4680 Macromolecule2007,40, 4680-4690

Understanding Fluorescence Quenching in Polymers Obtained by
RAFT

J. P. S. Farinha,*' Paula Relaio,"* Marie-Thérése Charreyref T. J. V. Prazeres!* and
J. M. G. Martinho '

Centro de Qimica-Fsica Molecular, Instituto Superior "Eaico, 1049-001 Lisboa, Portugal, and
Unité Mixte CNRS-bioMeeux, Ecole Normale Supeure de Lyon, 46 alle d'ltalie,
69364 Lyon Cedex 07, France

Receied February 19, 2007; Résed Manuscript Receed April 20, 2007

ABSTRACT: Reversible additionfragmentation chain transfer (RAFT) polymerization is a versatile process to
obtain polymers with controlled architecture and molecular weight from a large variety of monomers. This appears
to be a very attractive method for the synthesis of fluorescent polymers for different applications. However,
fluorescent polymers obtained by RAFT are known to suffer strong fluorescence quenching. Here, we report the
quenching of coumarin 343 (C343) fluorescence by four different chain transfer agents (CTA) used in RAFT
polymerization: carboxymethyl dithiobenzoate (CMDRBit-butyl dithiobenzoatetBDB), menthonyl dithioben-

zoate (MDB), and bis(3-methylbutyl)-2-(thiobenzoylthio)succinate (MBTS). The quenching ability of these CTAs
was compared with that of a macroCTA (poly(DecAYIBTS) obtained from the RAFT polymerization of
N-decylacrylamide (DcA) using MBTS as chain transfer agent. The results of stationary and time-resolved
fluorescence measurements of C343 with the different CTA and macroCTA can be interpreted with a single
kinetic model, which considers the reversible formation of a C3@BA exciplex and both static and dynamic
quenching of C343. The photophysical propertiesesf-butyl mercaptantBM), resulting from the aminolysis

of the tBDB dithioester, were also studied using the same experimental conditions, confirming that the thiol
group does not quench the C343 fluorescence. This was further tested by converting poly{ERS to the
corresponding thiol-ended chain, eliminating the fluorescence quenching of coumarin previously observed.

Introduction linear and star-shaped light harvesting polymers with Ru(ll)
polypyridine energy trapping cores (from the CTA) and cou-

In many applications of fluorescent polymers a large poly- ! . . .
y app poly ge poly marin-2 derived monomer as light harvesting anterilae.

dispersity in mass and number of dyes per chain disfavor their A hi I b dto] th I
potential applications. To obtain polymer chains with well- uorescence quenching was aiso observed to lower the overa

defined architecture and homogeneous in size, it is necessar)fanergy transfer efficier_lcy in RAFT polymers containing ac_enaph-
to use a living/controlled polymerization technique. Controlled thylene monomer units gnd coumarin (from Fhe C?AW'th
radical polymerization (CRP) has enlarged the possibility of the qupresgence quenching being reduced by introducing a poly-
molecular weight control to a wide variety of monomers which (acrylic acid) spacer b(_etween the poly(acenaphthylene) block
could not be polymerized by living ionic polymerizations. and t.he coumarin chain end. In another StUd.V' a_copc_)lymgr
Among the main CRP techniques, RAFT (reversible addition contaln.lng alternat.ed acenaphthylene and maleic acid units with
fragmentation chain transférf proved to be very versatilé a terminal 9,10-diphenylanthryl energy acceptor showed an
and efficient for a wide range of useful monomers increase in energy transfer efficiency at low pH valf&inally,
RAFT polvmerization is carried out in the résence of ir) anthracener-end-functionalized polystyreng chai_ns §ynthe-
thiocarbor?ylt?l\io compounds of general structu re(Zp=S)S—R sized by the RAFT process, the fluorescence intensity increased

e . . with the space between dye and dithioester chain*éBaspite
that actas eff|C|ent. reversible chal_n trarjsfer agents (CTA) and all these results, to our knowledge, the mechanism of fluores-
result in the formation of end-functionalized polymer chdihs.

L ; hing i [ i he RAFT i
RAFT polymerization of different monomers has been reported ﬁi?;itq;tig?e (ljng in polymers obtained by the process s

by several groups in both organic and aqueous media using a Y tth hi f in dve i
variety of CTA: xanthates (dithiocarbonaté$ygdithiocarba- ere, we report the quenching of a coumarin dye fluorescence
by several low molecular weight CTAs and one macroCTA.

19-22 trithi 3—-27 ithi —30
mates; tr_|tr_1|ocarbqnat_e§, and q|th|oester§*? . . The low molecular weight CTAs, already used in RAFT
One pronl1|smg.appllcat|on qf RAFT is the synt.heS|s of.hlghly polymerizationt? are carboxymethyl dithiobenzoate (CMDB)
fluorescenit' or light harvesting polyme?8 by introducing tert-butyl dithiobenzoate tBDB), menthonyl dithiobenzoate

photoactive moieties in a chain with low polydispersity and (MDB), and bis(3-methylbutyl)-2-(thiobenzoylthio)succinate
controlled molecular weight. However, many authors have found (MBTé) (Figure 1). All these dithioesters have the same Z
that th? fluorescence of dyes attgched to. polymer§ obtained IDygroup a phenyl grc;up which ensures a high addition rate due
RAFT is strongly quenched. This br_ehawor was first reported to extensive intermediate radical stabilizatfdhey differ in
by Chen et al. for polymers containing acenaphthyl energy the R group, which is primary for CMDB, secondary for MBTS
donors and a terminal anthryl energy acceptas well as for and tertiary,fortBDB and MDB ' '
The macroCTA results from the RAFT polymerization of
*To whom correspondence should be addressed: e-mail farinha@ist.utl.pt; N-decylacrylamide (DcA) in the presence of MBTS as chain
TEIT f,?sltﬁaﬁféﬁiﬁbr Tenico. transfer agent (poly(DcA}yMBTS, Figure 2). This short poly-

* Ecole Normale Sujréeure de Lyon. mer chain {1, = 2940 g mot?) has been considered to evaluate
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Figure 1. Structures of the dithiobenzoate RAFT chain transfer agents.
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Figure 3. Structure of coumarin 343.

the effect of the monomer units introduced in between the
dithiobenzoyl group and the R group on the quenching of the
dye.

We have chosen coumarin 343 (C343, Figure 3) for the

fluorescence quenching experiments because this chromophor
can be excited at wavelengths where the CTA absorption is

relatively low, and it is soluble in the same solvents as the CTAs
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Experimental Section

Materials. Carboxymethyl dithiobenzoate (CMDB, Aldrich,
99%) andtert-butyl mercaptantBM, Aldrich, 99%) were used
without further purification. 2,2Azobis(isobutyronitrile) (AIBN)
(Fluka, 98%) was purified by recrystallization from ethanol, 1,4-
dioxane (Acros, 99%) was distilled over LiAlH110 °C), and
trioxane (Acros, 99%) was used as received. The synthesis of
menthony! dithiobenzoate (MDBY, tert-butyl dithiobenzoate
(tBDB),2 and bis(3-methylbutyl)-2-(thiobenzoylthio)succinate
(MBTS)*? has been previously described. All the dithioesters were
stored under nitrogen in the dark-af0 °C. Coumarin 343 (C343,
Aldrich, 97%) and acetone (Sigma-Aldrich, spectrophotometric
grade) were used as received.

Synthesis ofN-Decylacrylamide (DcA).DcA was synthesized
by a classical amidation reaction between distilled acryloy! chloride
(Aldrich, 96%) and N-decylamine (Aldrich, 95%) in dichlo-
romethane (VWR) in the presence of triethylamine (Aldrich,
99.5%)43 N-Decylamine (47.9 g, 0.289 mol) and triethylamine (32.4
g, 0.318 mol) were dissolved in 300 mL of dichloromethane in a
500 mL round-bottom flask with a stirring bar in an ice bath.
Acryloyl chloride (29.0 g, 0.320 mol) was added dropwise over a
period of 1.5 h, keeping the temperature below*Z5After stirring
for an additional 30 min, the mixture was washed twice with
saturated aqueous solutions of \H, NaHCG;, and NaCl. The
crude product was dried over anhydrous Mg%@d filtered, and
the solvent was removed by evaporation. Finally, it was recrystal-
lized four times from pentane at low temperature to recover white
crystals ofN-decylacrylamide by filtration, which were then dried
under vacuum (70% vyield).

Synthesis of Poly(DcA}MBTS. Poly(DcA)y-MBTS was ob-
tained from the RAFT polymerization of DcA in the presence of
MBTS as chain transfer agent. DcA (3.00 g, 14.2 mmol), MBTS
(0.15 g, 0.38 mmol), AIBN (6.2 mg, 37/mol), 1,4-dioxane (13.9
mL), and trioxane (0.11 g, internal reference fa1 NMR
determination of monomer consumption) were introduced in a
Schlenk tube equipped with a magnetic stirrer. The mixture was
degassed by four freezevacuate-thaw cycles and then heated
under nitrogen in a thermostated oil bath (90). Monomer
conversion was determined B4 NMR spectroscopy using a
Bruker AC 200 spectrometer (200 MHz), by comparison of one
vinylic proton (5.6 ppm) with trioxane (5.1 ppm) used as internal

Leference Typically, 400uL of d-chloroform was added to 200

uL of each sample. The polymer (obtained at 32% conversion) was
precipitated in a large volume of cold DMSO, recovered by

- centrifugation, and finally dried under vacuum before analysis. The

Furthermore, C343 has a high fluorescence quantum yield andmgjecular weight of poly(DcAYMBTS determined by MALDI-

a single-exponential dec#y because it does not have a

TOF mass spectromety(Mpeax= 2760 g mot?) was close to the

nonradiative twisted intramolecular charge transfer (TICT) state value expected from conversion data (2940 g THolThe relative
in polar solvents, common in other coumarin dyes, since the polydispersity indesM,,/M, = 1.10 was obtained from SEC in THF

rotation of the 7-amino group is hinder&d.

Both steady-state and time-resolved fluorescence studies have
been carried out to compare the fluorescence quenching of

coumarin by the various CTAs and the macroCTA. Furthemore,

a kinetic model is proposed to describe the dye fluorescence

guenching mechanism.
Finally, we checked if removing the thiocarbonylthio function

would suppress the fluorescence quenching of the coumarin dye.

As the thiocarbonylthio function is easily transformed into a

using polystyrene standaréfs.

Sample Preparation. Solutions of C343 in acetone, with
concentrations ranging from 16to 107 M, were prepared from

a 9.64x 104 M stock solution. Stock solutions of the four CTA,
macroCTA, andtBM were also prepared in acetone. Mixed
solutions of each one of these compounds, with concentrations from
0toca25x 102 M, and C343 (10* M) were prepared in the
same day of fluorescence measurements to prevent degradation.
Instrumentation. UV —vis absorption measurements were per-
formed in a Shimadzu U¥vis 3101PC spectrometer, and fluo-

thiol group in the presence of nucleophiles such as hydroxide 'escence spectra were recorded on a SPEX Fluorolog F112A

ions and primary (or secondary) amirfég34041two control
experiments were performed. Firrt-butyl mercaptantBM)

was used as a model for the aminolysis product of the low
molecular weight CTAtBDB. Second, aminolysis of the poly-

fluorometer (bandwidths of 4.5 nm in excitation and 2.25 nm in
emission). Emission spectra were recorded between 430 and 650
nm by excitation at 420 nm. The excitation spectra were recorded
at the emission wavelength of 485 nm by scanning the excitation
light from 300 to 480 nm. All spectra were obtained with right

(DcA)—MBTS macroCTA was carried out with hexylamine to  angle geometry, at room temperature using square quartz cells of
obtain the thiol-terminated chain, poly(DcA)-SH. BaBM and 0.5 cmx 0.5 cm.

poly(DcA)-SH were tested as quenchers for the C343 fluores-  Fluorescence intensity decay curves were obtained by the single-
cence, using the same experimental conditions as for thephoton timing technique using picosecond laser excitation at 420
corresponding CTA. nm. The system consists of a mode-locked Coherent Inova 440-10
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Figure 4. Absorption spectra of mixed solutions of C343 (1) and increasing concentrations (0 ta 62025 M) of (A) CMDB, (B) MBTS,
(C) tBDB, and (D) MDB, in acetone. The solid black lines correspond to = afhplification of the CTA absorption spectra.

argon ion laser synchronously pumping a cavity dumped Coherentno change in the spectra shape, with an absorption maximum
701-2 dye laser using DCM, which delivers-6 ps pulses at a  at 445 nm and a molar absorption coefficient of 38 000'M
repetition rate of 460 kHz. The excitation light frequency was cm-1, whereas its fluorescence spectra show a broad band
doubled us_ing a BBO_ crystal. The flgorescence was observed atantered at 488 nm (Figure 5).

485 nm using a polarizer at the magic angle, being the scattered 5, yher yseful characteristic of C343 is that it has monoex-

light effectively eliminated by a cutoff filter. The fluorescence was tial d - id f A
selected by a Jobin-Yvon HR320 monochromator with a 100 lines/ ponential fluorescence decays In a wide range or concentra-

mm grating and detected by a Hamamatsu 2809U-01 microchannelionS in acetone. Time-resolved fluorescence decay curves of
plate photomultiplier. The fluorescence decay curves were analyzed10~'—10~* M solutions of C343 in acetone could be fitted with
by a nonlinear least-square reconvolution methétbased onthe @ single-exponential function, with a lifetime af = 4 ns
Marquard algorithn® All measurements were performed at room (homogeneously distributed weighted residuals and autocorre-

temperature. lation of the residuals ang? < 1.1 were obtained for all
. . experiments).
Results and Discussion The CTA concentration range used in the experiments

The thiocarbonylthio compounds used as chain transfer agentscorresponds to extreme conditions of high CTA/dye concentra-
(CTA) in RAFT polymerization have a structure of the type tion ratio, which can be found for example in polymer samples
Z—C(=S)S-R, with different R and Z groups. In order to of low molecular weight with a dithioester (DT) group at the
characterize the strong fluorescence quenching observed on dyeshain end, and a low amount of fluorescent dye (as is usually
attached to polymer chains synthesized by the RAFT process,the case when the dyes are used as reporter groups). Although
we chose four different dithiobenzoates: CMDB, MBTBDB, in polymers obtained by the RAFT process there is usually only
and MDB (Figure 1). Their absorption spectra in acetone (Figure one DT group per chain, the local effective DT concentration
4) show that CMDB and MBTS have similar absorbance bands around a dye can be quite high, since the chain conformation
with maxima at 490 nm, whilt(BDB and MDB have absorbance can force the DT and the dye to be separated by short distances.
maxima at ca512 nm. All the CTA are nonfluorescent. To mimic the local DT concentration, it was assumed that the

We chose the fluorescent dye coumarin 343 (C343, Figure radius of the sphere where the DT is located is¥al2 nm,

3) because its absorption spectra do not overlap with the which corresponds to the typical hydrodynamic radius of
absorption bands of the CTAs and therefore can be selectivelypolymers obtained by RAFT.

excited in the CTA absorption minimum, around 420 nm (Figure  The absorption spectra of the mixed solutions of CMDB,
4). In addition, C343 is very soluble in acetone, a good solvent tBDB, MBTS, and MDB (fran O M up to ca 0.025 M) with

for the CTA compounds used in the present study. For a wide C343 (1G* M) in acetone correspond to the sum of the CTA
range of concentrations in acetone {1:010~* M), C343 shows and C343 absorption bands (Figure 4). Regarding the fluores-
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Figure 5. Fluorescence emissiofef = 420 nm) and excitatiom{m = 485 nm) spectra of mixed solutions of M coumarin 343 and increasing
concentrations (0 to c®.025 M) of (A) CMDB, (B) MBTS, (C)tBDB, and (D) MDB, in acetone.

0

cence of C343, both the emissiol,(= 420 nm) and excitation ~ FortBDB and MDB the exciplex band is closer to the emission
spectra {em = 485 nm) show an intensity decrease with the of C343 and therefore appears only as a shoulder centered at
increase of the dithioester concentration (Figure 5), accompanied555 nm for low CTA concentrations. This band increases with
by a change in the shape of the fluorescence spectra for all thethe CTA concentration and is red-shifted by. & nm. The
C343-CTA mixed solutions. The decrease in intensity observed inversion points observed for C348DB at 545 nm and C343-
around 470 nm in the excitation spectra is due to the absorptionMDB at 540 nm (Figure 6) result from the decrease in C343
of the CTAs in this wavelength range. emission caused by the absorption of the CTA (Figure 4).

The superposition of the dithioester absorption (Figure 4) and  The C343-CTA exciplex probably results from the diffu-
the C343 fluorescence emission (Figure 5) suggests the pos-sjonal encounter of the excited dye with the CTA, and therefore

sibility of energy transfer from C343 to the dithioesters. the quenching of the C343 fluorescence would be described by
However, the efficiency of energy transfer should be extremely a Stern-Volmer equatiof?

low because the superposition integrals of C343 emission and

dithioester absorption are very small (the molar absorption Fo

coefficients of the dithioesters are very laws 100 M1 cm™3), = 1+ kzo[CTA] = 1+ Kp[CTA] Q)
and therefore this process is not expected to affect the intrinsic

lifetime of C343. . o
The change in the shape of the emission spectra is due to awhereFo andF are the fluorescence intensities in the absence

new band. with maximum around 530 nm for CMDB and and presence of the CTA quenchég, is the bimolecular
MBTS an(i 550 nm fotBDB and MDB. This new emission guenching constant, andg is the lifetime of the C343 in the
was attributed to the formation of an emissive charge transfer absence of CTA. In the absence of a ground-state complex and

) i X o
complex (exciplex) between the dye and the CTA, resulting from 'Eltﬁn&ent ef;ects, ﬂ:e plot &/ W'tth [CT(':‘] WOl.JId I?'e Ilne?i
electron transfer from the excited coumarin to the CTA, which ' € Upward curvature, concave towar $hexds ( \gure ), .
is a good electron acceptor indicates that the quenching process is not exclusively dynamic.

The C343-CTA exciplex emission can be readily observed If we consider the possibility of formation 9f a groun_d_-st_ate
by subtracting the fluorescence intensity of C343 from the comlilexﬂ(bett\r/]vesg the dye and the CTA with an equilibrium
fluorescence intensity of the dye in the presence of CTA, both constantts, the
normalized at their maxima (Figure 6). In the case of CMDB
and MBTS, the exciplex band is centered at%33 nm, being Fo

o_ 2
red-shifted by ca nm with the increased in CTA concentration. F 1+ (Ko + KJICTA] + KoKJCTA] 2)
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Figure 6. Fluorescence emission spectiay(= 420 nm) of C343-CTA complexes for CMDB (A), MBTS (B){BDB (C), and MDB (D), in
acetone.

which predicts that the plot ofF¢/F — 1)/[CTA] with [CTA] existence of a C343CTA ground-state complex in equilibrium
should be linear. However, a positive deviation from linearity with C343. We consider a fluorophore C and a quencher CTA
is still observed (Figure 7B), suggesting a more complex that can associate reversibly in the ground state-a€TA with
guenching mechanism. equilibrium constan. Both C and G-CTA can be directly

In order to better understand the quenching mechanism, weexcited to give € and the exciplex E* by absorption of a
measured the time-resolved fluorescence intensity decays offraction of light« and 1— «, respectively. The exciplex*t
104 M C343 solutions for 0 to c).025 M of CTA in acetone can also be formed by the encounter df &d CTA with rate
(Figure 8). The C343 fluorescence decay becomes faster withconstank; and can dissociate with rate constint. This model
the increase in CTA concentration, as expected. The fluores-is represented in Scheme 1, wheteis the lifetime of G and
cence decay curve of C343 alone can be fitted with a single z¢ is the lifetime of the exciplex, £
exponential function. However, in the presence of CTA the  According to Scheme 1, the time evolution of the concentra-
fluorescence decays could only be fitted with a sum of two tions of the species C* and E* are described by the following

exponential functions: differential equations:
_ t t d[C*
Ip(®) = A, exp(— ;1) A exp(— ;2) 3 % = aly+ k_,[E*] — (kl[CTA] + Ti)[c*] 4
M
The fluorescence lifetimeg{, 72) and preexponential factors  d[E*] 1
(A1, Ao) were obtained by fitting the fluorescence intensity decay —gr — (1 — @lo + K[CCTA] — (k—1 + %)[E*] (5)

curves of mixed solutions of C343 (1HM, in acetone) with
CMDB, tBDB, MDB, and MBTS by excitation at 420 nm and
detection at 485 nm (Figure 8). The decays recorded at 500
530, and 550 nm (in the region of the C343TA complex
emission, Figure 6) show identical lifetimes and slightly different
preexponential coefficients. This indicates that the excited C343 E K
. ) S . . Tt 1 kT

and the exciplex are in equilibriubdthus explaining the failure 0_ { LE 4 1¢€ [CTA]}(l + K[CTA]) (6)
to obtain a linear relation in Figure 7. Foolatkgg otk

Quenching Kinetics. To understand the quenching mecha-
nism of C343 by the CTA, we have to take into account the which rearranges to

Under photostationary conditions, sineg(t) 00 [C*] and Fg(t)
'O [E*], we obtain the SteraVolmer type expression for C343
emission quenching
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I:O
£ =71+ (K + 7)[CTA] + yK[CTA]*  (7)
with
ket 1
V1= PR (8a)
Ki7c
V2= e (8b)

Equation 7 predicts dynamic plus static quenching described
by eq 2 only if all the excitation light is absorbed by the
coumarin @ = 1) and the exciplex formation is irreversible
(k-1 = 0).
Equations 4 and 5 can be solved fod gulse of excitation
light to yield
[C*] = aSe "+ aSe U™

)
[E¥] =afe "™ + abe '™ (10)

with the kinetic parameters given by

_ —(A+B)+ (A — B’ + 4k _k[CTA] .

e, =2y = > (11)
—(A+ B) — /(A — B)* + 4k_,k,[CTA
PO J( B ACKICTAL )
aC = ;{1;8 %x10 _ W[E*] 0 (13)
! 11 - j~2 kl(ll - }“2)
o Ay + B[ o, Gt B+ B)[E*]O 1)
z /11 - ’12 kl(/11 - /12)
k A, +B
E__ 1 a0 _ 72 rex10
a1 ]'1 _ lzlc ] 11 _ izlE ] (15)
k A B
E__ 1 .0 _ "1 rE*10
a2 j’l _ AZLC ] j’l _ )'ZLE ] (16)
with
A=K[CTA] + (17)
Tc
B= k_1+% (18)

E

and [C*]°, [E*]° being the initial concentrations of excited dye
and complex produced by &pulse of excitation light.
Since the lifetime of C343 was determined independemgy (

Fluorescence Quenching in Polymers Obtained by RABE85

301 o ovDB A
,5| % BDB
v MDB
0] 4 MBIS
& 15
S
10-
5_
0_
0 0005 0010 0015 0020 0025
Quencher concentration (M)
1000 OVIDB
_ 8001
&
O 600
=
w, 400
&
200-
0.

0.005 0010 0015 0.020 0.025
Quencher concentration (M)

Figure 7. Quenching of C343 (1@ M in acetone, excited at 420 nm)
by CMDB (@), tBDB (H), MDB (¥), and MBTS @) is not described
by a Stera-Volmer (A) or a simultaneous static and dynamic quenching
(B), as indicated by the nonlinear plots.

0

we obtain a new expression from which we calculateand
k-1

(1 kite
_ (?E " kl) ' (_) CTA

Tc

— (20)
In Figure 9, we show the linear plots predicted by egs 19 and
20 for the data in Figure 8. The model parameters recovered
from fitting the data with these expressions are shown in
Table 1.

Using the experimental values d¥y/F and the kinetic
parameters determined with eqs 19 and 20, it was possible to
determine the ground state equilibrium constarind the ratio
of molar absorption coefficients of the complex and the dye,
= eglec, using eq 7 and

o= €c[C] _
€clC] + €glE]

1

(21)
€E

1+ —K[CTA]
€c

In Figure 10, the theoretical and experimerfglF ratios are
shown for the four dye/CTA systems, with the parameters
recovered presented in Table 1.

Using the kinetic parameters calculated from the reversible
qguenching model (Table 1), we calculated the decay parameters
71, T2, A1, andAy. The results are in good agreement with the

= 4.04 ns), it was possible to determine the quenching ConSta”t’experimental values (Figure 11), indicating that the dye

ki, by relating the expressions of the decay lifetimegsr,

:l
Tc

On the other hand, combining eqs 11 and 12 in a different way,

1

51

1

- (19)

+14 kl) + K [CTA]
Tg

fluorescence quenching mechanism by the various CTAs is well
described by the proposed kinetic scheme, reflecting a reversible
association between coumarin and CTA in the ground state as
well as an equilibrium between the electronically excited dye
and the CTA-coumarin exciplex. Furthermore, the quenching
mechanism is the same for all the CTAs tested, indicating that
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Figure 8. Normalized fluorescence emission decay curves obtained at 485 nm for the mixed solutior’sSMf843 and increasing concentrations
(0 to ca 0.025 M) of (A) CMDB, (B) MBTS, (C)tBDB, and (D) MDB, in acetone, by excitation at 420 nm.

Scheme 1. Kinetic Model for Reversible Static and Dynamic acetone (excitation at 420 nm and emission monitored at 485
Quenching nm) are similar to those obtained in the presence of equal
k
C*+ CTA 1 B amounts of _poly(DcA—)MBTS and MBTS..
k. Although in poly(DcA>-MBTS the functional group respon-
sible for the fluorophore quenching is attached to the polymer
Y . chain and therefore should diffuse slowly, it does not show
0 Tc (1 a) Iy /%

significant differences from what was observed for the smaller
CTAs. The similarity between the macroCTA and MBTS
probably results from the small size of the poly(DeMIBTS

K
C+HCTA———= C(CT4 chain and its affinity toward acetone. In a more detailed

comparison between the quenchers, one can say that the decrease

the nature and/or structure of the R group, whether primary, in the C343 emission was slightly smaller for the macroCTA.
secondary, or tertiary, have little influence on the quenching This difference might be explained by the usually small amount
effect of these dithiobenzoates, which is apparently governed of polymer chains that are not ended by a dithioester function
by the thiocarbonylthio function. in RAFT polymerization. With the experimental conditions
In order to test whether the quenching model was still valid chosen to perform this polymerization, it is expected thaBca
for a macroCTA, we applied it to the quenching of C343 by a mol % of poly(DcA) chains do not have a dithioester end group
poly(DcA)—MBTS chain resulting from the RAFT polymeri-  (dead chains)>#!The elimination of these chains is practically
zation of N-decylacrylamide (DcA) using MBTS as chain impossible during polymer purification. These polymer chains
transfer agent. do not quench C343, leading to the slightly smaller quenching
The hydrophobic poly(DcA) chain have an average of 12 effect observed for poly(DcA)MBTS as compared with
monomer units separating the dithiobenzoy! group from the R MBTS.
group of MBTS. Steady-state and time-resolved fluorescence The kinetic model described earlier was used to analyze the
measurements were performed using the same experimentafluenching of C343 by the macroCTA. From the plot ofr{1/
conditions as for the low molecular weight CTAs. Increasing + 1/72), (rd/tir2), andFo/F for poly(DcA)—MBTS (eqs 7, 19,

amounts of poly(DcAXMBTS (0 to 0.0187 M) were added to
the C343 (10* M) in acetone. The fluorescence specttg &

and 20), we obtained the kinetic parameters (Table 1, Figure
13). The experimental decay parametess 7o, A1, and A,

420 nm) of the dye and macroCTA mixed solutions are shown obtained for the C343 quenching by poly(DecAYIBTS are well

in Figure 12. An exciplex with emission band also at 830

reproduced by those calculated theoretically using the kinetic

nm is formed (Figure 12, inset), and the decrease in C343 parameters obtained from eqs-118 (Figure 14).

fluorescence intensity with the increase in poly(DeMBTS

Although the results obtained with the four low molecular

concentration is similar to that induced by the corresponding weight CTAs and the macroCTA could be described by the same
low molecular weight CTA, MBTS. Also, the time-resolved kinetic model, there are some differences in the parameters
picosecond fluorescence decay curves of41M C343 in calculated for the different CTAs. First, the lifetimes of the
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Figure 9. Plot of (1fr; + 1/12) and c/t1t2) vs the quencher concentration for (A) CMDB, (B) MBTS, (BDB, and (D) MDB, using the data

in Figure 8.

Table 1. Kinetic Parameters for the Reversible Quenching Process of
C343 by Different CTA

Te k]_ kfl K
CTA (ns) re=cglem M7 Ins?) (ns?) (MY
CMDB 2.7 0.97 29 0.02 53
tBDB 35 0.95 22 0.01 20
MDB 3.7 0.97 20 0.01 16
MBTS 3.3 0.97 20 0.01 43
poly(DcA)—MBTS 3.9 0.89 16 0.01 57

C343-CTA excited complexesf) increase from primary CTA

(S atom is connected to a primary C atom in the R group),
CMDB, to secondary CTA, MBTS, to tertiary CTARDB and
MDB, with the macroCTA, poly(DcAyXMBTS, showing a
larger exciplex lifetime possibly due to its slower dynamics
(much larger size). Second, we obtained value;obn the
order of 18°M~1 s, typical of diffusion-controlled processes.
This means that the quenching process is very efficient. In fact,

0010 0015  0.020

Quencher Concentration (M)

Figure 10. Steady-state modified Sterivolmer plots (reversible
guenching mechanism) for 16M C343 with CMDB @), tBDB (H),

MDB (v¥), and MBTS @) in acetone. Experimental values are
represented by full symbols, and the solid lines are calculated with the
parameters recovered using the proposed kinetic model.

0.005

0

we notice that the value of the quenching conskaiig smaller

for larger molecules, an indication that the quenching process
is effectively diffusion-controlled. The smaller chain transfer
agents, CMDB and tBDB, have the higher quenching constant,
while the macroCTA presents the lowdgtvalue. As for the
dissociation rate constarit, 1, the values can only be obtained
with a large associated error. Nevertheless, we observed that
the k-1 values are similar for all CTA. Finally, the values
obtained for the ground-state equilibrium constarghow that
there is less dye-CTA preassociation for the tertiary CTBBB

and MDB, as compared with the secondary CTAs, MBTS and
poly(DcA)—MBTS, and the primary CTA, CMDB.

Eliminating Fluorescence Quenching in Polymers Ob-
tained by the RAFT Process We have shown that the
guenching of fluorescence in polymers synthesized by RAFT
polymerization is due to the thiocarbonylthio function of the
CTA. In the case of the coumarin dye, C343, and presumably
for similar fluorescent dyes, such quenching involves the
formation of a CTA-dye complex, which is in equilibrium with
the dye both in the ground state and in the excited state. In
view of the numerous advantages of using RAFT polymerization
to prepare fluorescent polymers (low polydispersity, controlled
molecular weight and dye content, and choice of different
architectures for a wide range of monomers), it is of major
importance to avoid the effects of fluorescence quenching in
polymers obtained by the RAFT process. This can be ac-
complished by modifying the dithioester group into another
group that does not quench the dye fluorescence. One way to
do this is to convert the dithioester end group into a more stable
thioether function through aminolysis and Michael addition to
form a,8-unsaturated carbonyl derivativ&-However, we found
that a simpler procedure to eliminate quenching by the
dithioester group was by aminolysis into a thiol group. Na-
kayama and Okano confirmed reliable aminolysis of the terminal
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Figure 12. Fluorescence emission spectia,(= 420 nm) of mixed

solutions of 104 M C343 and increasing concentrations of poly(DeA) 8.
MBTS (0 to ca0.0187 M), in acetone. The emission spectra normalized
at the intensity maximun~490 nm) are shown in the inset.

6_
dithiobenzoate group in polymers obtained by RAFT by the E@
disappearance of both the-z* dithiobenzoate absorption band ~ 4.
around 500 nm and the 7&.9 ppm!H NMR resonance3
Here, we usedert-butyl mercaptantBM) as a model for the
aminolysis oftBDB in order to confirm that the thiol group 21
does not act as a quencher.

Using the same experimental conditions as tBDB, we 0.005 0010 0015  0.020
mixed tBM (0—0.022 M) with 104 M C343 in acetone and poly(DcA)-MBTS Concentration (M)
measured the fluorescence emissidiRy (= 420 nm) and Figure 13. Plot of 1f: + 1/t and ¢ofrazs) for 10-4 M C343 and
excitation dem = 485 nm) spectra as well as the time-resolved poly(DcA)—MBTS in atl:etone EA) and mCl)dZIfled Sterivolmer revers-
fluorescence intensity decays (excitation at 420 nm and emissionip|e quenching mechanism (B).
monitored at 485 nm). In these experiments we did not observe
any fluorescence decrease in the presencéBd, and the concentrations. These results confirm that the thiol function does
fluorescence decay curves were monoexponential faiBal not act as a quencher of C343 fluorescence emission.
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Figure 15. Normalized fluorescence emission decay curves obtained
at 485 nm for 104 M C343 (A), after 0.972x 1072 M poly(DcA)—
MBTS was added to the solution (B) and following addition of
hexylamine (C).

We then applied this method to a mixed solution of 4™
C343 and 0.00972 M poly(DcA)MBTS in acetone, using an
excess of hexylamine. The reaction was performed at room
temperature, in the dark and with magnetic stirring fer32h.

The final polymer was not purified, and fluorescent measure-
ments were performed right after the reaction.

The decay curves, obtained with excitation at 420 nm and
emission set at 485 nm (Figure 15), show that while the addition
of poly(DcA)—MBTS macroCTA to a solution of C343 in

acetone strongly decreases the dye lifetime, after conversion of

Fluorescence Quenching in Polymers Obtained by RABE89

with slightly different preexponential factors in agreement with
the small amount of exciplex emission observed in the fluo-
rescence spectra. Analysis of the fluorescence decay curves
obtained for C343 in the presence of different amounts of the
CTAs with the proposed kinetic model proved that the quench-
ing of C343 by the four low molecular weight CTAs and the
macroCTA could be described by the same mechanism, with
only minor differences in the parameters calculated for the
different CTAs.

The aminolysis of the dithioester end group of a polymer
chain synthesized by the RAFT process, leading to a thiol-ended
chain, proved to be an efficient method to suppress the
guenching of the coumarin C343 fluorescence. Moreover, the
—SH end group can be further used to functionalize the polymer
chain, for example attaching a biomolecéte.

Acknowledgment. We thank EGIDE/ICCTI (project 430
B3) and FCT (project POCTI/QUI/47885) for financial support.
Paula Relgio acknowledges FCT for PhD grant SFRH/BD/
1224/2000. We thank Dr. Alexander Fedorov for the fluores-
cence decay curve measurements and Dr. Arnaud Favier for
the synthesis ofBDB, MDB, and MBTS.

References and Notes

(1) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P.
T.; Mayadunne, R. T. A.,; Meijs, G. F.; Moad, C. L.; Moad, G
Rizzardo, E.; Thang, S. HMacromolecules998 31, 5559.

(2) Le, T. P. T.; Moad, G.; Rizzardo, E.; Thang, S. H. WO 9801478 Al
980115.

(3) Moad, G.; Chiefari, J.; Chong, B. Y. K.; Krstina, J.; Mayadunne, R.
T. A.; Postma, A.; Rizzardo, E.; Thang, S. Polym. Int.200Q 49,
993.

(4) Chong, Y. K.; Le, T. P. T.; Moad, G.; Rizzardo, E.; Thang, S. H.
Macromolecules1999 32, 2071.

(5) Rizzardo, E.; Chiefari, J.; Mayadunne, R. T. A.Qontrolled/Lving
Radical PolymerizationProgress in ATRP, NMP, and RAFACS
Symposium Series 768; Matyjaszewski, K., Ed.; American Chemical
Society: Washington, DC, 2000; Vol. 768, p 278.

(6) Ganachaud, F.; Monteiro, M. J.; Gilbert, R. G.; Dourges, M.-A.; Thang,
S. H.; Rizzardo, EMacromolecule200Q 33, 6738.

(7) Sumerlin, B. S.; Donovan, M. S.; Mitsukami, Y.; Lowe, A. B.;
McCormick, C. L.Macromolecule2001 34, 6561.

(8) Baum, M.; Brittain, W. JMacromolecule2002 35, 610.

(9) Donovan, M. S.; Lowe, A. B.; Sumerlin, B. S.; McCormick, C. L.
Macromolecule®002 35, 4123.

(10) Donovan, M. S.; Sanford, T. A.; Lowe, A. B.; Sumerlin, B. S.;
Mitsukami, Y.; McCormick, C. L.Macromolecule2002 35, 4570.
(11) Millard, P.-E.; Barner, L.; Stenzel, M. H.; Davis, T. P.; Barner-
Kowollik, C.; Mller, A. H. E. Macromol. Rapid Commur200§ 27,
1

(12) Favier, A.; Charreyre, M.-T.; Chaumont, P.; PichotMacromolecules
2002 35, 8271.

the dithioester into a thiol, the C343 emission recovers to almost (13) Donovan, M. S.; Sumerlin, B. S.; Lowe, A. B.; McCormick, C. L.

the same intensity as observed in the absence of macroCTA

Conclusions

Reversible additionfragmentation chain transfer (RAFT)
polymerization can be used to obtain polymers with very good
control of molecular weight and various architectures from a
huge variety of monomers. These characteristics of RAFT
polymerization are highly attractive for the synthesis of fluo-
rescent polymers for a wide variety of applications. However,

the dithiocarbonyl compounds used in the RAFT process as

chain transfer agents (CTA) act as very efficient fluorescence
qguenchers. For the four CTAs and the macroCTA tested in this
study, we found that the fluorescence quenching of the dye

Macromolecule2002 35, 8663.

‘(14) D'Agosto, F.; Hughes, R.; Charreyre, M.-T.; Pichot, C.; Gilbert, R.

G. Macromolecule2003 36, 621.

(15) De Lambert, B.; Charreyre, M.-T.; Chaix, C.; PichotRelymer2007,
48, 437.

(16) Chong, B. Y. K,; Krstina, J.; Le, T. P. T.; Moad, G.; Potsma, A,;
Rizzardo, E.; Thang, S. HMacromolecule2003 36, 2256.

(17) Taton, D.; Wilckewska, A.; Z.; Destarac, MMacromol. Rapid
Commun2001, 22, 1497.

(18) Ladaviee, C.; Dorr, N.; Claverie, J. Rlacromolecule2001, 34, 5370.

(19) Mayadunne, R. T. A.; Rizzardo, E.; Chiefari, J.; Chong, Y. K.; Moad,
G.; Thang, S. HMacromoleculesl999 32, 6977.

(20) Destarac, M.; Charmot, D.; Franck, X.; Zard, SMacromol. Rapid
Commun200Q 21, 1035.

(21) Schilli, C.; Muler, A. H. E.; Rizzardo, E.; Thang, S. H.; Chong, Y.
K. In Advances in Controlled/Liing Radical PolymerizatianMaty-
jaszewski, K., Ed.; American Chemical Society: Washington, DC,
2003; Vol. 854.

coumarine 343 (C343) occurs by the same reversible quenching22) schilli, C.; Lanzendde, M. G.; Miiler, A. H. E. Macromolecules

mechanism, with formation of a CTAC343 exciplex. The

2002 35, 6819.

C343 time-resolved fluorescence measurements obtained af23) Mayadunne, R. T. A.; Rizzardo, E.; Chiefari, J.; Krstina, J.; Moad,

different wavelengths (485, 500, 530, and 550 nm) yielded
similar decay timegs,7, as expected from the kinetic model,

G.; Postma, A.; Thang, S. Hdacromolecule00Q 33, 243.
Convertine, A. J.; Ayres, N.; Scales, C. W.; Lowe, A. B.; McCormick,
C. L. Biomacromolecule2004 5, 1177.

(24)



4690 Farinha et al.

(25) Lai, J. T.; Filla, D.; Shea, Rvlacromolecule2002 35, 6754.

(26) Pai, T. S. C.; Barner-Kowollik, C.; Davis, T. P.; Stenzel, MRdlymer
2004 45, 4383.

(27) Duwez, A.-S.; Guillet, P.; Colard, C.; Gohy, J.-F.; Fustin, C.-A.
Macromolecule2006 39, 2729.

(28) Moad, G.; Rizzardo, E.; Thang, S. Bust. J. Chem2005 58, 349.

(29) Perrier, S.; Takolpuckdee, B. Polym. Sci., Part A: Polym. Chem.
2005 43, 5347.

(30) Favier, A.; Charreyre, M.-TMacromol. Rapid Commur2006 27,
653.

(31) Charreyre, M. T.; Mandrand, B.; Martinho, J. M. G.; Relogio, P.;
Farinha, J. P. S. WO 07/003781, 2007.

(32) Chen, M.; Ghiggino, K. P.; Mau, A. W. H.; Rizzardo, E.; Thang, S.
H.; Wilson, G. J.Chem. Commur2002 2276.

(33) Chen, M.; Ghiggino, K. P.; Launikonis, A.; Mau, A. W. H.; Rizzardo,
E.; Sasse, W. H. F.; Thang, S. H.; Wilson, G.JJ.Mater. Chem.
2003 13, 2696.

(34) Chen, M.; Ghiggino, K. P.; Mau, A. W. H.; Rizzardo, E.; Sasse, W.
H. F.; Thang, S. H.; Wilson, G. Macromolecules2004 37, 5479.

(35) Chen, M.; Ghiggino, K. P.; Mau, A. W. H.; Sasse, W. H. F.; Thang,
S. H.; Wilson, G. JMacromolecule2005 38, 3475.

(36) Zhou, N.; Lu, L.; Zhu, X.; Yang, X.; Wang, X.; Zhu, J.; Zhou, D.
Polym. Bull. (Berlin)2006 57, 491.

(37) Chiefari, J.; Mayadunne, R. T. A.; Moad, C. L.; Moad, G.; Rizzardo,
E.; Potsma, A.; Skidmore, M. A.; Thang, S. Macromolecule2003
36, 2273.

(38) Ghosh, H. NJ. Phys. Chem. B999 103 10382.

(39) Barik, A.; Kumbhakar, M.; Nath, S.; Pal, i@hem. Phys2005 315
277.

Macromolecules, Vol. 40, No. 13, 2007

(40) (a) Lowe, A. B.; Sumerlin, B. S.; Donovan, M. S.; McCormick, C. L.
J. Am. Chem. So@002 124, 11562. (b) Sumerlin, B. S.; Lowe, A.
B.; Stroud, P. A.; Zhang, P.; Urban, M. W.; McCormick, C. L.
Langmuir2003 19, 5559.

(41) Favier, A.; Ladaviee, C.; Charreyre, M.-T.; Pichot, ®acromolecules
2004 37, 2026.

(42) Favier, A.; Charreyre; M. T. WO 04/055060, 2004.

(43) D'Agosto, F.; Charreyre, M. T.; Pichot, ®acromol. Biosci.2001,
1, 322.

(44) D'Agosto, F.; Charreyre, M. T.; Veron, L.; Llauro, M. F.; Pichot, C.
Macromol. Chem. Phy2001, 202, 1689.

(45) de Lambert, B.; Charreyre, M. T.; Chaix, C.; PichotPGlymer2005
46, 623.

(46) Martinho, J. M. G.; Egan, L. S.; Winnik, M. AAnal. Chem 1987,
59, 861.

(47) Farinha, J. P. S.; Martinho, J. M. G.; Pogliani, 1L.Math. Chem.
1997, 21(2), 131.

(48) Marquardt, D. WJ. Soc. Ind. Appl. Math1963 11, 431.

(49) Lakowicz, J.R. IrPrinciples of Fluorescence Spectroscppyenum:
New York, 1999.

(50) Martinho, J. M. GJ. Phys. Chem1989 93, 6687.

(51) Farinha, J. P. S.; Martinho, J. M. G.; Xu, H.; Winnik, M. A.; Quirk,
R. P.J. Polym. Sci., Polym. Phy4994 32, 1635.

(52) Qiu, X.-P.; Winnik, F. MMacromol. Rapid Commu2006 27, 1648.

(53) Nakayama, M.; Okano, Biomacromolecule2005 6, 2320.

MAQ70444G



