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ABSTRACT: The long-range polymer chain dynamics
(LRPCD) of poly(N-isopropylacrylamide) (PNIPAM) were
studied by steady-state and time-resolved fluorescence. Two
types of fluorescently labeled PNIPAM constructs were con-
sidered. One polymer set, named Py,—PNIPAM—Y, where
5.6 kDa <Y < 44 kDa is the molecular weight of the polymer,
consisted of five monodisperse PNIPAMs that carried 1-pyr-
enyl-butyl groups at each chain end (functionalization level
>75%). The second polymer set consisted of five polydisperse
PNIPAMs 75 kDa < M, < 104 kDa randomly labeled with
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pyrene (0.1 mol % < pyrene content < 6.0 mol %). Pyrene was selected as its ability to form an excimer from the encounter of two
pyrenyl pendants covalently attached onto the polymer yields quantitative information about the LRPCD of a given backbone. The
fluorescence data were analyzed according to the Birks scheme for the pyrene end-labeled PNIPAMs and the fluorescence blob
model (FBM) for the randomly labeled PNIPAMs. The parameters describing the process of pyrene excimer formation were found
to yield equivalent trends regardless of the PNIPAM construct as would be expected since both PNIPAM constructs are essentially
pyrene-labeled PNIPAM in nature. Comparison of the parameters describing the LRPCD of PNIPAM and polystyrene obtained
with either end- or randomly labeled polymers led to the conclusion that PNIPAM and polystyrene have similar LRPCD in solution
as expected from the similarity in bulkiness of their side-chain. This study confirms the claim made first with polystyrene that
randomly labeled polymers can be used to obtain quantitative information on the LRPCD of a given polymeric backbone and that

they constitute an appealing alternative to end-labeled polymers.

B INTRODUCTION

Since the late 1970s," > fluorescence dynamic quenching
experiments have been conducted extensively to study long-
range polymer chain dynamics (LRPCD) in solution.*”” Early
experiments involved the covalent attachment of a luminophore
and its quencher to the opposite ends of a monodisperse polymer
chain®" to take advantage of the theoretical insight brought to
the fore by Wilemski and Fixman who predicted that under such
conditions, the process of end-to-end cyclization (EEC) can be
described by a single rate constant kcy.8’9 Steady-state and time-
resolved fluorescence measurements were then carried out on
dilute solutions of the end-labeled polymers to obtain k,, the rate
constant at which the excited luminophore is quenched. Since a
fluorescence quenching event indicates that the labeled ends of a
same chain have come into contact, kq is a measure of k.

Traditionally, pyrene has been the luminophore of choice to
conduct EEC experiments."* > The pyrene derivatives that are
typically used to label polymers have a relatively high quantum
yield (0.32 for pyrene in cyclohexane)'® and a long lifetime
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(200—300 ns)"' in most organic solvents. Quenching occurs
when an excited pyrene encounters a ground-state pyrene, a
process that results in the formation of a pyrene excimer.'® Since
the pyrene monomer and excimer emit at different wavelengths,
the rate constant of excimer formation can be determined with
great accuracy by conducting a Birks scheme analysis™'® of the
pyrene monomer and excimer fluorescence decays when pyrene
is attached at both ends of a monodisperse polymer. Additionally,
the rate constant of excimer formation provides a measure of k.

The use of monodisperse synthetic polymers end-labeled with
pyrene' ~** or other chromophores®> ™ *® has been instrumental
in deepening our understanding of the EEC process, and by
extension, long-range polymer chain dynamics (LRPCD). In-
deed, the ability to characterize quantitatively polymer chain
flexibility through its LRPCD represents an appealing feature in
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the study of protein folding where an EEC event can be viewed as
the most basic step taking place in protein folding, namely loop
formation.”*' However, this method does not come without
limitations as a number of recent studies attest. First, EEC
can only be probed satisfyingly by pyrene end-labeled polymers
that are monodisperse to satisfy the Wilemski and Fixman
formalism®’ and sufficiently short to ensure that the polymer
coil is smaller than the volume V., probed by an excited
pyrene.** The former condition is synthetically demanding as
monodisperse polymers are usually more difficult to prepare than
polydisperse ones, whereas the latter condition which was not
considered by Wilemski and Fixman requires that polymer chain
length and solvent viscosity be carefully selected as EEC can only
be properly studied with short chains in nonviscous solvents.
Second, as all EEC studies have found that k., scales as 7771 x M, *
where 7 is the solvent viscosity, M, is the number-average
molecular weight, and the scaling exponent & has been found
to range from 0.9 to 1.8, 127152638741 g scaling relationship
implies that the number of EEC encounters that can be experi-
mentally probed becomes, in practice, vanishingly small with
increasing chain length and solvent viscosity.'"** In the case of
polystyrene in tetrahydrofuran (# = 0.46 mPa-s), only chains
with an M, smaller than 10 K (i.e., 100 structural units) can be
used to study EEC.>*

Work carried out by some of us suggests that all the complica-
tions associated with the study of LRPCD via EEC can be
circumvented by working with polydisperse polymers randomly
labeled with pyrene and analyzing the fluorescence decays of
these polymers with the fluorescence blob model (FBM).”*
Indeed, the FBM has provided sets of internally consistent
parameters that describe quantitatively the LRPCD of pyrene-
labeled polystyrene,"**~*” poly(N,N-dimethyl acrylamide),*>°
or polyisoprene.”’ While these experiments provide valuable
information on the LRPCD of the specific polymeric backbones
considered, they also create a new pool of data on LRPCD that
parallels the vast pool of parameters already obtained from the
study of pyrene end-labeled polymers studied with the Birks
scheme over the past three decades.””> >"""** The two pools
were bridged in only one instance where a direct comparison
was carried out between the parameters describing the LRPCD
of constructs of polydisperse polystyrene randomly labeled
with pyrene or monodisperse polystyrene end-labeled with
pyrene that were studied with the FBM or the Birks scheme, res-
pectively.'"* This comparison suggested that the sets of para-
meters obtained from both analyses yield equivalent information
as long as the parameters are scaled by a fixed coefficient. While
this conclusion was interesting as it suggested that the LRPCD of
polystyrene can be studied with chains that are labeled with
pyrene either at the ends or randomly along the backbone, it was
limited to polystyrene.

The numerous advantages associated with the use of randomly
labeled E)olymers to study LRPCD have already been high-
lighted."" However, to ensure that LRPCD can be satisfyingly
studied with randomly labeled polymers, the study conducted
with polystyrene needs to be generalized by extending it to other
polymeric backbones. The present study addresses this issue
by considering two series of poly(N-isopropylacrylamide)
(PNIPAM) constructs, one being constituted of short mono-
disperse PNIPAM end-capped with pyrene and the other of
long polydisperse PNIPAM randomly labeled with pyrene. The
steady-state fluorescence spectra and time-resolved fluorescence
decays of the PNIPAM constructs were acquired and studied

>
&

Figure 1. General structure of the randomly labeled Py—PNIPAM—
X% samples.

according to the Birks scheme for the end-labeled PNIPAMs™>'°
and the FBM for the randomly labeled PNIPAMs.” The results
gathered in this work confirm the conclusions that were reached
earlier with polystyrene and validate the use of randomly labeled
polydisperse polymers as valuable substitutes of end-labeled
monodisperse polymers to study LRPCD by fluorescence.

B EXPERIMENTAL SECTION

Materials. Distilled in glass tetrahydrofuran, high-pressure
liquid chromatography (HPLC) grade methanol, and HPLC
grade acetonitrile were purchased from Caledon Laboratories.
HPLC grade ethanol and hexanol were purchased from Fisher-
Scientific. Spectrograde 2-butanone and ethyl acetate were
obtained from Aldrich and Honeywell, respectively. Unlabeled
PNIPAM used for intrinsic viscosity measurements was pur-
chased from Sigma-Aldrich. Its molecular weight distribution
(M, = 95 kDa, PDI = 1.2) was determined by gel permeation
chromatography (GPC).>> All materials were used as received.

Randomly Labeled Poly(N-isopropylacrylamide). The gen-
eral structure of the randomly labeled polymers studied in
this project is given in Figure 1. They are referred to as Py—
PNIPAM—X% where X is the pyrene content of polymer in
mol %. Their synthesis has been described earlier.>> The six
Py—PNIPAM—X% samples were prepared through radical chain
copolymerization of N-isopropylacrylamide (NIPAM) and
N-(acryloxy)succinimide (NASI) in tert-butyl alcohol, initiated
by 2,2-azobis(isobutyronitrile) (AIBN). Copolymerization of
NIPAM and NASI yields a random distribution of the two
monomers within the polymer and was conducted up to a
conversion of 30%. Replacement of the oxysuccinimide group
of NASI with [4-(1-pyrenyl)butyl]Jamine in tetrahydrofuran via
nucleophilic acyl substitution at the carbonyl carbon of NASI
results in a random distribution of pyrene labels along the
polymer backbone. Any excess NASI is subsequently converted
to NIPAM via nucleophilic acyl substitution of NASI with
N-isopropylamine. The pyrene content is then controlled
through the amount of [4-(1-pyrenyl)butyl]amine added.

In total, six Py—PNIPAM—X% samples were prepared. Their
pyrene contents, number-average molecular weights (M,,), and
polydispersity indices (PDI) determined by GPC>” are listed in
Table 1.

End-Labeled Poly(N-isopropylacrylamide). The structures
of the end-labeled PNIPAM samples (Py,—PNIPAM—Y and
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Py, —PNIPAM) are shown in Figure 2. Their synthesis has been
described earlier and is briefly presented hereafter.>*** The
Py,—PNIPAM—Y samples were synthesized through a reversi-
ble addition—fragmentation chain transfer (RAFT) polymeriza-
tion of N-isopropylacrylamide initiated with AIBN. The reversible
chain transfer agents were either diethylene glycol di(2-(1-isobu-
tyl)sulfanylthiocarbonylsulfanyl-2-methylpropionate) (DEGDIM)
for the synthesis of Py,—PNIPAM—Y or ethyl 2-(1-isobu-
tyl)sulfanylthiocarbonyl-2-methyl propionate for the synthesis
of Py;—PNIPAM. The RAFT polymerization with DEGDIM
results in the formation of @,w-di-isobutyldithiocarbonylthio
PNIPAM. Aminolysis of the isobutyldithiocarbonylthio end
groups using n-butylamine leads to a,w-dimercapto—PNIPAM.
Reaction of the mercapto end groups with 4-(1-pyrenyl)butyl
iodide yields a Py,—PNIPAM (Figure 2). Polymerization
of NIPAM in the presence of ethyl 2-(1-isobutyl)sulfanyl-
thiocarbonyl-2-methyl propionate leads to a polymer bearing a
methyl propionate group at one end and an isobutylthiocarbo-
nylthio group at the other end. Aminolysis of the thiocarbo-
nylthio group with n-butyl amine followed by reaction with
pyrenylbutyl iodide yields Py, —PNIPAM (Figure 2).

In total, five pyrene di-end-labeled samples and one mono-
labeled sample (Py,—PNIPAM—25K) were synthesized. The
monolabeled sample was used as a model compound to deter-
mine the natural lifetime of pyrene attached to the PNIPAM
chain. Their pyrene functionalities, M, and PDI values deter-
mined by GPC>” are listed in Table 2. All end-labeled samples
were monodisperse, with PDI values less than or equal to 1.10.

Intrinsic Viscosity Measurements. A sample of unlabeled
PNIPAM (M, = 95 kDa, PDI = 1.2) was used to gauge the quality
of different organic solvents toward PNIPAM by conducting
intrinsic viscosity measurements. Five concentrations ranging
from 2 to 10 g/L were used in order to measure the intrinsic

Table 1. Pyrene Contents, Molecular Weights, and Polydis-
persity Indices of the Py—PNIPAM—X% Samples

Py content Py content

sample (mol %)  (Apy in umol-g~") M, (kDa) PDI
Py—PNIPAM—0.1% 0.12 10 104.0 1.75
Py—PNIPAM—2% 2.7 230 92.4 1.57
Py—PNIPAM—3% 3.6 300 71.0 1.63
Py—PNIPAM—4% 4.2 340 81.4 1.37
Py—PNIPAM—5% S.1 410 70.5 1.70
Py—PNIPAM—6% 6.3 500 733 1.55

viscosity of PNIPAM in each solvent and solvent mixture.
Measurements were done with an Ubbelohde viscometer placed
in an ethylene glycol/water bath maintained at a constant
temperature of 25 £ 0.5 °C. Intrinsic viscosities of PNIPAM
in each solvent are given in Table 3.

Viscosities of Binary Mixtures of Methanol and Hexanol. A
calibration curve was constructed using an Ubbelohde visc-
ometer to estimate the viscosities of binary mixtures of methanol
and hexanol as a function of the methanol content. The relation-

Table 2. Pyrene Functionalities, Pyrene Contents, Molecular
Weights, and Polydispersity Indices of the End-Labeled
Py,—PNIPAM—Y Samples

pyrene Py content M,

sample functionality (%) (Apy in umolg™") (kDa) PDI
Py,—PNIPAM—6K 85.4 290 59 1.0
Py,—PNIPAM—8K 82.6 244 7.6 1.08
Py,—PNIPAM—14K 87.4 140 13.7 110
Py,—PNIPAM—25K 75.5 65 254 107
Py,—PNIPAM—45K 74.8 31 445 1.10
Py, —PNIPAM—25K -- 235  1.09

Table 3. Viscosities and Densities of, as Well as Intrinsic
Viscosities of the Unlabeled PNIPAM Sample in the Solvents
Used in This Study

solvent 7 (mPa-s) p (g/mL) (7] (dL-g")
acetonitrile 0.37 0.78 2.09 £ 0.02
2-butanone 0.41 0.81 2.99 +0.06
ethyl acetate” 0.42 0.90
tetrahydrofuran 0.46 0.88 3.5540.03
methanol 0.54 0.79 4.31 £0.06
80% methanol/hexanol 0.71 0.79 4.66 £ 0.04
60% methanol/hexanol 0.97 0.80 5.04£0.06
ethanol 1.1 0.79 4.85+0.05
30% methanol/hexanol 1.7 0.81 54£0.1
15% methanol/hexanol 2.6 0.81 53+0.1
6% methanol/hexanol 3.6 0.81 5.6+0.1
hexanol 4.6 0.82 6.0+02

“PNIPAM is not soluble enough in ethyl acetate to conduct intrinsic
viscosity measurements.
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Figure 2. General structure of the pyrene end-labeled polymers Py,—PNIPAM—Y and Py,—PNIPAM.
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Figure 3. Steady-state fluorescence spectra for (A) Py,—~PNIPAM—6K and (B) Py—PNIPAM—3%. 4,, = 344 nm, [Py] = 2.5 uM. Top to bottom:
methanol (17 = 0.55 mPa-s), 80% methanol/hexanol (77 = 0.71 mPa-s), ethanol (% = 1.1 mPa-s), 60% methanol/hexanol (77 = 0.97 mPa-s), 30%

methanol/hexanol (17 = 1.7 mPa-s), and hexanol (7 = 4.6 mPa-s).

ship between the viscosity (77) of the solvent mixture and the
methanol content v in vol % is given in eq 1.

7 = 13.251v" — 35.0450° + 34.8451* — 16.98v + 4.4975
(1)

UV-—Visible Absorbance Measurements. UV—visible ab-
sorbances were measured on a Cary 100 UV—vis spectrophot-
ometer with an absorption cell having a 1 cm path length.
Absorbances were measured in the 200—600 nm wavelength range.
All PNIPAM solutions used for fluorescence measurements had an
absorbance at 344 nm of less than 0.1, corresponding to a pyrene
concentration smaller than 2.5 M. This pyrene concentration
ensures that excimer formation occurs intra- and not intermolecu-
larly. The pyrene content of the Py—PNIPAM—X% samples
(Apy in pmol/g in Table 1) was measured by UV—vis spectro-
photometry using the molar extinction coefficient of 1-pyrene-
butanol in ethanol (43000 M~ '-cm ™" at 344 nm).> Apy Was
then used to determine the mole fraction x of pyrene labeled
units in the polymer sample according to eq 2.

p=— 2)

where M; and M, represent the molar masses of the labeled
(326 g-molfl) and unlabeled (113 g-morl) NIPAM mono-
mers, respectively.

Steady-State Fluorescence Measurements. Steady-state
fluorescence spectra of the pyrene-labeled PNIPAM samples
were acquired on a Photon Technology International (PTI)
LS-100 steady-state fluorometer equipped with an Ushio UXL-75Xe
Xenon arc lamp and a PT1 814 photomultiplier detection system.
The solutions were excited at 344 nm and their emission was
monitored from 350 to 600 nm. All solutions were degassed
under a steady stream of nitrogen for 30 min and had a pyrene
concentration smaller than 2.5 uM, sufficiently dilute to prevent
intermolecular excimer formation. The monomer fluorescence
intensity (Ip;) was obtained by taking the integral under
the fluorescence spectrum from 372 to 378 nm. The fluorescence
intensity of the excimer (Ig) was determined by first acquiring
the steady-state fluorescence spectrum of the monolabeled
Py; —PNIPAM—25K sample. Next, the fluorescence spectrum
of Py;—PNIPAM—25K was subtracted from the spectrum of
the randomly or end-labeled PNIPAM sample. Finally, Iy was

calculated by taking the integral of the subtracted spectrum from
500 to 530 nm.

Time-Resolved Fluorescence Measurements. The fluores-
cence decays of the pyrene monomer and excimer of the pyrene-
labeled PNIPAM solutions were acquired on an IBH time-resolved
fluorometer equipped with a nano-LED light source. The solutions
were prepared with a pyrene concentration of approximately
2.5 uM, small enough to ensure that no intermolecular excimer
formation was being observed. The solutions were excited at a
wavelength of 344 nm and emission was monitored at 375 and
510 nm for the pyrene monomer and excimer using a cutoff filter
at 370 and 495 nm, respectively. A Ludox solution was used at the
excitation wavelength to determine the instrument response
function which was convoluted with the desired theoretical func-
tion for the decay analysis. Fluorescence decays of the Py,—
PNIPAM—Y and Py—PNIPAM—X% samples were analyzed
using the Birks Scheme™'° with eqs S.1 and S.2 in the Supporting
Information and the FBM”* with eqs S.5 and S.6 in the
Supporting Information, respectively. A complete description
of both models is given in Supporting Information, together with
the definition of all parameters used in these analyses.

B RESULTS AND DISCUSSION

Dilute solutions of the end-labeled Py, —PNIPAM—6K and
randomly labeled Py—PNIPAM—3% polymers were prepared in
all organic solvents considered. Their fluorescence spectra were
acquired and normalized to the peak at 375 nm. The normalized
spectra are shown in Figure 3. Typical monomer emission peaks
are observed in the 370 to 425 nm wavelength region, while
the excimer emission is seen as a broad, structureless emis-
sion centered around 470 nm. Direct comparison of Figures 3A
and 3B demonstrates that excimer emission of the Py—
PNIPAM—3% sample is significantly stronger than that of the
Py,—PNIPAM—6K sample, even though the two polymers have
similar pyrene contents (cf. Tables 1 and 2). Most importantly,
the excimer signal of Py, —PNIPAM—6K, a polymer constituted
of about S5 structural units, is strongly reduced and can hardly
be detected in organic solvents having a viscosity larger than
1 mPa-s. This effect is due to the architecture of the pyrene end-
labeled polymer constructs which holds the pyrene labels far
apart from each other. By contrast, the randomly labeled polymer
contains many pairs of pyrene labels, some of which being
separated by shorter chain segments and capable of generating
excimer more effectively even in the most viscous solvents. In
turn, this effect confirms the inherent superiority of randomly
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Figure 4. (A) Plot of Iz/Iy X N 16 as a function of 7771 averaged for the Py, —PNIPAM—6K, Py, —PNIPAM—8K, and Py, —PNIPAM— 14K samples.
(B) Plot of Ir/Iy as a function of pyrene content for the Py—PNIPAM—X% samples in acetonitrile (¢), 2-butanone (O), ethyl acetate (A),
tetrahydrofuran (O), methanol (% ), 80% methanol/hexanol (4 ), 60% methanol/hexanol (), ethanol (), 30% methanol/hexanol (M), and hexanol
(A). Inset: Slopes of the lines shown in Figure 4B plotted as a function of 77"

labeled polymeric constructs when excimer formation is mon-
itored to study LRPCD as it was suggested earlier for a series of
polystyrenes randomly end-labeled with pyrene.'!

The fluorescence spectra of all pyrene-labeled polymers were
acquired and the ratios of the fluorescence intensity of the pyrene
excimer over that of the pyrene monomer, namely the Ir/Iy; ratios,
were determined. They are plotted as a function of the inverse of
viscosity (17~ ') in Figure 4. For quantitative analysis of the pyrene
end-labeled PNIPAMs, however, only the short PNIPAM con-
structs, namely Py,—PNIPAM—6K, Py,—PNIPAM—S8K, and
Py,—PNIPAM—14K, were considered, as the longer constructs
yielded hardly any excimer. The Ip/Iy trends of the shorter
PNIPAM constructs shown in Figure 4A illustrate the difference
of the protic versus aprotic nature of the solvent. Whereas Ip/Iy
appears to be inversely proportional to the solvent viscosity when
alcohols are used (all data points with 7 < 1.84 mPa'+s™ '), the
I /Iy ratios are much more scattered in the aprotic solvents used to
attain viscosities smaller than that of methanol (77 = 0.54 mPa-s).
Whereas the I/Iy; ratio in acetonitrile (7' = 2,70 mPa '-s™ ') is
close to the straight line defined by the protic solvents, the Iz/Iy
ratios obtained in THFE (™' = 2.17 mPa™'+s™ "), 2-butanone
(7 '=244mPa '+s~"),and ethyl acetate (' =2.38mPa '+s ")
are clearly off the line. Incidentally, the quality of these solvents
toward PNIPAM is also much poorer than that of the alcohols
as inferred from the intrinsic viscosity measurements (Table 3).
Consequently, only the results obtained with the PNIPAM
samples in alcohol solutions will be considered from now on.
The product 17 X Ig/Iy of the end-labeled polymers in the
alcohols was found to scale as M,fl‘éio'3 in Figure 44, in perfect
agreement with the Ig/Iyy ~ M, * relationships reported in the
literature where o takes values between 0.9 and 1.9.%'>7 15263841

The I/I); ratio of the randomly labeled polymers is shown in
Figure 4B as a function of pyrene content. After an onset pyrene
content of about 2 mol %, the I/Ij; ratio increased linearly with
increasing pyrene content, with a steeper increase being observed
for the less viscous solvents. The trends shown in Figure 4B
indicate that a minimum level of pyrene labeling is necessary to
bring the pyrene labels close enough from each other in order to
induce excimer formation. While such a result would be ex-
pected, the PNIPAM samples randomly labeled with pyrene
represent the first example of a pyrene-labeled polymeric con-
struct for which so pronounced an onset pyrene content is found
before excimer formation is observed.

The slope of the straight lines representing the It/Iy; ratio vs
pyrene content shown in Figure 4B is a measure of the efficiency
of the randomly labeled PNIPAM at forming excimer, and it is

expected to depend on solvent viscosity. The slopes of the lines
were determined and they are plotted as a function of 7' in the
inset of Figure 4B. This plot is identical to that shown in
Figure 4A for the pyrene end-labeled PNIPAMs, with the data
obtained in the protic solvents lining up nicely on a straight line
while the results obtained in the aprotic solvents are scattered.
The excellent agreement observed between Figure 4A obtained
with the end-labeled PNIPAMs and the inset of Figure 4B
obtained for the randomly labeled PNIPAMs suggests that the
process of excimer formation studied for both constructs yield
the same information on LRPCD.

The fluorescence decays of the pyrene monomer and excimer
of the end— and randomly labeled PNIPAM:s were fitted with the
set of eqs S.1 and S.2 in the Supporting Information for the Birks’
scheme analysis and the set of eqs S.5 and S.6 in the Supporting
Information for the FBM analysis, respectively. The parameters
retrieved from these analyses are listed in Tables S.1—S.15 in the
Supporting Information. The parameters obtained with the Birks
scheme analysis of the fluorescence decays acquired with the
Py,—PNIPAM—Y constructs are discussed first.

According to the Birks scheme, the process of excimer
formation between the two pyrene-labeled ends of the Py,—
PNIPAM—Y samples is described by the EEC rate constant, k.,
the rate constant of excimer dissociation, k_,, the excimer
lifetime, 7g, and the molar fraction of pyrene pendants that are
attached on singly labeled chains and cannot form excimer, fygree.
The parameters k., k_,, Tg, and fyg.. were found to depend on
solvent viscosity (77) and polymer chain length (N). Their scaling
behavior as a function of N and 7 was established following a
procedure that has been described earlier and it is shown in
Figure 5.* For short chains and low solvent viscosities, ke,
decreases with increasing viscosity and molecular weight, as
expected.”'> 7192938741 Byt for long polymer chains and large
solvent viscosities, k., plateaus. In particular, k., hardly changes
with solvent viscosity for the Py,—PNIPAM—14K sample
(triangles). The excimer dissociation rate constant k_ ., increases
linearly with increasing viscosity and chain length, but remains
smaller than 5.0 x 10°s~' for #7 x N products smaller than
~60 mPa-s, ie. for relatively short chains and small solvent
viscosities. On the basis of the exponents found in Figure SC,
the excimer lifetime 7y depends little on viscosity and polymer
chain length, and for 77 X N products smaller than ~60 mPa-s, Ty
is found to equal 62 £ 4 ns which is a reasonable value for
a pyrene excimer in organic solvents."’ For longer chains and
larger solvent viscosities, however, Ty increases to unexpectedly
large values. The fraction of monolabeled chains, fyg.. remains
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constant and equal to 0.11 % 0.03 for Py,—PNIPAM—6K and
Py,—PNIPAM—S8K, but for Py,—PNIPAM—14K, fyce in-
creases with increasing viscosity.

The trends shown in Figure S, parts A—D, highlight some
serious deficiencies of the Birks scheme analysis. First, k, is
expected to decrease continuously with increasing viscosity and
polymer chain length. Second, k_., and 7y do not depend on
viscosity and polymer chain length for long chains as only a few
structural units beside the pyrene labels are expected to affect
their values. Consequently, k_., and 7 should remain constant
in Figure 5, parts B and C, at the very least for the largest
PNIPAM constructs, as they describe the photophysical proper-
ties of the pyrene excimer. Third, the fraction of monolabeled
chains fysse. is an intrinsic property of the polymer sample which
cannot double with increasing solvent viscosity as it does with
Py,—PNIPAM—14K (Figure SD). Although the k, k_,, T,
and fyrge. parameters retrieved for short chains and small solvent
viscosities appear to behave somewhat reasonably, Birks’ scheme
clearly breaks down for longer chains and larger solvent viscos-
ities. These observations agree closely with those reported
recently for a series of pyrene end-labeled poly(ethylene oxide)
(Pyz—PEO)42 and suggest that the effect described in Figure S,
parts A—D, is general.

In the case of Py,—PEO, the breakdown of Birks scheme for
long chains and/or viscous solvents was traced back to the
partitioning of the pyrenyl ends in the polymer coil.** If the
ground-state pyrene at one polymer end is located inside the
volume Vi, probed by the excited pyrene at the other end,’
excimer formation occurs with a rate constant ky.,. But if the
ground-state pyrene is located outside a blob, it might be
incapable of forming an excimer resulting in a large fyge. value
which increases with increasing polymer chain length and/or
solvent viscosity, as observed for Py,—PNIPAM—14K in
Figure 5D. The similarity in the trends shown in Figure S for
the Py,—PNIPAM samples and those found for the Py,-PEO
samples suggests that a same phenomenon might be at play. A
detailed overview about the application of the FBM to the study

of pyrene end-labeled polymers can be found in a recent
publication.*

The fluorescence decays of the PNIPAM samples randomly
labeled with pyrene were fit using the Fluorescence Blob Model
according to eqs S.5 and S.6 in the Supporting Information.
In the analysis, the monomer lifetime 7); was fixed to the
value determined by acquiring the fluorescence decays of the
Py—PNIPAM—0.1% sample, fitting the decay using a sum of two
exponentials, and taking the longest decaytime obtained with the
largest pre-exponential factor as the monomer lifetime. Within
the framework of the FBM, excimer formation occurs sequen-
tially where slow diffusive encounters of the polymer units
bearing a pyrenyl pendant are followed by their rapid rearrange-
ment to form an excimer. Diffusive encounters are described by
the FBM parameters which are ky,,p, the rate constant of excimer
formation inside a blob containing one ground-state and one
excited pyrene, (n), the average number of pyrenes per blob, and
k. x [blob] which describes the rate at which ground-state
pyrenes exchange between blobs. The parameter (n) is used to
determine the blob size, Ny,jop, whose exact definition is given in
eq S.10 in the Supporting Information. The rapid rearrangement
of the pyrenyl pendants into an excimer is described by the rate
constant k. It was determined by letting k, float in a first analysis,
averaging the values obtained for each pyrene content, and then
fixing k, to its average value in a subsequent analysis. The
parameters retrieved from this analysis are listed in Tables
S.6—S.15 in the Supporting Information. Figures 6A - D
represent plots of the parameters k. X [blob], kyjoby Npjob, and
kpiob X Nplop as a function of the corrected pyrene content,
Apy/ (1 = fastree)- The factor (1 — futtree) " accounts for the larger
local concentration experienced by those excited pyrenes located
in pyrene-rich domains of the polymer coil when pyrene-poor
domains exist where a molar fraction fyge. Of the pyrene
monomers are isolated along the polymer backbone and cannot
form excimer.”

Except for k. x [blob] which is usually retrieved with more
scatter, Kpjopy Nplobs and kpjop X Npjop appear to remain constant
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with pyrene content, with a small variation (usually a dip)
observed in some instances for Py—PNIPAM—2%. We suspect
that this variation with respect to the other PNIPAM samples
is due to Py—PNIPAM—2% having a pyrene content that is
too close to the break point found in the Iz/Iy; trends shown
in Figure 4B. Indeed, fice, the molar fraction of isolated pyrenes
that cannot form excimer, is consistently larger for Py—
PNIPAM—2% in Tables S.6-S.1S in the Supporting Information,
reflecting the larger average spacing between pyrene pendants
in this sample. Ignoring the values retrieved for the Py—
PNIPAM—2% sample, the remaining values were averaged to
yield (k. x [blob]), (kbiob), (Nblob), and (kpieb X Npiob)- They are
shown as a function of 7" in Figure 7 together with the same
parameters obtained earlier for polystyrene randomly labeled
with 1-pyrenebutanol via the copolymerization of styrene and
L-pyrenebutyl acrylate.*” Since the type and choice of incorpora-
tion of pyrene derivatives have been shown to affect profoundly
the process of excimer formation for pyrene-labeled polymers,'"**~*’
the similarity in the pyrene derivatives used to label PNIPAM in
the present study and PS ensures that the trends can be compared
quantitatively. The data shown for PS in Figure 7 were obtained in
a earlier publication in toluene, N,N-dimethylformamide, dioxane,
dimethylacetamide, and benzyl alcohol whose respective viscosity
equals 0.56, 0.79, 1.18, 1.93, and 5.47 mPa-s.*’

The rate constant (k.[blob]) describing the exchange of
pyrenes between blobs is smaller than (ki) indicating that a
ground-state pyrene present in a blob is likelier to quench the
excited pyrene rather than escape the blob. Both (k.[blob]) and
(kpjob) do not change much with viscosity, as expected within
the framework of the FBM.**7>° In the case of k.[blob], the
concentration of blobs inside the polymer coil increases as
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the viscosity increases since the blobs become smaller but the
volume of the polymer coil remains constant. However k., which
is the rate constant describing the diffusive exchange of ground-
state pyrenes between blobs decreases as it is inversely propor-
tional to the solvent viscosity, thus canceling the increase in
[blob] and resulting in a k.[blob], which depends little on solvent
viscosity as found in Figure 7A. By its definition, kyp is a
pseudounimolecular rate constant which is the product of the
rate constant describing the bimolecular encounter between an
excited pyrene and a ground-state pyrene multiplied by the con-
centration equivalent to one ground-state pyrene located inside a
blob of volume Vi,jop,. The expression of ko, is given in eq 3.

! 3)

Vilob

As the viscosity increases, Vy,, decreases and kg which is
inversely proportional to the solvent viscosity decreases. Both
effects cancel each other resulting in the trend shown in
Figure 7B for (kpp). As the solvent viscosity decreases, the
excited pyrene probes a larger Vj o, and a larger Nyop, value is
obtained as observed in Figure 7C. Finally, the product (kyjop X
Nilob), which has been shown to describe the LRPCD of a given
polymer is found to be inversely proportional to solvent viscosity,
as expected from a diffusion-controlled process.'"'> Together,
the parameters (k. X [blob]), (kuiob), {Nbiob), and (kpiob X Npiob)
provide an accurate description of the LRPCD of PNIPAM. In
particular, they can be used to compare quantitatively the
LRPCD of PNIPAM with polystyrene. Over the range of solvent
viscosities studied for PNIPAM, namely 0.54 mPa-s for metha-
nol and 4.6 mPa-s for hexanol, (k.[blob]), {Nyon), and {kyop ¥
Nilob) are consistently smaller for PNIPAM than for polystyrene.

kyiop = kagr ¥
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Since the product {kpigp X Npjopy reflects the LRPCD,""*~* our
results based on the randomly labeled PNIPAM indicate that
polystyrene is about 10% ((kpiob X Nosob)"/(kbiob X Ny =
1.10) more flexible than PNIPAM in protic solvents.

In an earlier study carried out with polystyrene randomly labeled
with l—pyrenebutanol,47 the product (kb X Npiopy was found to
be on average 3.2 times larger than the product (k, X N) where N
is the number-average degree of polymerlzatlon of three short
polystyrene constructs end-labeled with 1-pyrenebutylamine.'" In
the case of the randomly labeled PNIPAM, the product (kpjop X
Niloby is found to be 1.8 times larger than (kcy x N) for the two
shortest end-labeled PNIPAMs, namely Py,—PNIPAM—6K and
Py,—PNIPAM—8K since k, for Py,—PNIPAM—14K has been
shown to behave somewhat unexpectedly in Figure SA. A plot
comparing (kb X Nb1°b> and 1.8 x (ky, X N) for PNIPAM is
shown as a function of " in Figure 8.

The agreement between the two sets of data is remarkable, as
was obtained for polystyrene 'In particular, both (kpjop X Npjob)
and (k., X N) take a slightly larger value than expected in ethanol
(7 = 1.1 mPa-s), suggesting that both constructs respond to the
solvent in the same manner. However, whereas the (ky, X
Nijoby values obtained for the randomly labeled polymers
indicated that polystyrene is about 10% stiffer than PNIPAM
in protic solvents ((kyiob X Npiob)' /{kpiob X Niop) ot =
1.10), the (k., x N) trends yield an opposite result with poly-
styrene bemg about 33% ((k, x NYS/ (key x NYNIPAM _ 0 67)
more flexible than PNIPAM.

Although the exact origin of this discrepancy is difficult to
assess at the present time, it illustrates the sensitivity of fluores-
cence in general and pyrene excimer formation in particular to
minute differences in the overall chemical structure of the
pyrene-labeled polymer constructs, an already well-described
observation.'”**™* On the one hand, the amide linkers used
to connect the 1-pyrenebutyl derivatives to the ends of poly-
styrene in ref 11 might slow down the process of excimer
formation. On the other hand, the diethylene glycol segment
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Figure 8. Plot 0f<kblob X Npjob) (©) and y « (k,, x N) (@) for PNIPAM
as functions of 7" where y equals 1.8.

located at the core of the Py, —PNIPAM—Y samples together with
the flexible thio ether linkage used to connect the 1-pyrenebutyl
derivative to the ends of PNIPAM might enhance the overall
flexibility of the chain and favor excimer formation. In any case,
whether polystyrene might be 10% stiffer or 33% more flexible
than PNIPAM, these results suggest that these polymeric back-
bones have similar flexibilities as would be expected from their
similar characteristic ratios C., reported to be 10.2 for polystyr-
ene in cyclohexane at 34.5 °C*” and 10.6 for PNIPAM in THF at
25 °C.>* In comparison, recent results obtained with pyrene end-
labeled monodisperse poly(ethylene oxide) (PEO) yield (k, x
N)PEO values that are 2.4 and 3.8 times larger than (k,

NYPNIPAM 4nd (key x NS, respectively (see Figure Sl in
Supporting Informatlon) * Furthermore, considering that each
structural unit of PEO contributes three atoms to the backbone
versus two for PNIPAM and PS, the product n x (k, X N)PEO,
where 7 is the number of backbone atoms per structural unit,
is actually 3.6 and 5.7 times larger than n x (k¢ % NYPNIPAM 9 d
n X (key X N)™, respectively. PEO having a characteristic ratio of
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3.8%7 is much more flexible than PS and PNIPAM, and as a result
yields much larger n X (ke, X NYPEO values.

The LRPCD described in this study were monitored for
pyrene-labeled PNIPAMs in solvent mixtures of methanol and
hexanol. One problem associated with the use of solvent mixtures
revolves about the preferential adsorption of one of the two
solvents onto the polymer of interest. When such specific solvent
effects occur, the bulk viscosity of the solvent mixture can no
longer represent the viscosity experienced locally by the chain.
To investigate the extent to which this might be happening in our
experiments, the PNIPAM samples were studied in ethanol, a
homogeneous solvent of 1.1 mPa-s viscosity similar to that of a
methanol:hexanol mixture containing 54 vol % of methanol.
Although the results obtained in ethanol appear to be slightly off
the trend obtained with the solvent mixtures (see Figures 4 and 8)
suggesting a slightly enhanced excimer formation in ethanol, the
difference is small and could also be related to a worsening of the
solvent quality toward PNIPAM in ethanol as well as some
preferential adsorption of one of the solvents of the solvent
mixture. According to the data listed in Table 3, the intrinsic
viscosity of PNIPAM in ethanol is smaller than that in the
methanol:hexanol mixture. Thus, the local concentration of
pyrene in the pyrene-labeled PNIPAM constructs is higher in
ethanol than in the solvent mixture resulting in a larger rate of
excimer formation as reflected by the larger I /Iy, ratio in Figure 4
and the larger (kyiop X Nyiob) OF ke X N products in Figure 8.
Consequently, although specific solvent effects might be happen-
ing, their overall effect on the conclusions drawn from this study
is expected to be small.

Il CONCLUSIONS

The LRPCD of PNIPAM were described in alcohol solvents
for two series of pyrene-labeled PNIPAMs. The first series was
constituted of five short monodisperse PNIPAMs end-labeled
with pyrene. The second series was composed of five large
polydisperse PNIPAMs randomly labeled with pyrene. The
steady-state fluorescence spectra and time-resolved fluorescence
decays of all samples were acquired and analyzed according to the
Birks scheme for the end-labeled PNIPAMs and the FBM for
the randomly labeled PNIPAMs. The main result of this study
is the observation that the parameters describing the efficiency
of pyrene excimer formation obtained by steady-state (Ig/Iy
ratio in Figure 4A and the inset of Figure 4B) and time-resolved
((kpiob X Npiop) and (key X N in Figure 8) fluorescence compare
remarkably well for the two types of constructs. This result
demonstrates that the two types of PNIPAM constructs provide
internally consistent information about the LRPCD of PNIPAM,
a conclusion similar to the one reached for polystyrene in earlier
publications.""*

The products k., x N obtained for the end-labeled polymers
and kyjop, X Nyppop obtained for the randomly labeled polymers
were compared to gauge the relative flexibility of polystyrene
with respect to PNIPAM. The relatively small differences found
for the kylob X Npiob and k¢y X N values between polystyrene and
PNIPAM suggest that these polymers exhibit similar backbone
flexibility, a conclusion which is both supported from the
reported C.. values of the polymers®”*® and reasonable con-
sidering the chemical structure of the structural units of the two
polymers which bear side-chains of similar bulkiness.

The advantages of using randomly labeled polymers consist of
their easier preparation by copolymerization or polymer

postmodification, an enhanced excimer formation by reducing
the average distance between every pair of pyrenes (cf. Figure 3,
parts A and B, and ref 11), and not being limited to the use short
chains (see complications to the Birks scheme in Figure S and ref
42). These advantages must be balanced with the disadvantage of
using egs S.5 and S.6 in the Supporting Information for the FBM
which are mathematically more involved than egs S.1 and S.2 in
the Supporting Information typically used with end-labeled
polymers. The advantages and disadvantages of each approach
need to be carefully weighed by the experimentalist interested in
characterizing the LRPCD of a given polymeric backbone. In any
case, whatever the chosen approach is, the good agreement found
for polystyrene' "**~*” and now PNIPAM between ke X N for
end-labeled monodisperse polymers and kyo, X Nyppop for
randomly labeled polydisperse polymers demonstrate that ran-
domly labeled polymers constitute an appealing alternative to
end-labeled polymers to study LRPCD by fluorescence.

B ASSOCIATED CONTENT

© Supporting Information. Description of the Birks scheme
and FBM, tables summarizing the parameters used to described
the kinetics of excimer formation, parameters retrieved from the
analysis of the fluorescence decays, plots of (k., X N) versus the
inverse of viscosity for PEO, PNIPAM, and PS, and errors on
the exponents given in Figure 5. This material is available free of
charge via the Internet at http://pubs.acs.org.
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