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ABSTRACT: Four types of pyrene-labeled polystyrene samples B3) were prepared and the process of excimer
formation between the pyrene labels was characterized by steady-state and time-resolved fluorescence to assess
the effect the mode of pyrene incorporation into a polymer has on the kinetics of excimer formation. The pyrene
label was incorporated into the PS backbone by either (1) reacting 1-pyrenemethoxide with a chloromethylated
polystyrene backbone to yield the GrPS series, (2) copolymerizing styrene with 4-(1-pyrenyl)methoxymethyl-
styrene to yield the CoEPS series, (3) copolymerizing styrene wWNKH1-pyrenylmethyl)acrylamide to yield the
CoA—PS series, or (4) polymerizingw-dicarboxyl end-capped polystyrenes witlysine-1-pyrenemethylamide
dihydrochloride to yield the ESPS series. Steady-state and time-resolved fluorescence experiments demonstrated
that the long and flexible linker of GFEPS and CoEPS enabled more efficient excimer formation than the
short and rigid linker of CoAPS, and that spacing the pyrene pendants i [ES led to a strong reduction in
excimer formation. The fluorescence blob model (FBM) was applied to analyze quantitatively the monomer and
excimer fluorescence decays of the four-f38s. The FBM analysis confirmed that the longer ether linker of
GrE—PS and CoEPS enabled the excited pyrene label to probe a larger volume inside the polymer coil. The
level of clustering of the pyrene pendants was found to be minimal forf=S as expected from its structural
design. Interestingly, the pyrene pendants were twice more clustered ferR&Ehan for CoEPS, despite both
polymers having an identical chemical structure. The results for the-B8and CoEPS series suggest that
reacting groups distribute themselves differently in a copolymer whether they are incorporated by a grafting onto
reaction or copolymerization.

Introduction to the length3 or type** of the linker used to connect the pyrene

Ever since Cuniberti and Perfedand Winniké demonstrated ~ Probe to the polymer backbone. In view of the Iaorge body of
30 years ago that information on end-to-end chain cyclization Studies where pyrene-labeled polymers are dséd’there is

could be obtained by labeling both ends of a chain with a pyrene & 9laring lack of knowledge on the effect that the mode of
moiety and monitoring excimer formation from the diffusive PY'€Ne incorporation into a polymer has on the very excimer

encounters between the two pyrene moieties, the process oformation used to draw conclusions on the polymer behavior.
pyrene excimer formation has been used to gain information This study addr_esses this issue by investigating the effect.that
about polymer chain dynamics. Since then, the use of fluores- (€ three following parameters have on the process of excimer
cence to monitor the encounters between two pyrene chro-formation between pyrenes attac_hed along a polymer chal_n: ()
mophores attached onto a polymer has yielded a wealth ofthe method of pyrene incorporation, (2) the nature of the_I|n|_<er
information on long range dynamiég,conformatiorf- and connecting pyrene to the backbone, and (3) the pyrene distribu-
aggregatiofl® of polymers in solution. These fluorescence tion along the polymer backbone. The study focuses on pyrene-

experiments are conducted by exciting a pyrene moiety with |aPeled polymers where pyrene is incorporated along the
UV light and following its emission at around 375 nm. An backbone since the preparation of such polymers is usually much

encounter between an excited pyrene and a ground-state pyrent$SS demandirfg10.127 than that of polymers where pyrene
results in the formation of an excimer whose emission is red- 'S introduced at specific positions, typically the chain efids.
shifted with respect to that of the monomer, to about 480thm. To determine the effect of the method of pyrene incorporation,
Since the pyrene moieties are attached onto the polymer, excimeitwo series of pyrene labeled polystyrene{f®5) with identical
formation indicates that two units of the polymer have encoun- structure were synthesized in two different ways. The first was
tered. By analyzing the process of excimer formation, informa- prepared by synthesizing PS, chloromethylating a small portion
tion on the behavior of the polymer in solution is retrievéd.  of the aromatic rings, and subsequently reacting the chloro-
In the majority of cases, the rule of thumb for incorporating methylated backbone with 1-pyrenemethoxide. This process
pyrene into a polymer depends to a large extent on the labelingyields PS where pyrene was grafted onto the PS backbone via
strategy being as easy as possible and the linker connectingan ether linkage (GrEPS)8 The second was prepared by
pyrene to the polymer being as stable as possible in the givensynthesizing a 4-(1-pyrenyl)methoxymethylstyrene monomer
solvent. Once labeled, the behavior of the polymer is investi- and copolymerizing it with styrene (CefPS). Both of these
gated by following the kinetics of excimer formatiéni® Of syntheses produce PS samples randomly labeled with pyrene
the numerous studies conducted using pyrene-labeled polymersgroups which have identical chemical structure, but potentially
only a few have noted a difference in excimer formation when different distributions of pyrene pendants along the chain.

changes are made to the method of pyrene incorporétion, To determine the effect that the linker connecting pyrene to
the backbone has on excimer formation, a second copolymer
* To whom correspondence should be addressed. was prepared usindN-(1-pyrenylmethyl)acrylamide as the
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Scheme 1. Chemical Structures of CoAPS, CoE-PS, GrE—PS, and ES-PS
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pyrenyl monomer (CoAPS). CoE-PS and CoAPS are
expected to display a similar distribution of pyrene pendants
along the backbone with the stiffer amide linker of CeRS

Synthesis of 4-(1-Pyrenyl)methoxymethylstyrene (PyMMS).
In a dry 50 mL round-bottom flask, 0.09 g (0.054 mol) of sodium
hydride was added to 6 mL of DMF and stirred for 5 min at room

keeping the pyrene much closer to the backbone than the ethefemperature. 1-Pyrenemethanol (0.575 g, 2.48 mmol) was added

linker used for the CoEPS series.

Finally, the effect of pyrene distribution was determined by
condensation af-lysine-1-pyrenemethylamide dihydrochloride
containing two free amines with short PS chains terminated
with carboxylic acid functions at both ends. This route yields

and stirred for 30 min at room temperatupeChloromethylstyrene
(0.343 g, 2.25 mmol) was added and the solution was heated to
60 °C and stirred for 4 h. The solution was removed from the heat
and precipitated into water, followed by centrifugation to isolate
the solid product. The crude product was dissolved in methylene
chloride (MeC}) and washed wit 1 N HCI, 5 wt % sodium

PS with pyrene evenly-spaced throughout the backbone carbonate solution, and water. The methylene chloride was dried
(ES-PS). The side-chain structure is the same as that of thewith Na,SO, and removed by rotary evaporation. A silica gel

N-(1-pyrenylmethyl)acrylamide used for the CoRS series

column using hexane and methylene chloride was used to further

which allows the comparison of a PS sample where pyrene hasPurify the product. The solid was then recrystallized in cyclohexane

been incorporated in a well-defined manner (B55) with a
PS sample randomly labeled with pyrene (CeRS).

To the best of our knowledge, this study represents the first

example where the effect of the mode of pyrene incorporation
into a polymer on the kinetics of excimer formation is
systematically investigated. The quantitative analysis of the

to obtain a white-yellow solid in a 41% yield. 300 MHE NMR
(CDCly) for PyMMS: 6 4.6 (s, 2H, A-CH,—0), 6 5.2 (d of d,
1H, alkene trans-H)) 5.2 (s, 2H, Py-CH,—0), 6 5.7 (d of d, 1H,
alkene cis-H)o 6.7 (q, 1H, alkene gem-H} 7.4 (m, 4H, ArH),
0 7.9-8.4 (several peaks, 9H, pyrenyl H's).

Random Copolymerization. The copolymers were prepared by
radical polymerization of styrene and PyMAAmM or PyMMS.

fluorescence data presented in this work is enabled by the Styrene was purified by three successive washels vt NaOH

recently developed fluorescence blob model (FBRGurrently,
this is the only analytical tool available capable of differentiating

followed by two distillations under reduced pressure. The pyrene
content was varied by adding increasing amounts of the pyrenyl

the contributions made by the chain dynamics and local pyrene monomer. The final pyrene content was determined postsynthesis

concentration which both affect the formation of excimer
between pyrenes attached randomly onto a polytiére body

using UV—vis analysis.
The general synthesis using PyMAAmM as an example is described

of results generated in the study is expected to become all detail. A Schlenk tube was flame-dried and purged wi) N

reference point used to compare trends obtained from the
kinetics of excimer formation between pyrene pendants attached

onto a polymer via different methods. It is expected to facilitate

followed by the addition of 0.4 g (3.84 mmol) of styrene, 0.09 g
(0.31 mmol) of PyMAAmM, and 2 mL of 0.2 mg/mL AIBN in DMF.
The solution was deaerated by bubblingfbl 15 min. The reaction
was conducted at 65C to a conversion of approximately 0.2 to

the comparison between the numerous trends resulting from theinimize composition drift. Conversion was determined through
vast number of studies that have been and continue to beiq NMR (vide infra). The polymer was precipitated in methanol,

conducted with pyrene-labeled polymé#s?10

Experimental Section
Materials. Chemicals were purchased from Sigma-Aldrich

(Milwaukee, WI) and used as received unless otherwise stated.

Distilled in glass DMF and THF were purchased from Caledon
Laboratories (Georgetown, ON) and used as received. Tdtee
dicarboxyl end-capped polystyrenes [y, = 3000, PDI= 1.10,
Func.= 1.90; (ii) M, = 4500, PDI= 1.12, Func= 1.95; (iii) M,

= 8000, PDI= 1.09, Func= 1.95] were purchased from Polymer
Source (Montral, QC).

Pyrene-Labeled Polystyrene Obtained by Grafting Pyrene
onto the Chain (GrE—PS). The synthesis and characterization
of the GrE-PS samples has been described elsewlidielecular
weights and polydispersities can be found in Table Sl.1. The
chemical structure of GFEPS and all other polymers can be found
in Scheme 1.

Synthesis ofN-(1-Pyrenylmethyl)acrylamide. The synthesis
and purification olN-(1-pyrenylmethyl)acrylamide (PyMAAmM) has
been described elsewhéfe.

redissolved in THF and precipitated in methanet7times to
remove unreacted pyrenyl monomer. The final yield was ap-
proximately 10% in each case.

300 MHz 'H NMR (CDCly) for poly(styreneeo-PyMMS): o
1.2 (broad,~ 2H, CH,), 6 1.8 (broad,~1H, CH), 6 4.5 (broad,
seen in polymers with pyrene contert$ mol %, Ar—CH,—0),

0 5.4 (broad, seen in polymers with pyrene contenfs mol %,
Py—CH,—0), 6 5.7,0 6.5 andd 7.0 (broad, 4H, ArH)p 7.9-8.4
(broad, pyrenyl H's). UV-vis (THF): peaks at 314, 328, 344 nm.

300 MHz'H NMR (CDCl) for poly(styreneeo-PyMAAm): o
1.2 (broad,~ 2H, CH,), 6 1.8 (broad,~1H, CH), 6 5.2 (broad,
seen in polymers with pyrene contert® mol %, Py-CH,), o
6.5 andd 7.0 (broad, 4H, ArH)Y 7.9-8.4 (broad, pyrenyl H's).
UV—vis (THF): peaks at 314, 328, 344 nm.

Molecular Weight Determination. Apparent molecular weights
were determined by gel permeation chromatography (GPC) with a
Waters system using THF as an eluent and a Jordi linear DVB
mixed-bed column. The instrument was coupled with a DRI
detector. The column was calibrated using known molecular weight
polystyrene standards. These experiments were carried out at room
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temperature. Many of thiel, values were in the-30 K range with filtered, and the MeGlwas removed by rotary evaporation. The
a polydispersity index (PDI) around 2.0 (Table SI.1 in the remaining solid was washed in a 1:1 benzene:hexane mixture and
Supporting Information). No,Ne-di-Boc-L-lysine-1-pyrenemethylamide was recovered in an

An earlier study on pyrene-labeled GfrPS demonstrated that ~ 85% yield. _ _
the fluorescence signal of the randomly labeled polymers does not 300 MHz *H NMR (DMSO-ds) for Ny,N.-di-Boc-L-lysine-1-
depend on polymer chain length as long as the polymer chain lengthPyrenemethylamides 1.3 (broad, 18H-boc and 4H, 2x CH,),
is longer than acritical polymer chain lengti{cpcl) whose value 9 1.5 (m, 2H, CH), 0 2.8 (m, 2H, CH), 0 3.9 (broad, 1H, CH)o
was estimated to lay between 6 and 4@%Consequently, a30 K 5.0 (M, 2H, Py-CH), 6 6.7 (t, 1H, NH),6 6.9 (d, 1H, NH),6
PS sample with a PDI of 2.0 might contain a substantial fraction 7-9-8.4 (many sharp pyrene peaks, broad amine peak8) (t,
of chains whose chain length is smaller than ¢pel. As a result, 1H, amide NH).
GPC was used to fractionate the PS samples. The fluorescence Into a round-bottom flask were added 0.4 g (0.714 mmol) of
experiments were run with the whole PPS samples, as well as  NuwNe-di-Boc+-lysine-1-pyrenemethylamide and 10 mL oV#HCI
their fractions containing a polymer molecular weight larger than in dioxane. The mixture was stirred for 1 h. Dioxane was removed
40 K (Table SI.2). Within experimental error, no discrepancy could by rotary evaporation, and thelysine-1-pyrenemethylamide di-
be found between the results whether the fluorescence experimentdlydrochloride was precipitated as a solid product in ether in a 90%
were conducted with the whole PPS sample or the PyPS yield.
fraction having a larger molecular weight. (See Figures Sl.1 and 300 MHzH NMR (DMSO-ds) L-lysine-1-pyrenemethylamide
SI.2 and Tables SI:3S1.10 in the Supporting Information).  dihydrochloride: 6 1.3 (m, 2H CH), 6 1.4 (m, 2H, CH), 6 1.7
Nevertheless, the Results and Discussion sections present the resuln, 2H, CH), 6 2.6 (m, 2H, CH), 6 3.8 (m, 1H, CH),0 5.1 (d,
obtained from the steady-state and time-resolved fluorescence2H, Py-CH), 6 7.9-8.4 (many sharp pyrene peaks, broad amine
experiments conducted on the high molecular weight fractions to peaks),0 9.3 (t, 1H, amide NH).
ensure that all conclusions are drawn from data acquired with ~ Synthesis of Evenly-Spaced Polystyrene (ESPS). The ES-
polymers whose chain length is larger than tpel. PS samples were prepared by copolymerizing-dicarboxyl end-

Composition Drift During Polymerization. The reactivity ratios ~ c@PPed polystyrene havirld, equal to 3000, 4500, and 8000 g/mol
for styrene ang>-chloromethylstyrene in benzene are 0.62 and 1.12, With L-lysine-1-pyrenemethylamide dihydrochloride. An example
respectively? The reactivity ratios for styrene adrmethylacry-  Synthesis is described for the polymer havingvaof 4500 g/mol.
lamide in dioxane are 2.10 and 0.64, respectid&lyhe different Into a 7 mLvial were added 0.1 g (0.0222 mmol) of 4500 g/mol
reactivity ratios imply that some composition drift might occur ~®.w-dicarboxyl end-capped polystyrene, 0.0096 g (0.222 mmol)
during the copolymerization. To minimize this eventuality, the ©f L-lysine-1-pyrenemethylamide dihydrochloride, 0.042 g (0.222
copolymerizations were conducted up to a low conversion. Changesmmol) of EDC, 0.030 g (0.222 mmol) of HOB, 0.50 g (0.05 mmol)
in monomer incorporation into the copolymer were monitored as a Of triethylamine, and 1 mL of DMF. The reaction was stirred at
function of conversion for both copolymerizations. Samples were foom temperature for 20 h. The polymer was precipitated in
removed periodically during the reactiold NMR was used to ~ Methanol, redissolved in THF, and precipitated in metharol 5
determine the conversion and GPC coupled with a fluorescencetimes to remove unreacted pyrenyl monomer. A very broad
detector was employed to determine the ratio of the fluorescence Molecular weight distribution was obtained. The-H#55 sample

intensity of the excimer over that of the monomer, taiy, ratio, contained a substantial amount of the PS starting material which
as a function of conversion to detect eventual deviations from a could not be separated from the longer polymer chains using
random incorporation of the pyrene labeled monomers. [Etg precipitation. To circumvent this problem, the polymer was

ratio is sensitive to the pyrene content of the polymer and is fractionated using GPC to obtain a high molecular weight (HMW)

expected to respond to an eventual composition drift during the fraction used for th_e fluorescence experiments. Molecular weights
copolymerization. of the HMW fractions were determined using the fluorescence

. . . . . detector calibrated with polystyrene standards and are found in
The conversion of the reaction was determined by integrating Table SI.2. Only the HMW fractions of the E®S samples were
the vinyl monomer peaks in tHgd NMR spectrum relative to the investiga{téd
signal of trifluoroacetic acid (TFA) which was placed in a small Pyrene Content. A Hewlett-Packard 8452A diode array spec-

Ic?fstﬁg ?é ;L‘te}ocnegéﬁtgg?ﬁgygégfﬁ]gﬂga&?'r:ge?igﬁﬁﬁug:&aelgumtrophotometer was used for the absorption measurements. The
poly! copolymer composition was determined from its pyrene content.

styrene and PyMAAm, the monomer peaks used were located at The pyrene content of the polymek) (s obtained by dissolving

5.7 and 6.1 ppm, respectively. For the copolymerization of styrene K f labeled pol K |
and PyMMS, the peaks overlapped at 5.7 ppm and were integrateda nown mass of pyrene labeled polyme) ¢n a known volume

together. The same insert was used for the acquisition of each NMROf THF (V) The concentratllon of pyreneRy], is then de@ermlned
spectrum and the signal of the TFA standard was taken as aPY @PPlying BeerLambert's law to the peak absorption at 344
reference. Thus, as the monomers were consumed, the vinyl peak m and usmﬁ thel extinction ?oeﬁ(ljcnent of tlhe mode:vfonlpl)ound
at 5.7 and 6.1 ppm decreased, and the monomer conversion wa -pyrenemethanol in THFeg) found to equa 43.) 000. cme.
calculated. The samples were also injected into a GPC equipped he pyrene_contt_ant&, whose expression is given in eq 1, is
with an online Agilent 1100 series fluorescence detector. The GPC eXpreSS_eld i micromoles of pyrene per gram of polymer
column enabled the separation of the labeled polymer from the (umol g™%).

unreacted pyrene-labeled monomer. Tk, ratios were obtained

for the peak corresponding to the polymer in the GPC triee=( 1= @ (1)
490 nm;ly, = 390 nm). Within experimental error, thgly ratios mV

remained constant over the low conversieyD(2) used for these

copolymerizations. Two examples are shown in Table SI.11 in the Steady-State Fluorescence Measurementall fluorescence

Supporting Information. spectra were acquired on a PTI fluorometer. The spectra were
Synthesis ofi-Lysine-1-pyrenemethylamide Dihydrochloride. obtained with the usual right angle geometry. Polymer solutions
Into a round-bottom flask were added 0.5 g (1.07 mmol)giN.- had a pyrene concentration belowx310-6¢ M to avoid intermo-

di-Boc--lysine paranitrophenol ester (Bachem Chemicals), 0.258 lecular interactions and were degassed wigtidd 20 min to remove

g (0.963 mmol) of 1-pyrenemethylamine hydrochloride, 0.2 g (1.98 oxygen. The solution OD was 0.1 at 344 nm in each case. The
mmol) of triethylamine, and 20 mL of MeglThe reaction was solutions were excited at 344 nm and the fluorescence intensity of
stirred overnight at room temperature. The reaction mixture was the monomerlg) and excimer Ig) were obtained by integrating
extracted with 2x 1 M HCI, 2 x 5 wt % sodium bicarbonate  the fluorescence intensity between 372 and 378 nm for the monomer
solution, and 2x water. The MeClsolution was dried over MgSQ and 506-530 nm for the excimer, respectively.
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Time-Resolved Fluorescence Measurement&lonomer and = A A, +iA,
excimer decays were obtained by exciting the solutions at 340 nm [E¥] = _[pygiﬁ](tzo)e—AsZ —
with an IBH 340 nm LED laser and monitoring the fluorescence il 1l 1 )
emission at 375 and 510 nm, respectively. All decays were collected T_ - T_ TATIA
over 1024 channels with up to 20 000 counts at the peak maximum M TEO
for the lamp and decay curves. The instrument response function exd — i+ A, +iA,lt) +
was determined by applying the MIMIC metH8do the lamp Ty 4
reference decays obtained with PPO [2,5-diphenyloxazole] in o A LA
cyclohexanol £ = 1.42 ns) and BBOT [2,5-bisgrt-butyl-2- [E0%] FPY e s Ay 4 o Vreo
benzoxazolyl)thiopene] in ethanal & 1.47 ns) for the monomer (t=0) dift1(t=0) Z i1 1
and excimer decays, respectively. The polymer solutions were a ———+A+IA,
prepared in the same manner as for the steady-state fluorescencel ™ Teo

experiments.
Analysis of the Fluorescence Decay3he fluorescence decays

of the monomer and excimer were fit with a sum of exponentials The excimer decays were fit using eq 5, wheggis the excimer

(eq 2) or by using a global analysis based on the Fluorescence Blobjifetime. Equation 5, which was derived and applied in earlier

Model (FBM) to fit the monomer (eq 3) and excimer (eq 5) studies!®26-29 assumes that the excimer is formed and emits as
simultaneously? In the FBM framework, ablob represents the  one of three species in solution. These species result from the
volume probed by an excited pyrene while it remains excited. diffusional encounter of an excited pyrene monomer and a ground-
Equation 3 was originally developed by applying the same state pyrene, and the direct excitation of ground-state dimers (E0*)
mathematical derivation used to describe the formation of excimer and long-lived ground-state dimers (D*). The fits of the monomer

[D*] ™ (5)

between pyrene molecules distributed in surfactant micé&lleat

and excimer decays with egs 3 and 5 enables one to determine the

has since been used in several recent publications to study polymeffractions of all pyrene species, &y P¥es EO, and D, in solution.

dynamics in solutiof.8:19.23.25.26

Nexp

i(t)=") aexp(—tr) with n

2—-4 2

lexp =

[Py 1y =
PYarl o exp[ - (Az + Ti) t— AL - exp(~ AD)| +

[PYired (=0) €XP(— tTyy) (3)
The parametersy,, As, andA, used in eq 3 are described in eq 4.

- Koionke[blOD]

fe = M+ kdblob]
A, = I(blobz
I 2
(Kpiop T kg[blob])

Ay = Kpiop T ke[blob] 4

The first exponential of eq 3, which is used to fit the monomer
decays, assumes that excimer formation occurs via diffusion
between pyrene monomers, [RY. In the first exponential of eq

3, three parameters are retrieved that describe the kinetics of excime
formation for a given pyrene labeled polymer. They are the rate
constant for excimer formation by diffusion between one excited
pyrene and one ground-state pyrene located in the samelglgb,

the average number of ground-state pyrenes per bhdband the

The fraction of aggregated pyrenégy is the sum offgg + fp. A
more detailed explanation on the determination of the fractions is
found in previous work$?26-29

Optimization of the parameters used in egs 2, 3, and 5 to fit the
fluorescence decays was performed with the Marqudreivenberg
algorithm3° The IBH 340 LED laser used to acquire the fluores-
cence decays was found to generate a higher noise level than the
IBH hydrogen lamp used previoust§28 Consequently, a back-
ground correction was applied to fit the fluorescence degass.
was done in earlier publications, a light scattering correction was
also applied to account for those pyrene pairs which are in close
contact and form excimer on a time scale which is too fast to be
detected accurately by our instruméhiThe fits of the monomer
and excimer decays were considered good ifytheas below 1.4
and the residuals were randomly distributed around zero (see Figures
S1.3 and Sl.4 for sample decays).

Results

The steady-state fluorescence spectra were obtained in THF
for all polystyrene samples. The spectra of the-Pg samples
containing~3.5 mol % pyrene are shown in Figure 1. The
largest amount of excimer is obtained with the GIES and
CoE-PS samples. The ESPS sample forms the least excimer,
and the CoA-PS sample generates an intermediate amount of
excimer. Qualitatively, this result demonstrates that the process
of excimer formation depends strongly on the method of pyrene
fncorporation. The ratios of the fluorescence intensity of the
monomer over that of the excimer, thely ratios, are plotted
as a function of pyrene content for the four-F§S series in
Figure 2. For each seriets/ly increases exponentially with
pyrene content, as found in previous studies of polymers

rate constant for the exchange of ground-state pyrenes betweenandomly labeled with pyrent:1%26The same differences in

blobs times the concentration of blobs in the polymer d¢gfiblob].

The second exponential accounts for the fluorescence of any
unquenched pyrene monomer, By, that fluoresces with its
natural lifetime,ry. These long-lived species do not form excimer
and thus are not described by the FBM. For each P$ series, a
low pyrene content polymer<0.2 mol %) was synthesized. With
the low pyrene content, very little excimer is formed and fitting
the monomer decays with a sum of exponentials (eq 2) resulted in
a strong contribution X80%) from pyrenes emitting with their
natural lifetime;ry. Thery values retrieved from this analysis were

in the 253-259 ns range for all PyPS samples in THF (Table
S1.12). All analyses presented in this work were conducted with a
v Value set to equal 260 ns.

excimer formation observed for the samples containi®5

mol % of pyrene in Figure 1 are found over the entire range of
pyrene contents. The series with major structural differences
(side-chain type and pyrene distribution) generate very different
amounts of excimer over the entire range of pyrene contents,
while the two series with identical chemical structures, namely
CoE-PS and GrEPS, follow a similar trend.

The monomer and excimer decays were acquired and
analyzed using a multiexponential fit usually resultingyth
smaller than 1.3. The decay times and pre-exponential factors
are reported in Tables SI.3 and Sl.4 in the Supporting Informa-
tion. The monomer decays were analyzed using up to four
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Figure 1. Steady-state fluorescence spectra of polystyrene labeled with
~3.5 mol % pyrene in THF. From top to bottom: CeBS, GrE-PS,
CoA—PS, and ESPS. [Py]= 3 x 10°% M; dex = 344 nm.
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Figure 2. Ig/ly ratios as a function of pyrene content: GrES (1),
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= 344 nm. Error analysis on some of thély ratios is provided in
Table SI.14.
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Figure 3. Monomer fluorescence decays of polystyrene labeled with
~3.5 mol % pyrene in THF. From top to bottom: EBS, CoA-PS,
CoE-PS, and GrEPS. [Py]= 3 x 10°%M, dex = 340 nm, andhem =

375 nm.
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Mol% Pyrene

Figure 4. ke as a function of pyrene content: GrPS @),
CoE-PS @), CoA—PS ©), and ES-PS @®). [Py] = 3 x 10°¢ M.
Error analysis on some of the. values is provided in Table SI.15

obtained in Figure 3 by time-resolved fluorescence is similar
to that obtained in Figure 1 by steady-state fluorescence. The
results obtained from the analysis of the monomer decays with
a sum of exponentials can be used to estimate the pseudo-
unimolecular rate constant of excimer formatikg;, according

to eq 6 which has been applied earfiér.

1 1

ZO 1ty ()

kexci =

In eq 6, @0represents the number-average decay time of the
pyrene monomer, whiley represents the unquenched lifetime
of the monomer. Figure 4 gives the trends obtained by plotting
kexci @s a function of the pyrene content of the four PS samples.
According to eq 6, a largéeyc implies a more efficient excimer
formation. The trends shown in Figure 4 indicate that the
efficiency of excimer formation increases according to the
sequence: ESPS < CoA—PS < CoE-PS = GrE—PS. The
rate of excimer formation can usually be compared td ghg

ratio since a largekexci results in a largelg/ly ratio. Thelg/ly
ratios andkex values shown in Figures 2 and 4 for £BS,
CoA—PS, and CoEPS yield the expected trends. However,
although theg/ly ratios of CoE-PS and GrEPS yield identical
trends in Figure 2kexi of GFE—PS appears to be substantially
larger thankeyi of COE-PS in Figure 4. Since the chemical
structures of GrEPS and CoEPS are identical, an increase
of the rate of excimer formation suggests that the pyrene
pendants are incorporated closer to one another i-G%

An indication that this might be the case is obtained from
the close inspection of thB, and ag_/ag. ratios. The peak-
to-valley ratio orP, ratio has been shown to take a lower value
than 3.0 when pyrene aggregates are present in sofution.
Similarly, theag_/ag; ratio obtained from the ratio of the sum
of the negative pre-exponential factors of the excimer decay
over the sum of the positive ones takes values more positive
than —1.0 in the presence of pyrene aggregafés.The Py
values for GrE-PS and CoEPS were 2.83t 0.06 and 3.02
+ 0.03, respectively, while thag_/ag+ ratios were—0.74 +
0.04 and—0.85+ 0.04, respectively. Both ratios indicate that
the GrE-PS series bears pyrene pendants which are more

of the pyrene label in THF (260 ns). The fluorescence decays aggregated than in the CefPS series. The clustering of the

of the pyrene monomer for the PPS samples containing3.5

mol % of pyrene are shown in Figure 3. The pyrene monomer
decays more quickly according to the sequence-ES <
CoA—PS < CoE-PS= GrE—PS. Since a steeper monomer

pyrene pendants implies that some pyrenes are attached on
neighboring styrene units. This geometric arrangement restricts
the number of conformations available to two pyrene neighbors
preventing them from adopting the ideal stacking required for

decay reflects an increased excimer production, the trendexcimer formation. As a result, excimers formed by clustered
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pyrenes have a lower quantum yield than excimers formed from
the diffusive encounter between two pyredgs® 35

The influence of aggregation is most likely the reason for 12
the discrepancy between the steady-state (Figure 2) and time-~
resolved (Figure 4) fluorescence data. The clustering of the .\"4
pyrenes leads to faster excimer formation since the pyrene < o8
pendants are close to one another, but also a lower excimer=
fluorescence emission due to poor stackifigi 3> The two
effects seem to cancel each other out resulting in a similar trend 3 0.4
for thelg/ly ratios obtained for CoEPS and GrEPS in Figure
2. This example highlights the need for caution when determin-

[blo

el

ing rates of excimer formation qualitatively usihgly ratios 0.0 ‘ ‘ ‘ - - ‘
alone. 0 100 200 300 400 500 600 700
Although pronounced differences are observed in the process A/f ssaygr» wmol pyrene/g polymer

of excimer formation depending on the method of incorporation Figure 7. kegblob] as a function of pyrene content: GrPS (),
of pyrene into the polymer, little can be inferred about the COE-PS @), CoA-PS (), and ES-PS #). [Py] = 3 x 10° M.
reasons causing the differences observed by steady-state (Figures
1 and 2) and time-resolved (Figures 3 and 4) fluorescence. A

more comprehensive picture about the process of exXCimer,, "“FeMI1925 One of the important conclusions drawn from

formation can only be achieved through the quantitative analysis . ) .
. these studies was thiajio, is a pseudo-unimolecular rate constant
of the pyrene monomer and excimer fluorescence decays of the

; that is the product of the rate constant for diffusive encounter
pyrene labeled polymers using the fluorescence blob modelb ited d d d
(FBM).5 etween an excited pyrene and a ground-state pykaaean

the inverse of the blob volume,\&o, (eq 7)*%25eq 7 implies
FBM Results. Over the last number of years, numerous that multiplyingkuion by MCyields a measure of tHecal pyrene

polymers randomly labeled with pyrene have been studied with concentration [Py]ioe, equal toMNVpigp. A plot of Ky x O

an analysis based on the FBM2192529 Equations 3 and 5 s pyrene content is shown in Figure 8. As expected, a linear

are used to fit the monomer and excimer decays, respectively,increase irkyop x [Cis observed with increasing pyrene content

to retrieve the parameterkyon kdblob], and MLl These  for all four polymer series, reflecting the linear dependence of
parameters were obtained from fitting the decays acquired with [py],.. with pyrene content.

all Py—PS samples. They are listed in Tables St in the

Supporting Information. Plots dfyon, M) and kfblob] as a _ 1 7
function of pyrene content are found in Figures® The Koton = Kaitr me ()
corrected pyrene contertt/fugit, is introduced in Figures-57

to account for those domains of the polymer that are pyrene The Koiob x [MCOvalues shown in Figure 8 suggest that [Ry]
poor and do not form any excimer. The fractifair is equal increases according to the sequence BS< CoA—PS< CoE-

to [Pyiila=0/([PYirla=0) T [PYsedt=0) @nd is obtained from  PS < GrE—PS. Since excimer formation depends on [Ry]
eq 3. It is usually close to 1.0 for pyrene contents greater than ke should also be a measure of [Ry]Thekyop x MCtrends
2.5 mol % so that this correction is not too important. For all obtained in Figure 8 are in agreement with kgg; trends shown
Py—PS series kpop increases gently with pyrene content, in Figure 4. At a given pyrene content, thg.; values for GrE-
ke[blob] exhibits a slightly more pronounced increase with PS are 1.3t 0.1 times larger than those for CelPS, which
increasing pyrene content, amiillincreases with increasing are themselves 1.& 0.2 times larger than those obtained for
pyrene content over the range studied. The trends shown inCoA—PS, themselves 2& 0.7 times larger than for ESPS.
Figures 5-7 are consistent with those obtained with a series of Similarly, the kyo, x MOproducts at a given pyrene content
pyrene-labeled poly{,N-dimethylacrylamides) (PyPDMA) in reported in Figure 8 for GrEPS are 1.2t 0.2 times larger
acetone and DME than those for CoEPS, which are themselves 18 0.2

Extensive studies have been completed orPRPMA using
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times larger than those obtained for CeRS, themselves being
2.9+ 0.6 times larger than for ESPS. The actual slopes and
errors on the slope of the trends shown in Figures 4 and 8 can 5
be found in Table SI.13. The agreement obtained between the
trends ofkexci andkpiop x VS pyrene content further supports
the assertion made earfie?#® that the produckye, x [MOis a %02
measure of [Pyl =

If the productkyep x MOis a measure of [Py}, one might
ask why allkyiop x MCvalues do not merge on a single master 0.1
curve in Figure 8. The reason why this is not the case lays in
the excimer formation depending not only on [Ry]but also

on the flexibility of the chain and linker connecting the pyrene 0 ‘ ‘ ‘ ‘
probe to the chain. As will be discussed later on, faster chain 0 100 200 300 400 500 600 700
and linker dynamics result in more efficient excimer formation A/f vaaigr» Lmol pyrene/g polymer

E)él\r/)ldymg? haV|_ng asame [Rdé]hThe '”h‘?t:er?t ability of the Figure 10. fa as a function of pyrene content: GHPS (),
to differentiate between the contributions to excimer cqg pg @), COA—PS (1), and ES-PS @). [Py] = 3 x 1076 M.

formation due to polymer chain dynamics and [RyBy using,
respectivelykyiop andmlis what constitute the main advantage

of the FBM over more traditional analyses of excimer formation tjyely. Since ablobis the volume probed by an excited pyrene,

with pyrene-labeled polymers that rely only on thél\ ratio the differences iMNyion Shown in Figure 9 imply that the mode
and kex_ci- o ) of pyrene incorporation into a polymer does affect its mobility.
Besideskyion Which is inversely proportional t¥iob (€9 7), Comparison of thé\yo, values for the CoA-PS and CoE

a second general measure of the volume probed by an excitedbg series indicates thites increases with increasing length
pyrene, Viiop, is obtained fromNpion, Which is the number of ¢ the linker connecting pyrene to the backbone. Yet, eq 7
styrene monomers constituting a bfobl, e is calculated with predicts that this increase Wiop should be accompanied by a
eq 8, wherelnlis the average number of pyrenes per blob, gecrease il Interestingly, the opposite is observed in Figure
retrieved from the FBM analysis of the monomer dec&ys, 5. The parallel increase @f;o andVpop With increasing linker

is the molecular weight of the pyrene labeled monorivkyiy is length implies thakg in eq 7 must increase substantially to

the molecular weight of the styrene monomeris the mole  offset the change i This interesting development is probed
fraction of the pyrene labeled monoméiis the pyrene content i, more detail in the Discussion section.

in moles of pyrene per gram of polymer, &y is the fraction The FBM parameters account for those pyrenes that form
of pyrenes that form excimer by diffusion. excimer by diffusion. However, an excimer can also be produced
by the direct excitation of a pyrene clusteks discussed earlier,
Nyjop = (0l (8) pyrene aggregation affects excimer formation and thus, the
Mait [Mpy(X) + Mgy (1 — X)] Ie/ly ratios in Figure 2. The fraction of aggregated pyrene

pendantsfagg is retrieved from the analysis of the monomer
Regardless of pyrene contenlipo, is found to increase  and excimer fluorescence decays and has been used extensively
according to the sequence EBS < CoA—PS < CoE-PS= to study the associative strength of associative polymers (AP)
GrE—PS (Figure 9). For each PS series except that of ES, where the associating moiety is either pyrene or labeled with
Npiob increases with decreasing pyrene content. The value of pyrenet®23.26-29
Nbuiob for a pyrene labeled polymer is found by extrapolating  The plot offaggVs pyrene content in Figure 10 indicates that
the trends shown in Figure 9 to zero pyrene content, where the pyrenyl pendants are much less aggregated in thePSS
potential distortions of the polymer conformation induced by series than in any of the other PSs. This is reasonable since
the pyrene labels are expected to be minimi#&d Npjop Was the synthetic route followed to generate the-#5S series forces
found to equal 85+ 4, 74+ 4, 51+ 3, and 20+ 3 styrene the pyrenes apart along the backbone preventing them from
units for GrE=PS, CoE-PS, CoA-PS, and ESPS, respec- being located adjacent to one another. The other thred”Byg,
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however, show a quite remarkable result. The two polymers The value of each of these parameters is always smaller for the
obtained by copolymerizing styrene with a pyrene labeled CoA—PS series than for the CefPS series. These differences
monomer (CoA-PS and CoEPS) have a similar level of  are certainly due to the longer reach and the increased flexibility
aggregation, but the GrEPS series yields a significantly higher  enabled by the ether linker of the CePS series (Scheme 1).
fagg at almost all pyrene contents. This result suggests that the According to the definition of alob, Ny represents the
pyrene groups arenot incorporated in the same manner number of monomer units constitutingbéob. SinceNpjop, for

depending on the synthetic method being used. COE-PS (744 4) is larger than for COAPS (51+ 3), Viob
for CoE=PS must be larger than that for CeRS. An estimate
Discussion of Viion Can be obtained by using the Marklouwink—Sakurada

equation to determine the hydrodynamic voluMeof a PS

: . : hain made ofNpgp Units. Using theK = 0.011 mL/g anca =
CoE-PS and GrEPS series were synthesized to determine © blob = ) .
y 0.725 values for PS in TH# one finds that the hydrodynamic

hether th theti te taken t il label
whether the synthetic route taken to build a pyrene labeled radius of ablob, R,, equals 1.7 and 2.1 nm for CeA°S and

polymer would play any role in the formation of excimers. These ' - :
two series should both produce randomly labeled copolymers .COE_PS’ respectively. The increaseR results in a 1.9 fold

with identical chemical composition, and thus should form ycre?secln\éiplés[nglg as a rlneasurﬁ Oﬁ?"’b éggggg;s_r;hat
excimer in a similar manner. However, it was found that Vblob 10" L0 IS 1.9 times larger than for ; e

although theifl¢/ly ratios were similar, théexc; andfaggvalues difference inR, is 3.8 A, very close to the longest carbon-to-

shown in Figures 4 and 10 indicate that the pyrenyl pendants carbon distance found for toluene to equal 4.3 A by using th.e
are more clustered in GEEPS than in CoEPS. molecular modeling software package HyperChem 7.02. This

. . . . 4.3 A distance represents the extra length separating pyrene from
. The higher level of aggregation is a]so reflected |n.the §I|ghtly the COE-PS backbone with respect to CoRS (Scheme 1).
increased local pyrene concentration in the GFES series given Consequently, these results suggest that the latges value
Eém‘;b[;y]mﬂ;&:iﬁig ;ergféepg' ;?;h:a;?fﬁge\;?;?: \?v?]?/ obtained for COEPS is due in part to the longer linker between
oC ’ H H H
although theNygp vS pyrene contentiffyair) trends shown in pyrene and the main chain, enabling pyrene to probe a larger

. 100 . Vhiob iN Solution.
Figure 9 are similar for GrEPS and CoEPS, extrapolating . - . .
the trends tl/fuair = O yields a slightly loweiNeo, value for According to the definition okop given in eq 7, the trends

. obtained forkyios (Figure 5) andNyep (Figure 9) are somewhat
COE-PS (74i. 4) thqn for GrE-PS (85#5 4). Indegd, a higher contradictory. Indeed, the above discussion indicates that a larger
[Pylioc results in a highefmOvalue, which according to eq 8,

ields a | N | Npiob for the CoE-PS series implies a larg¥pion, Which should
yields a largeibiop Value. result in a smallekpo, for COE—PS than for CoA-PS according

The higher clustering of the pyrene pendants observed with 14 e 7. Instead, the opposite effect is observed in Figure 5 with
GrE—PS could be caused by two different effects, or a kgloeps CoA-PS

being 1.4 times larger tha over the entire
oot : il ob lob

corgg!nat!on of both. The first .possu::mty is :jhat the graft-onto range of pyrene content. The reason for this discrepancy lays
modification reaction occurs in a clustered manner. Since ap, the erroneous assumption being implicitly made taatin
polymer coil is expected to be denser at its center according to

Flory 36 the chloromethylation reaction used in the preparation eq 7 is not affected by the linker connecting pyrene to the
, e . PS_
of GrE—PS8 could be favored toward the center of the polymer backbone. Indeed, combining eq 7 with the fact Itﬁﬁf

CoA—PS 0E-PS _ 0A—PS ; : CoE-PS
coils, resulting in an increased local pyrene concentration towardi‘A'ZX7 'ObCOAjapr;dlvg'Obh - l'ngiwl 'mp“esdthatkd‘“ﬂ b
the center of the polymer coil and thus an increased clustering —,2-/ * kai - In other words, the longer and more flexible

of the pyrene groups in GFEPS. Copolymerization, which ether linker of CoE-PS results in faster dynamics for excimer

. : . formation.
depends only on the reactive end of the growing chain, ensures ; . . . .
b y g g The differences itk values can be rationalized by consider-

that the pyrene labeled comonomers are incorporated throughout hat the diffusional b hed
the chain, minimizing the probability of forming pyrene clusters. '"d that the diffusional encounters between two pyrenes attache

The second reason for observing an increased level of pyrene®tO @ POlymer occur in a sequence of two steps as shown in

clustering in the GrEPS series could be an undesired side effect Scheme S"ffln thelfirslt step, tge tw?} porl1ymer_ L;]nits} beadr{ing the
of the polymer modification. The chloromethylation reaction PYrenes diffuse slowly toward each other with a forwakg (

is known to induce cross-linking. Precautions were taken to and backwardk-1) fea!C“O“ rate constant. In the second step,
prevent cross-linking during the chloromethylation reaction by th.e pyrenes probe their nearby enwronmer!t to form the excimer
using relatively low polymer concentrations, and no evidence with a forward (_<2) and backwardl(__z) reaction rate constant.

of intermolecular cross-linking was found in the GPC traces of For the form_at|on of pyrene _ex0|5nl11er, the dissociation rate
the chloromethylated polystyren&sNevertheless, the occur- constantkfz is usually negligiblé>'* so that ks can be
rence of intramolecular cross-linking cannot be ignored. Since approximated by eq 9.
its effect on excimer formation of a pyrene labeled polymer

(1) Effect of the Method of Pyrene Incorporation. The

has not been previously explored, it remains a possible explana- Kyt = ki x ko 9)
tion for the discrepancy. In any case, the data obtained by time- iff ko, +k
resolved fluorescence demonstrate that the two synthetic
methods used to prepare CoES and GrEPS yield similar In eq 9,k; andk_; depend solely on the polymer backbone
polymers but with different levels of clustering of the pyrene whereas, depends on the linker. According to eq 9, the largest
pendants that affect excimer formation. value taken bykgr is ki which is observed only ik-; < kp,

(2) Effect of Linker Length on Excimer Formation. The i.e. when the pyrenyl pendants rearrange themselves much more

copolymers CoEPS and CoA-PS were prepared to assess the rapidly than two polymer units have time to diffuse away from
effect that the length of the linker connecting the pyrene probe one another. These conditions might be fulfilled for the €oE
to the PS backbone has on excimer formation. The main PS samples where the longer and more flexible linker provides
differences for the two copolymer series are observed for the enough freedom of motion to the pyrenyl pendants. They are
parametergyiop (Figure 5),[mC(Figure 6), and\pion (Figure 9). certainly much less likely to be fulfilled for the CoAPS series
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Scheme 2. Effect of Backbone and Side Chain Motion on the Kinetics of Excimer Formation
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where the short and rigid amid linker reduces the mobility of
the pyrenyl pendant, resulting inlgiz value smaller thark;.
Switching from the rigid amide linker of COAPS to the flexible
ether linker of COE-PS seems to result in a 2.7 fold reduction
of kgiff, @ substantial slow down of pyrene mobility and decrease
in excimer formation as observed in Figures 2 and 4.

(3) Effect of the Distribution of Pyrene Pendants.Interest-
ingly, the monomer fluorescence decays of B35 where the

(Py Py*)

O

which suggests that excimer formation can be described by
a single rate constant. This unusual distribution also has an
effect on [AC) resulting in a much lower value than that of
CoA—PS (Figure 6). Since pyrene appears to not distribute
itself in the polymer coil of the ESPS series according to the
Poisson distribution usually encountered with randomly labeled
polymers? further comparisons of the FBM parameters
between the CoAPS and ESPS series should be made with

pyrenes are spaced evenly along the backbone are very differentaution.

from those of the randomly labeled polymer, CoRS (Figure

3). Instead of the complicated, multiexponential decays obtained Conclusions

for COA—PS, the ESPS decays are biexponential and nearly
monoexponential in the 1.2 and 2.2 mol % labeling cases.
Although the pyrenes of ESPS are evenly spaced in 1-dimen-
sion, the random coil conformation of the polymer in solution

is expected to produce a distribution of distances between pyrene,
labels resulting in a fluorescence decay more complicated and

similar to that of a randomly labeled polymer. Such an example
has been reported by Winnik et al. using an evenly spaced
pyrene labeled polystyrerfe.

In this work, the ES-PS monomer decays become slightly
more complicateetless monoexponentiahs the pyrene content
increased from 1.2 up to 3.2 mol %. This is illustrated in the
polydispersity (PDI) of the decays found in Table SI.3. Similar
to the PDI used for describing the molecular weight distribution

(1) Using the FBM To Describe Excimer Formation for
Pyrene-Labeled PolymersThe experiments conducted in this
study have demonstrated (1) how sensitive excimer formation
is to the method of pyrene attachment and (2) how a rational
for the trends shown in Figures 2 and 4 can only be obtained
through a quantitative analysis of the pyrene monomer and
excimer fluorescence decays. Presently, the FBM is the best
suited tool to carry out this task.

Despite the resemblance in chemical structure and pyrene
content of those four PyPS series (Scheme 1), all PPPSs
showed major differences in excimer formation. Qualitative
analysis of the fluorescence data using the rhtib, (Figure
2) and the excimer formation rate constdqi. (Figure 4)

of polymers’ a PDI can be defined for the fluorescence decays|nd|cates that the |Ong and flexible ether linker of GIES and

by taking the ratiorw/Tn, Wherety and rw are the number-
average and weight-average lifetimes, respectively. The PDI of
the decays increases from 1.05 to 1.16 forfPS and 1.2#

1.40 for CoA-PS in the same pyrene content range-df 1—

3.5 mol %. Much larger PDIs were obtained for CeES and
GrE—PS. The more pronounced monoexponential character of

CoE-PS favors excimer formation. Excimer formation is
reduced first when the linker is made shorter and stiffer (EoA
PS) and second, when the pyrene pendants are kept apart from
one another (ESPS). Quantitative analysis of the fluorescence
decays using the FBM demonstrates that the long and flexible
ether linker of GrE-PS and CoEPS enables pyrene to probe

the ES-PS decays suggests that excimer formation occurs via@ larger volume inside the polymer coil (Figure 9). The
a single rate constant, i.e., that the pyrenes distribute themselveglifference in volume probed by a pyrene between €BE and

much more evenly in the ESPS coil than in the polymer coill
of any of the other PyPS samples.

The even distribution of pyrene along the ESS chain has
an interesting effect on the blob model parameters and
ke[blob]. To date,kyon has always been greater thigblob]
for all polymers randomly labeled with pyrene that have been
studied using the FBM. This was the case with GFES, CoE-

PS, and CoA-PS, as well as with PyPDMA°25and pyrene
labeled poly(-glutamic acid)® kyion being greater thakyblob]

CoA—PS is compatible with the length difference between the
amide and ether linkers found by molecular modeling.

(2) Distribution of Modifications. The physical properties
of homopolymers are often modified by covalently incorporating
a molecule B into a homopolymer (polyA}#2 Most sought
after modifications use a molecule B whose properties are very
different from those of polyA. For example, the covalent
attachment of a hydrophobic B molecule onto a water-soluble
polyA results in a water-soluble associative thickefignterest-

implies that a ground-state pyrene located inside a blob is moreingly, not only does the nature of the modification affect the
likely to quench an excited pyrene than to diffuse out of the behavior of the modified polymer, but so does the distribution
blob. However, the ESPS series halg,op andkg[blob] values of these modifications along the chdif* The inherent
that are almost identical, indicating that ground-state pyrenes sensitivity limits set by most analytical techniques make it very
are just as likely to diffuse away as they are to remain inside a difficult to gain more information about these modifications
blob and quench the excited pyrene. This observation suggestdeyond the typical modification content of a modified polymer.
that the pyrene labels are not only evenly spaced in one The experiments conducted in this study demonstrate that by
dimension but also evenly distributed in three dimensions inside selectively labeling the modifications made to a polymer with
the polymer coil. This conclusion is in agreement with the pyrene (cf. ESPS and CoA-PS which share a same linker to
absence of curvature found in the monomer decays (Figure 3)connect pyrene to the PS backbone), information on the fraction
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of aggregated pyrene labels and, consequently, the level ofmonomer conversions from 1H NMR argdly ratios measured
clustering of the modifications is obtained through the parameter with the GPC on-line fluorometer, Table SI.12, lifetimes retrieved
fage As expected from the design of E®'S, f.ggwas found to from low labeled polymers and monomer compounds in THF, Table
be much smaller for ESPS than for CoA-PS (Figure 10). SI.13, slopes a_nd_ errors for trenq lines in Figures 4 and_8,_TabIe
These results validate the usefgj,to determine the level of Sl.14, reproducibility of thég/l\ ratios and effect of the excitation

lusteri fth dificati de t | has b wavelength, and Table SI.15, reproducibility of the average
clustering of the modifications made 1o a polymer, as nas been ., ,,,mer jifetime. This material is available free of charge via the

done earlier to determine the clustering of succinic anhydride |hiernet at http://pubs.acs.org.
pendants along maleated ethylerpeopylene random copoly-
merg?44 as well as the level of association of water-soluble References and Notes
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