regions which are generated inside the polymer coil
following the random labeling of the polymer.>*' For pyrene
contents larger than 2.5 mol %, fyaisr is close to 1.0 so that 1/fyais
represents a small correction. As the viscosity increases, Nyop
becomes smaller, as expected since a larger viscosity reduces
the mobility of the excited pyrene which then probes a smaller
volume. The FBM parameters are usually recovered with
accuracy when fyger is larger than 0.85. As the viscosity
increases and the excited pyrene probes a smaller volume, more
pyrenes become isolated, emit a fluorescence photon before
having had a chance to encounter a ground-state pyrene, and
fmaiee decreases to values smaller than 0.85, even more so for
the polymers having a lower pyrene content (Tables SI.1 and
SI.4 of the Supporting Information). Consequently, as the
viscosity increases, the results obtained with samples having a
lower pyrene content are discarded which explains why much
fewer Nyop values are being reported in Figure 1 for solvents
having larger viscosities. As found in numerous other ex-
amples,5 ALSTS8 A o ina given solvent decreases linearly with
increasing pyrene content due to enhanced encumbrance and
drag induced by the increasing number of bulky pyrenes attached
to the polymer. The Ny trends shown in Figure 1 are then
extrapolated to zero pyrene content to obtain an Ny, value
representative of the naked polymer. The extrapolated Ny, value
is referred to as N, and is plotted as a function of the inverse
of viscosity (#7!) in Figure 2.

Although scattered, the trends shown in Figure 2 indicate that
N°pop increases with decreasing viscosity. The scatter in the
trends results from the parameters, other than viscosity, that
also affect the magnitude of Nyo,. Solvent quality which leads
to an expansion or contraction of the polymer coil or pyrene
lifetime which controls how far diffusion will take the excited
chromophore inside the polymer coil are two parameters which,
beside viscosity, strongly affect Nopiop>> The combination of
all these effects results in the overall trends shown in Figure 2.
As also found in an earlier publication for CoA-PS and CoE-
PS in THF,>> N is larger for the CoE-PS than for the CoA-
PS series in all organic solvents due to the longer and more
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Figure 2. N°, as a function of 7~ !. CoA-PS (#), CoE-PS (<); [Py]
=3x 107°M.

flexible ether linker connecting pyrene to the CoE-PS backbone
(Scheme 1).

The decrease in the number of data points available for
accurate determination of Ny, in Figure 1 as the viscosity
increases is due to the isolation of increasing numbers of pyrene
moieties in the polymer coil. Indeed, fye. in Tables SI.1 and
SI.4 increases with increasing viscosity, even more so for the
samples containing less pyrene. This observation implies that
as the viscosity increases, the monomer emission in the
fluorescence spectra increases, not because the rate of excimer
formation decreases but rather because the fraction of un-
quenched pyrene monomer increases. This complicates the
analysis of the steady-state fluorescence spectra which are used
to determine the ratio Ig/I; shown in Figure SI.3. I/l represents
the ratio of the excimer fluorescence intensity (/g) over the
monomer fluorescence intensity (/y). The ratio Ig/ly is com-
monly taken as a measure of the intramolecular rate of excimer
formation.> '%333¢ Whereas this equivalence is correct under
conditions preventing the existence of isolated pyrenes (i.e., short
polymer stretches separating two pyrenes, low-viscosity sol-
vents), the data listed in Tables SI.1 and SI.4 indicate that this
equivalence is not appropriate for the high-viscosity solvents
(7 = 0.8 mPa-s) used in the present study. Consequently, no
attempt was made to draw conclusions from the Ig/ly trends
shown in Figure SIL.3.

Whereas N°o, provides information on the size of Vi,
information on the time scale over which chain dynamics occur
inside Vi is obtained with ke As found in earlier reports,*'>>
kviob Was found to increase with increasing pyrene content in
all solvents. The increase in ko, With increasing pyrene content
is internally consistent with the decrease in Ny, With increasing
pyrene content shown in Figure 1. As the excited pyrene probes
a smaller Vi, as implied by the smaller Ny, value, any excited
pyrene and ground-state pyrene located inside the same blob
are closer to each other, making it easier to form an excimer
and resulting in a larger ky, value. This observation can be
rationalized with eq 7 which expresses the pseudo-unimolecular
rate constant ky, as the product of a diffusion-controlled
bimolecular rate constant k}'° times the local concentration
equivalent to one ground-state pyrene inside a blob (1/Viop).>
Equation 7 is the FBM equivalent of similar relationships
derived for the pseudo-unimolecular rate constant of diffusional
encounters taking place between two molecules inside a
surfactant micelle® or at the end of a monodisperse polymer.*”’

Kojop = K1/ Vi) @)

Unfortunately, whereas Ny, decreased linearly with increas-
ing pyrene content (Figure 1), kyo, did not always increase
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Figure 3. kyjob X Npjob as a function of pyrene content for CoA-PS
in methyl acetate (@), MEK (), DCM (O), THF (A), toluene (),
DMF (a), dioxane (O), DMA (%), and benzyl alcohol (M); [Py] =
3 x 107 M.
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Figure 4. (ko X Nyoplhas a function of ! for CoA-PS (#), CoE-PS
(¢) and key x N for PS(X)-Py, (2); [Py] =3 x 107° M.

linearly with pyrene content, making it difficult to extrapolate
the trends to zero pyrene content to find the ky, value
corresponding to the naked polymer. A solution to this problem
was found by noting that although both Ny, and kpo, Vary with
pyrene content, the product kyo, X Npon changes little with
pyrene content as shown in Figure 3, where kyjob X Npiop 1S
plotted as a function of Apy/fyaier for the CoA-PS series in the
nine organic solvents. Consequently, the trends shown in Figure
3 for the CoA-PS series were averaged over all pyrene contents
to yield the quantity Ky X Npopdwhich was plotted as a
function of #~! in Figure 4.

For viscosities smaller than 1 mPa-s, (&, X NpopLlis found
to increase linearly with ™! as expected from eq 8, which is
obtained by multiplying the expression of kyjo in €q 7 by Npjop-

Kptob X Nyjop = kklﬂ()b X (Npiob! Viiob) (3)

Equation 8 is the product of the bimolecular rate constant k}'°®
describing diffusion-controlled encounters between pyrene
pendants by the local polymer density expressed by (Nyion/ Viiob)-
Since the local polymer density is related to the local pyrene
concentration via the pyrene content of the polymer ([Py]i,. =
Apy X Msy X Nyiob/ Voion)s Boiop X NpiopLlis a measure of the
intramolecular rate of quenching [&pLimentioned in the Introduc-
tion. k3'°® in eqs 7 and 8 is expected to vary as ! as found in
Figure 4 for the product [y, X Npobl in low-viscosity
solvents.>” Since high solvent viscosities hinder the mobility
of the chain, &}'°® should tend to zero for small %~ values and
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so should [y, X Npenl] Unexpectedly, this is clearly not
observed for the CoA-PS and CoE-PS series in Figure 4 where
extrapolation of e, X NypXo 77! — 0 yields a nonzero value.

The nonzero extrapolation obtained in Figure 4 implies that
as the viscosity increases, the bimolecular rate constant of
excimer formation k}'°® or/and the local pyrene concentration
[Pyl is larger than expected based on the solvent viscosity
alone. An increase in viscosity restricts the mobility of the chain
so that excimer formation can only occur between those pyrenes
that are close to each other. In the most viscous solvent, benzyl
alcohol (7 = 5.5 mPa-s), Ny, equals 12 + 2 for CoA-PS. If
the Mark—Houwink—Sakurada parameters for polystyrene in
benzene at 25 °C are used to estimate the hydrodynamic volume
of a 12-monomer-long chain,®" this chain would occupy a sphere
2.9 nm? in volume, 18% of which would be occupied by the
two pyrene moieties required to generate one excimer. This
conclusion is reached by assuming that one pyrene moiety
occupies a 0.26 nm> volume® and that a 12-mer polystyrene
stretch adopts a spherical shape. Although this picture might
be oversimplified, the argument still remains that two pyrenes
located in a blob made of 12 styrene monomers are very close
to each other. It implies that excimer formation occurs only in
those parts of the polymer coil where [Py]j,. is extremely large
when the solvent viscosity increases beyond 1 mPa-s. It must
be also noted that not only is [Py]j,. expected to be large, but
so is k3'°°. Indeed, an excited pyrene confined in such a small
volume with a GS pyrene would not need to undertake an
extensive spatial search of a GS pyrene in its surroundings to
form an excimer, as is required in lower viscosity solvents where
[Py]io. inside the much larger blob is much smaller. Thus, the
kink observed in the trends shown in Figure 4 for CoA-PS and
CoE-PS is believed to result from a switch in regime where
excimer formation occurs between those pyrenes that are close
to each other in high-viscosity solvents and those pyrenes that
are far from each other in low-viscosity solvents. However, it
must be acknowledged that the above discussion based on [Py]j,.
is by no means a definite proof of the origin of this effect, but
should rather be considered as a possible starting point for
further investigations on this effect.

End-Labeled Polymers. In the case of randomly labeled
polymers such as CoA-PS and CoE-PS, two pyrenes can be
found close to each other either because (1) they are attached
on two consecutive monomers along the chain or (2) coiling of
the chain has brought two pyrenes attached at far flung locations
along the chain in close proximity. To assess the reason behind
the effect observed in Figure 4, the product k., x N was plotted
for the end-labeled polymers PS(X)-Py, as a function of 7! in
Figure 4. This was done for the two following reasons. First,
the observation that N°,, retrieved in the high-viscosity solvents
yielded values smaller than or similar to the chain length of the
shorter PS(X)-Py, samples implied that the nonzero extrapolation
found in Figure 4 for the CoA-PS and CoE-PS series should
also be observed with the shorter end-labeled polystyrenes, since
their coil dimension should be larger than the expected size of
a blob in a high-viscosity solvent. Second, in the case of the
end-labeled polymers, an excimer can only be generated from
the encounter between two pyrenes attached onto far-flung
locations along the chain, namely the chain ends in the case of
the PS(X)-Py, series.

The fluorescence decays of the PS(X)-Py, samples were
acquired and analyzed with eqs 4 and 5 for the pyrene monomer
and excimer, respectively. The analysis for the end-labeled
polymers was found to deviate somewhat from the Birks’
scheme in the higher viscosity solvents, even for the shorter
PS(X)-Py, samples with X < 8 selected in this study. PS(X)-
Py, samples with a larger X value do not yield enough excimer
to apply the Birks’ scheme analysis to the fluorescence
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decays.?*>* The ratio of the pre-exponential factors associated
with the rise time and decay time obtained from the analysis of
the excimer fluorescence decays, ag—/ag+, is commonly used
to quantify the proportion of excimers that are formed
via diffusion vs excimers formed via preassociated di-
mers.2128:36:374257.58 Ay g Jar. ratio close to —1.0 indicates
that all excimer formation occurs via diffusion, while a value
close to zero indicates usually that excimers are formed via
ground-state dimers. For the PS(X)-Py, samples with X < 8 in
solvents with a relatively low viscosity (7 < 1.2 mPa-s), the
ag-/ag+ ratio equals ~—0.95, indicating that most excimer
formation occurs via diffusion. However, as the polymer chain
length or the solvent viscosity is increased, the ratio increases
toward zero (Table SI.7) with the ag—/agy ratio increasing to
the more positive value of —0.92 £ 0.01 in DMA ( = 1.93
mPa-s) and further to —0.82 £ 0.04 in benzyl alcohol (y =
5.47 mPa-s). The ag_/ag+ ratios different from —1.0 obtained
in the higher viscosity solvents could reflect the presence of
ground-state pyrene dimers,?'?836-37:425758 byt they are more
likely due to the monomer species “leaking” into the excimer
region of the fluorescence spectrum. This conclusion is reached
by considering that (1) pyrene is well-soluble in organic solvents
like those used in the present study, (2) the pyrene end groups
of PS(X)-Py, are held apart from each other by the chain, and
(3) excimer formation is considerably reduced in high-viscosity
solvents.”'*>* Certainly, the dramatically weak excimer forma-
tion in DMA and benzyl alcohol results in the monomer
fluorescence leaking into the fluorescence decay of the excimer.
Fortunately, monomer leakage into the excimer decay affects
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the ag-/ag+ ratio but not k., retrieved from the analysis of the
monomer decays.

Comparison between Randomly and End-Labeled Poly-
mers. Since k., could be obtained only with the three shorter
end-labeled polymers PS(3)-Py,, PS(4.5)-Py,, and PS(8)-Py,
with M, < 10 000 g mol™! for reasons which were discussed
earlier (i.e., too weak excimer formation),>* the products key X
N obtained with these three samples were averaged and plotted
as a function of 7! in Figure 4. The same trend found for (&,
X Nyiopof the CoA-PS and CoE-PS series was observed for
key x N of the PS(X)-Py; series. This can be seen more clearly
in Figure 5 where the products [y, X Npenlfor the CoA-PS
and CoE-PS series and k., x N for the PS(X)-Py, series were
multiplied by the scaling factor y equal to 1.0, 0.5, and 2.9,
respectively. The trends obtained with &y, X Npjopfor CoA-
PS and CoE-PS and k., x N for PS(X)-Py, are equivalent. This
equivalence is not fortuitous. It arises first from the similarity
that exists between eqs 8 and 9.

kcy XN = (l:y x (N/Vcoil) (9)

As for kyop in eq 8, ke in eq 9 is a pseudo-unimolecular rate
constant which is the product of a bimolecular rate constant k¢
that describes the diffusion-controlled encounters between an
excited pyrene and a ground-state pyrene both located inside
the volume V.; occupied by the polymer coil. >’

As implied by the similarity of eqs 8 and 9, the products
kyiob X Npiop and ke, x N appear to represent the same physical
phenomenon that relates the kinetics of excimer formation (k'
and k7Y) to a polymer chain length (N0, and N). The scaling
factor y accounts for differences in k'Y, k§¥, and the local
polymer density Nyjon/ Viiob and N/ V. associated with each series
of pyrene-labeled polymer.®* The similarity of the trends
obtained with kyjop X Npion and ke, X N is further supported by
the fact that kyjop, X Npiop €quals kpiop X [Ax (Where x = molar
fraction of labeled styrene monomer) for randomly labeled
polymers containing enough pyrene so that fyqgir ~ 1.0, k¢y X
N equals 2 x ky/x for the end-labeled polymers, and the
quantities kyip x [k and k./x have been shown to yield
identical trends with viscosity after being multiplied by a
constant scaling factor.”*

The condition that fygir be equal to unity arises from the
equivalence one would like to have between the pyrene content
of the polymer given by x and the average number of pyrenes
per blob given by [#[] Whereas this equivalence holds at high
pyrene contents, it fails at lower pyrene contents where an fygig
value smaller than 1.0 implies that a non-negligible fraction of
pyrenes are isolated monomers and excimer formation occurs
in pyrene-rich pockets of the polymer coil. In this case, A0
reflects the large [Py]j,. of the pyrene-rich pockets which is
larger than expected from considering x. The heterogeneity in
excimer formation at low pyrene content prevents one from
using the quantity kyo, X [@x for samples where fyar 1S
substantially smaller than unity, which was consistently observed
for the CoA-PS sample containing 1.1 mol % pyrene. Because
the calculation of Ny, accounts for this heterogeneity by using
the corrected pyrene content Apy/fyaie in eq 6, the product kyop
X Npiob can be used with the 12 polymer samples in most
solvents (see Figure SI.4 for example), even if fygsr is smaller
than unity although fyier needs to be larger than ~0.80 to ensure
that the parameters kpo, and [#[Jare retrieved with sufficient
accuracy. The use of kpon X Npop represents thus an improve-
ment over that of kpp X [RIAx which should prove valuable in
future FBM studies.

Figures 4 and 5 indicate that both [Ry, X Nyen[lfor the
randomly labeled polymers and k., x N for the end-labeled
polymers do not pass through the origin when #~! — 0. Since
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this result is also obtained with the PS(X)-Py, constructs whose
structure minimizes the formation of ground-state dimers, it
implies that in high-viscosity solvents excimer formation for
the randomly labeled polymers occurs between pyrenes that are
attached onto monomers located at far-flung positions along the
chain and not pyrenes that were incorporated next to each other
during the random copolymerization that yielded the CoA-PS
and CoE-PS samples. In other words, the trends shown in
Figures 4 and 5 reflect the LRPCD of polystyrene chains.

The trends obtained in Figures 4 and 5 have been rationalized
by considering the changes expected in [Py]j, during pyrene
excimer formation as the solvent viscosity increases. It is
interesting to note that nearby pyrene pairs can be selected over
pyrene pairs separated by longer distances not only by adjusting
the viscosity of the solution but also by reducing the lifetime
of pyrene via addition of an external quencher to the solu-
tion.”®>® Reducing the time window available for encounters
due to LRPCD by either increasing the solvent viscosity or
reducing the lifetime of the excited chromophore should result
in the same effect, as observed in the present and earlier
reports.”® In fact, adjusting the viscosity of the solution or
the lifetime of the chromophore to emphasize side-chain
dynamics over LRPCD is a well-known practice when using
fluorescence anisotropy.®>®* Tt is thus satisfying that effects
induced by changes in solvent viscosity or chromophore lifetime
are probed in a similar fashion by both fluorescence dynamic
quenching or fluorescence anisotropy experiments.

Scaling Effect between 7 xk°piop and N°yjep. Since kyon does
not always increase linearly with pyrene content, a measure of
kiion Tepresentative of the naked polymer (k°y0b) is obtained by
dividing (ko X NpopLin Figure 4 by N° 0, given in Figure 3
(see Figure SI.4 for a more detailed description of the
procedure). A plot of k°,,, versus the inverse of viscosity is
shown in Figure 6. In most cases, k°yp 18 slightly larger for the
CoE-PS series than for the CoA-PS series. Bare benzyl alcohol,
k°uiop does not change much with viscosity for both series,
although it could be argued that k°,,, for the CoE-PS series
exhibits a small increase with decreasing viscosity. Whatever
be the case, k°yp Varies much less than would be expected if
k°viop Were inversely proportional to viscosity considering that
the viscosity increases more than 5-fold between methyl acetate
(n = 0.36 mPa*s) and N,N-dimethylacetamide (7 = 1.92
mPa-+s). k°y0p takes an average value of 1.0 & 0.3 and 1.2 £
0.2 x 107 s7! for CoA-PS and CoE-PS, respectively. The
steadiness of k°,,, With viscosity can be readily explained with
eq 7. As the viscosity increases, the excited pyrene probes a
smaller volume Vj,,, and encounters diffusively a ground-state
pyrene with a smaller rate constant k}'°® which is expected to
be inversely proportional to the viscosity. Both effects appear
to cancel each other, resulting in a k°y,, value that depends
little on viscosity, as suggested in an earlier publication.”® The
substantially larger k°,,, value obtained in benzyl alcohol might
be a result of the substantially smaller N°,;, value obtained in
this high-viscosity solvent (Figure 3). As mentioned earlier, two
pyrenes located in a small blob result in a large [Py]j, where
excimer formation occurs more efficiently and with a larger £}'°°
value than in lower viscosity solvents where diffusion-controlled
encounters occur over larger distances.

The data obtained with the FBM can also be used to
investigate the scaling effects which are so often encountered
in polymeric systems.®® According to eq 7, Vi = k2 Kpiop
where k§'°° is inversely proportional to viscosity so that Vi is
expected to be inversely proportional to the product 7 X kpjop-
A plot of In(77 X k°yjon) VS In(N°0p) is shown in Figure 7. Linear
trends are obtained for both the CoA-PS and CoE-PS series
with slopes equal to —1.68 £+ 0.02 and —1.77 £+ 0.03,
respectively, with an average of 1.73. This result implies that
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Vilob Scales as Nyjop' 7>, Similar scaling laws have been observed
when a series of poly(N,N-dimethylacrylamide)s randomly
labeled with pyrene was studied with the FBM in acetone and
DMEF. In this case, Vi, had been found to scale as Nyo,*, where
a equaled 1.4 and 1.8 in acetone and DMF, respectively.’® The
exponent of 1.73 reflects the open conformation of the polymer
coil. A much larger exponent o has been found for the
relationship Vyjon O Nyiop™ in the case of a pyrene-labeled poly(L-
glutamic acid) which adopted a much denser o-helical confor-
mation.”® In the case of end-labeled monodisperse polymers,
ke, has been reported to scale as N, where a takes values
between 1.4 and 1.7.*+'322244647 The equivalence observed
between the end-labeled and randomly labeled polymers found
for the products kpiop X Npiob and ke, x N in Figure 5 seems to
hold also in terms of the similar exponent a retrieved for the
scaling laws that are expected between kyon and Ny, for
randomly labeled polymers and k., and N for the end-labeled
monodisperse polymers.

Conclusions

Using FDQ experiments, the LRPCD of two series of
polystyrene randomly labeled with pyrene (CoA-PS and CoE-
PS) and one series of pyrene end-labeled polystyrene (PS(X)-
Py,) have been characterized by using either the FBM for the
randomly labeled polymers or the Birks’ scheme for the end-
labeled polymers. The LRPCD of polystyrene was monitored
in nine organic solvents with viscosities ranging from 0.34 to
5.47 mPa-s. All polymer constructs experienced slower LRPCD
upon increasing the solvent viscosity as the products kyjop X
Npiob and key X N increased linearly with 7! for viscosities
smaller than 1 mPa-s (Figures 4 and 5). Interestingly, kpop X
Nyiob and k¢, x N did not pass through the origin when the trends
were extrapolated to 7' — 0 in Figures 4 and 5. This result
suggests that excimer formation occurs at a rate faster than
expected from considering viscosity alone. As importantly, the
equivalence observed between the products kyjo, X Npop and
key x N in Figure 5 demonstrated that both types of polymer
constructs, namely, the long polydisperse polystyrenes randomly
labeled with pyrene or the short monodisperse polystyrenes end-
labeled with pyrene, yield the same information on LRPCD.
Beside the numerous experimental advantages associated with
using randomly labeled polymers which have been reviewed
earlier,”* the FBM provides information on the volume Vi,
probed by an excited pyrene during its lifetime in the form of
NC%i10b- N°biob represents the number of monomers encompassed
inside Viop. As the viscosity increases, N, decreases and tends
to zero (Figure 2). Finally, the scaling laws typically encountered
in polymer physics are also observed with the parameters
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retrieved from a FBM analysis in the form of the relationship
7 X k°piob O (N°piop)®, wWhere oo was found to equal —1.68 £
0.02 and —1.77 £ 0.03 for CoA-PS and CoE-PS, respectively.
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