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ABSTRACT: Reversible addition-fragmentation 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 (CMDB),tert-butyl dithiobenzoate (tBDB), 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(DcA)-MBTS) 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 C343-CTA exciplex and both static and dynamic
quenching of C343. The photophysical properties oftert-butyl mercaptan (tBM), 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(DcA)-MBTS to the
corresponding thiol-ended chain, eliminating the fluorescence quenching of coumarin previously observed.

Introduction

In many applications of fluorescent polymers a large poly-
dispersity in mass and number of dyes per chain disfavor their
potential applications. To obtain polymer chains with well-
defined architecture and homogeneous in size, it is necessary
to use a living/controlled polymerization technique. Controlled
radical polymerization (CRP) has enlarged the possibility of
molecular weight control to a wide variety of monomers which
could not be polymerized by living ionic polymerizations.
Among the main CRP techniques, RAFT (reversible addition-
fragmentation chain transfer)1-3 proved to be very versatile4,5

and efficient for a wide range of useful monomers.6-15

RAFT polymerization is carried out in the presence of
thiocarbonylthio compounds of general structure Z-C(dS)S-R
that act as efficient reversible chain transfer agents (CTA) and
result in the formation of end-functionalized polymer chains.16

RAFT polymerization of different monomers has been reported
by several groups in both organic and aqueous media using a
variety of CTA: xanthates (dithiocarbonates),17,18 dithiocarba-
mates,19-22 trithiocarbonates,23-27 and dithioesters.28-30

One promising application of RAFT is the synthesis of highly
fluorescent31 or light harvesting polymers32 by introducing
photoactive moieties in a chain with low polydispersity and
controlled molecular weight. However, many authors have found
that the fluorescence of dyes attached to polymers obtained by
RAFT is strongly quenched. This behavior was first reported
by Chen et al. for polymers containing acenaphthyl energy
donors and a terminal anthryl energy acceptor32 as well as for

linear and star-shaped light harvesting polymers with Ru(II)
polypyridine energy trapping cores (from the CTA) and cou-
marin-2 derived monomer as light harvesting antennae.33

Fluorescence quenching was also observed to lower the overall
energy transfer efficiency in RAFT polymers containing acenaph-
thylene monomer units and coumarin (from the CTA),34 with
the fluorescence quenching being reduced by introducing a poly-
(acrylic acid) spacer between the poly(acenaphthylene) block
and the coumarin chain end. In another study, a copolymer
containing alternated acenaphthylene and maleic acid units with
a terminal 9,10-diphenylanthryl energy acceptor showed an
increase in energy transfer efficiency at low pH values.35 Finally,
in anthraceneR-end-functionalized polystyrene chains synthe-
sized by the RAFT process, the fluorescence intensity increased
with the space between dye and dithioester chain end.36 Despite
all these results, to our knowledge, the mechanism of fluores-
cence quenching in polymers obtained by the RAFT process is
not yet studied.

Here, we report the quenching of a coumarin dye fluorescence
by several low molecular weight CTAs and one macroCTA.
The low molecular weight CTAs, already used in RAFT
polymerization,12 are carboxymethyl dithiobenzoate (CMDB),
tert-butyl dithiobenzoate (tBDB), menthonyl dithiobenzoate
(MDB), and bis(3-methylbutyl)-2-(thiobenzoylthio)succinate
(MBTS) (Figure 1). All these dithioesters have the same Z
group, a phenyl group, which ensures a high addition rate due
to extensive intermediate radical stabilization.37 They differ in
the R group, which is primary for CMDB, secondary for MBTS,
and tertiary fortBDB and MDB.

The macroCTA results from the RAFT polymerization of
N-decylacrylamide (DcA) in the presence of MBTS as chain
transfer agent (poly(DcA)-MBTS, Figure 2). This short poly-
mer chain (Mn ) 2940 g mol-1) has been considered to evaluate
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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 chromophore
can be excited at wavelengths where the CTA absorption is
relatively low, and it is soluble in the same solvents as the CTAs.
Furthermore, C343 has a high fluorescence quantum yield and
a single-exponential decay38 because it does not have a
nonradiative twisted intramolecular charge transfer (TICT) state
in polar solvents, common in other coumarin dyes, since the
rotation of the 7-amino group is hindered.39

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
quenching 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
thiol group in the presence of nucleophiles such as hydroxide
ions and primary (or secondary) amines,22,23,40,41two control
experiments were performed. First,tert-butyl mercaptan (tBM)
was used as a model for the aminolysis product of the low
molecular weight CTA,tBDB. Second, aminolysis of the poly-
(DcA)-MBTS macroCTA was carried out with hexylamine to
obtain the thiol-terminated chain, poly(DcA)-SH. BothtBM and
poly(DcA)-SH were tested as quenchers for the C343 fluores-
cence, using the same experimental conditions as for the
corresponding CTA.

Experimental Section

Materials. Carboxymethyl dithiobenzoate (CMDB, Aldrich,
99%) andtert-butyl mercaptan (tBM, Aldrich, 99%) were used
without further purification. 2,2′-Azobis(isobutyronitrile) (AIBN)
(Fluka, 98%) was purified by recrystallization from ethanol, 1,4-
dioxane (Acros, 99%) was distilled over LiAlH4 (110 °C), and
trioxane (Acros, 99%) was used as received. The synthesis of
menthonyl dithiobenzoate (MDB),12 tert-butyl dithiobenzoate
(tBDB),12 and bis(3-methylbutyl)-2-(thiobenzoylthio)succinate
(MBTS)42 has been previously described. All the dithioesters were
stored under nitrogen in the dark at-10 °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 acryloyl 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 2.5°C. After stirring
for an additional 30 min, the mixture was washed twice with
saturated aqueous solutions of NH4Cl, NaHCO3, and NaCl. The
crude product was dried over anhydrous MgSO4 and 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% yield).

Synthesis of Poly(DcA)-MBTS. Poly(DcA)-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, 37.5µmol), 1,4-dioxane (13.9
mL), and trioxane (0.11 g, internal reference for1H NMR
determination of monomer consumption) were introduced in a
Schlenk tube equipped with a magnetic stirrer. The mixture was
degassed by four freeze-evacuate-thaw cycles and then heated
under nitrogen in a thermostated oil bath (90°C). Monomer
conversion was determined by1H 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
reference.44 Typically, 400µL of d-chloroform was added to 200
µL 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
molecular weight of poly(DcA)-MBTS determined by MALDI-
TOF mass spectrometry41 (Mpeak) 2760 g mol-1) was close to the
value expected from conversion data (2940 g mol-1). The relative
polydispersity indexMw/Mn ) 1.10 was obtained from SEC in THF
using polystyrene standards.45

Sample Preparation. Solutions of C343 in acetone, with
concentrations ranging from 10-4 to 10-7 M, were prepared from
a 9.64× 10-4 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
0 to ca. 2.5 × 10-2 M, and C343 (10-4 M) were prepared in the
same day of fluorescence measurements to prevent degradation.

Instrumentation. UV-vis absorption measurements were per-
formed in a Shimadzu UV-vis 3101PC spectrometer, and fluo-
rescence spectra were recorded on a SPEX Fluorolog F112A
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
angle geometry, at room temperature using square quartz cells of
0.5 cm× 0.5 cm.

Fluorescence intensity decay curves were obtained by the single-
photon timing technique using picosecond laser excitation at 420
nm. The system consists of a mode-locked Coherent Inova 440-10

Figure 1. Structures of the dithiobenzoate RAFT chain transfer agents.

Figure 2. Structure of poly(DcA)-MBTS, n ) 12.

Figure 3. Structure of coumarin 343.
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argon ion laser synchronously pumping a cavity dumped Coherent
701-2 dye laser using DCM, which delivers 5-6 ps pulses at a
repetition rate of 460 kHz. The excitation light frequency was
doubled using a BBO crystal. The fluorescence was observed at
485 nm using a polarizer at the magic angle, being the scattered
light effectively eliminated by a cutoff filter. The fluorescence was
selected by a Jobin-Yvon HR320 monochromator with a 100 lines/
mm grating and detected by a Hamamatsu 2809U-01 microchannel
plate photomultiplier. The fluorescence decay curves were analyzed
by a nonlinear least-square reconvolution method46,47based on the
Marquard algorithm.48 All measurements were performed at room
temperature.

Results and Discussion

The thiocarbonylthio compounds used as chain transfer agents
(CTA) in RAFT polymerization have a structure of the type
Z-C(dS)S-R, with different R and Z groups. In order to
characterize the strong fluorescence quenching observed on dyes
attached to polymer chains synthesized by the RAFT process,
we chose four different dithiobenzoates: CMDB, MBTS,tBDB,
and MDB (Figure 1). Their absorption spectra in acetone (Figure
4) show that CMDB and MBTS have similar absorbance bands
with maxima at 490 nm, whiletBDB and MDB have absorbance
maxima at ca. 512 nm. All the CTA are nonfluorescent.

We chose the fluorescent dye coumarin 343 (C343, Figure
3) because its absorption spectra do not overlap with the
absorption bands of the CTAs and therefore can be selectively
excited in the CTA absorption minimum, around 420 nm (Figure
4). In addition, C343 is very soluble in acetone, a good solvent
for the CTA compounds used in the present study. For a wide
range of concentrations in acetone (10-7-10-4 M), C343 shows

no change in the spectra shape, with an absorption maximum
at 445 nm and a molar absorption coefficient of 38 000 M-1

cm-1, whereas its fluorescence spectra show a broad band
centered at 488 nm (Figure 5).

Another useful characteristic of C343 is that it has monoex-
ponential fluorescence decays in a wide range of concentra-
tions in acetone. Time-resolved fluorescence decay curves of
10-7-10-4 M solutions of C343 in acetone could be fitted with
a single-exponential function, with a lifetime ofτ ) 4 ns
(homogeneously distributed weighted residuals and autocorre-
lation of the residuals andø2 < 1.1 were obtained for all
experiments).

The CTA concentration range used in the experiments
corresponds to extreme conditions of high CTA/dye concentra-
tion ratio, which can be found for example in polymer samples
of low molecular weight with a dithioester (DT) group at the
chain end, and a low amount of fluorescent dye (as is usually
the case when the dyes are used as reporter groups). Although
in polymers obtained by the RAFT process there is usually only
one DT group per chain, the local effective DT concentration
around a dye can be quite high, since the chain conformation
can force the DT and the dye to be separated by short distances.
To mimic the local DT concentration, it was assumed that the
radius of the sphere where the DT is located is ca. 3-12 nm,
which corresponds to the typical hydrodynamic radius of
polymers obtained by RAFT.

The absorption spectra of the mixed solutions of CMDB,
tBDB, MBTS, and MDB (from 0 M up to ca. 0.025 M) with
C343 (10-4 M) in acetone correspond to the sum of the CTA
and C343 absorption bands (Figure 4). Regarding the fluores-

Figure 4. Absorption spectra of mixed solutions of C343 (10-4 M) and increasing concentrations (0 to ca. 0.025 M) of (A) CMDB, (B) MBTS,
(C) tBDB, and (D) MDB, in acetone. The solid black lines correspond to a 20× amplification of the CTA absorption spectra.
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cence of C343, both the emission (λex ) 420 nm) and excitation
spectra (λem ) 485 nm) show an intensity decrease with the
increase of the dithioester concentration (Figure 5), accompanied
by a change in the shape of the fluorescence spectra for all the
C343-CTA mixed solutions. The decrease in intensity observed
around 470 nm in the excitation spectra is due to the absorption
of the CTAs in this wavelength range.

The superposition of the dithioester absorption (Figure 4) and
the C343 fluorescence emission (Figure 5) suggests the pos-
sibility of energy transfer from C343 to the dithioesters.
However, the efficiency of energy transfer should be extremely
low because the superposition integrals of C343 emission and
dithioester absorption are very small (the molar absorption
coefficients of the dithioesters are very low,ε < 100 M-1 cm-1),
and therefore this process is not expected to affect the intrinsic
lifetime of C343.

The change in the shape of the emission spectra is due to a
new band, with maximum around 530 nm for CMDB and
MBTS and 550 nm fortBDB and MDB. This new emission
was attributed to the formation of an emissive charge transfer
complex (exciplex) between the dye and the CTA, resulting from
electron transfer from the excited coumarin to the CTA, which
is a good electron acceptor.

The C343-CTA exciplex emission can be readily observed
by subtracting the fluorescence intensity of C343 from the
fluorescence intensity of the dye in the presence of CTA, both
normalized at their maxima (Figure 6). In the case of CMDB
and MBTS, the exciplex band is centered at ca. 533 nm, being
red-shifted by ca. 5 nm with the increased in CTA concentration.

For tBDB and MDB the exciplex band is closer to the emission
of C343 and therefore appears only as a shoulder centered at
555 nm for low CTA concentrations. This band increases with
the CTA concentration and is red-shifted by ca. 15 nm. The
inversion points observed for C343-tBDB at 545 nm and C343-
MDB at 540 nm (Figure 6) result from the decrease in C343
emission caused by the absorption of the CTA (Figure 4).

The C343-CTA exciplex probably results from the diffu-
sional encounter of the excited dye with the CTA, and therefore
the quenching of the C343 fluorescence would be described by
a Stern-Volmer equation49

whereF0 andF are the fluorescence intensities in the absence
and presence of the CTA quencher,kq is the bimolecular
quenching constant, andτ0 is the lifetime of the C343 in the
absence of CTA. In the absence of a ground-state complex and
transient effects, the plot ofF0/F with [CTA] would be linear.50

The upward curvature, concave toward they-axis (Figure 7A),
indicates that the quenching process is not exclusively dynamic.
If we consider the possibility of formation of a ground-state
complex between the dye and the CTA with an equilibrium
constantKS, then49

Figure 5. Fluorescence emission (λex ) 420 nm) and excitation (λem ) 485 nm) spectra of mixed solutions of 10-4 M coumarin 343 and increasing
concentrations (0 to ca. 0.025 M) of (A) CMDB, (B) MBTS, (C)tBDB, and (D) MDB, in acetone.

F0

F
) 1 + kqτ0[CTA] ) 1 + KD[CTA] (1)

F0

F
) 1 + (KD + KS)[CTA] + KDKS[CTA]2 (2)
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which predicts that the plot of (F0/F - 1)/[CTA] with [CTA]
should be linear. However, a positive deviation from linearity
is still observed (Figure 7B), suggesting a more complex
quenching mechanism.

In order to better understand the quenching mechanism, we
measured the time-resolved fluorescence intensity decays of
10-4 M C343 solutions for 0 to ca. 0.025 M of CTA in acetone
(Figure 8). The C343 fluorescence decay becomes faster with
the increase in CTA concentration, as expected. The fluores-
cence decay curve of C343 alone can be fitted with a single
exponential function. However, in the presence of CTA the
fluorescence decays could only be fitted with a sum of two
exponential functions:

The fluorescence lifetimes (τ1, τ2) and preexponential factors
(A1, A2) were obtained by fitting the fluorescence intensity decay
curves of mixed solutions of C343 (10-4 M, 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 C343-CTA complex
emission, Figure 6) show identical lifetimes and slightly different
preexponential coefficients. This indicates that the excited C343
and the exciplex are in equilibrium,51 thus explaining the failure
to obtain a linear relation in Figure 7.

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

existence of a C343-CTA ground-state complex in equilibrium
with C343. We consider a fluorophore C and a quencher CTA
that can associate reversibly in the ground state as C-CTA with
equilibrium constantK. Both C and C-CTA can be directly
excited to give C* and the exciplex E* by absorption of a
fraction of light R and 1- R, respectively. The exciplex E*
can also be formed by the encounter of C* and CTA with rate
constantk1 and can dissociate with rate constantk-1. This model
is represented in Scheme 1, whereτC is the lifetime of C* and
τE is the lifetime of the exciplex, E* .

According to Scheme 1, the time evolution of the concentra-
tions of the species C* and E* are described by the following
differential equations:

Under photostationary conditions, sinceFC(t) ∝ [C* ] andFE(t)
∝ [E* ], we obtain the Stern-Volmer type expression for C343
emission quenching

which rearranges to

Figure 6. Fluorescence emission spectra (λex ) 420 nm) of C343-CTA complexes for CMDB (A), MBTS (B),tBDB (C), and MDB (D), in
acetone.

ID(t) ) A1 exp(- t
τ1

) + A2 exp(- t
τ2

) (3) d[C*]
dt

) RI0 + k-1[E*] - (k1[CTA] + 1
τM

)[C*] (4)

d[E*]
dt

) (1 - R)I0 + k1[C*][CTA] - (k-1 + 1
τMQ

)[E*] (5)

F0

F
) {k-1τE + 1

R + k-1τE
+

k1τC

R + k-1τE
[CTA]}(1 + K[CTA]) (6)
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with

Equation 7 predicts dynamic plus static quenching described
by eq 2 only if all the excitation light is absorbed by the
coumarin (R ) 1) and the exciplex formation is irreversible
(k-1 ) 0).

Equations 4 and 5 can be solved for aδ pulse of excitation
light to yield

with the kinetic parameters given by

with

and [C*]0, [E*] 0 being the initial concentrations of excited dye
and complex produced by aδ-pulse of excitation light.

Since the lifetime of C343 was determined independently (τC

) 4.04 ns), it was possible to determine the quenching constant,
k1, by relating the expressions of the decay lifetimesτ1, τ2

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

we obtain a new expression from which we calculateτE and
k-1

In Figure 9, we show the linear plots predicted by eqs 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 ofF0/F and the kinetic
parameters determined with eqs 19 and 20, it was possible to
determine the ground state equilibrium constantK and the ratio
of molar absorption coefficients of the complex and the dye,re

) εE/εC, using eq 7 and

In Figure 10, the theoretical and experimentalF0/F 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
quenching model (Table 1), we calculated the decay parameters
τ1, τ2, A1, andA2. The results are in good agreement with the
experimental values (Figure 11), indicating that the dye
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

F0

F
) γ1 + (γ1K + γ2)[CTA] + γ2K[CTA]2 (7)

γ1 )
k-1τE + 1

R + k-1τE
(8a)

γ2 )
k1τC

R + k-1τE
(8b)

[C*] ) a1
Ce-t/τ1 + a2

Ce-t/τ2 (9)

[E*] ) a1
Ee-t/τ1 + a2

Ee-t/τ2 (10)

1/τ1 ) λ1 )
-(A + B) + x(A - B)2 + 4k-1k1[CTA]

2
(11)

1/τ2 ) λ2 )
-(A + B) - x(A - B)2 + 4k-1k1[CTA]

2
(12)

a1
C )

λ1 + B

λ1 - λ2
[C*] 0 -

(λ1 + B)(λ2 + B)

k1(λ1 - λ2)
[E*] 0 (13)

a2
C )

λ2 + B

λ1 - λ2
[C*] 0 +

(λ1 + B)(λ2 + B)

k1(λ1 - λ2)
[E*] 0 (14)

a1
E )

k1

λ1 - λ2
[C*] 0 -

λ2 + B

λ1 - λ2
[E*] 0 (15)

a2
E )

k1

λ1 - λ2
[C*] 0 -

λ1 + B

λ1 - λ2
[E*] 0 (16)

A ) k1[CTA] + 1
τC

(17)

B ) k-1 + 1
τE

(18)

1
τ1

+ 1
τ2

) ( 1
τC

+ 1
τE

+ k-1) + k1[CTA] (19)

Figure 7. Quenching of C343 (10-4 M in acetone, excited at 420 nm)
by CMDB (b), tBDB (9), MDB (1), and MBTS (2) is not described
by a Stern-Volmer (A) or a simultaneous static and dynamic quenching
(B), as indicated by the nonlinear plots.

τC

τ1τ2
) ( 1

τE
+ k-1) + (k1τC

τE
)[CTA] (20)

R )
εC[C]

εC[C] + εE[E]
) 1

1 +
εE

εC
K[CTA]

(21)
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the nature and/or structure of the R group, whether primary,
secondary, or tertiary, have little influence on the quenching
effect of these dithiobenzoates, which is apparently governed
by the thiocarbonylthio function.

In order to test whether the quenching model was still valid
for a macroCTA, we applied it to the quenching of C343 by a
poly(DcA)-MBTS chain resulting from the RAFT polymeri-
zation of N-decylacrylamide (DcA) using MBTS as chain
transfer agent.

The hydrophobic poly(DcA) chain have an average of 12
monomer units separating the dithiobenzoyl group from the R
group of MBTS. Steady-state and time-resolved fluorescence
measurements were performed using the same experimental
conditions as for the low molecular weight CTAs. Increasing
amounts of poly(DcA)-MBTS (0 to 0.0187 M) were added to
the C343 (10-4 M) in acetone. The fluorescence spectra (λex )
420 nm) of the dye and macroCTA mixed solutions are shown
in Figure 12. An exciplex with emission band also at ca. 530
nm is formed (Figure 12, inset), and the decrease in C343
fluorescence intensity with the increase in poly(DcA)-MBTS
concentration is similar to that induced by the corresponding
low molecular weight CTA, MBTS. Also, the time-resolved
picosecond fluorescence decay curves of 10-4 M C343 in

acetone (excitation at 420 nm and emission monitored at 485
nm) are similar to those obtained in the presence of equal
amounts of poly(DcA)-MBTS and MBTS.

Although in poly(DcA)-MBTS the functional group respon-
sible for the fluorophore quenching is attached to the polymer
chain and therefore should diffuse slowly, it does not show
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(DcA)-MBTS
chain and its affinity toward acetone. In a more detailed
comparison between the quenchers, one can say that the decrease
in the C343 emission was slightly smaller for the macroCTA.
This difference might be explained by the usually small amount
of polymer chains that are not ended by a dithioester function
in RAFT polymerization. With the experimental conditions
chosen to perform this polymerization, it is expected that ca. 9
mol % of poly(DcA) chains do not have a dithioester end group
(dead chains).15,41The elimination of these chains is practically
impossible during polymer purification. These polymer chains
do not quench C343, leading to the slightly smaller quenching
effect observed for poly(DcA)-MBTS as compared with
MBTS.

The kinetic model described earlier was used to analyze the
quenching of C343 by the macroCTA. From the plot of (1/τ1

+ 1/τ2), (τC/τ1τ2), andF0/F for poly(DcA)-MBTS (eqs 7, 19,
and 20), we obtained the kinetic parameters (Table 1, Figure
13). The experimental decay parametersτ1, τ2, A1, and A2

obtained for the C343 quenching by poly(DcA)-MBTS are well
reproduced by those calculated theoretically using the kinetic
parameters obtained from eqs 11-18 (Figure 14).

Although the results obtained with the four low molecular
weight CTAs and the macroCTA could be described by the same
kinetic model, there are some differences in the parameters
calculated for the different CTAs. First, the lifetimes of the

Figure 8. Normalized fluorescence emission decay curves obtained at 485 nm for the mixed solutions of 10-4 M C343 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
Quenching
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C343-CTA excited complexes (τE) increase from primary CTA
(S atom is connected to a primary C atom in the R group),
CMDB, to secondary CTA, MBTS, to tertiary CTAs,tBDB and
MDB, with the macroCTA, poly(DcA)-MBTS, showing a
larger exciplex lifetime possibly due to its slower dynamics
(much larger size). Second, we obtained values ofk1 on the
order of 1010 M-1 s-1, typical of diffusion-controlled processes.
This means that the quenching process is very efficient. In fact,

we notice that the value of the quenching constantk1 is 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 lowestk1 value. As for the
dissociation rate constant,k-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 constantK show that
there is less dye-CTA preassociation for the tertiary CTAs,tBDB
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
quenching 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 R,â-unsaturated carbonyl derivatives.52 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

Figure 9. Plot of (1/τ1 + 1/τ2) and (τC/τ1τ2) vs the quencher concentration for (A) CMDB, (B) MBTS, (C)tBDB, and (D) MDB, using the data
in Figure 8.

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

CTA
τE

(ns) re ) εE/εM

k1

(M-1 ns-1)
k-1

(ns-1)
K

(M-1)

CMDB 2.7 0.97 29 0.02 53
tBDB 3.5 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

Figure 10. Steady-state modified Stern-Volmer plots (reversible
quenching mechanism) for 10-4 M C343 with CMDB (b), tBDB (9),
MDB (1), and MBTS (2) in acetone. Experimental values are
represented by full symbols, and the solid lines are calculated with the
parameters recovered using the proposed kinetic model.
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dithiobenzoate group in polymers obtained by RAFT by the
disappearance of both then-π* dithiobenzoate absorption band
around 500 nm and the 7.4-7.9 ppm1H NMR resonances.53

Here, we usedtert-butyl mercaptan (tBM) as a model for the
aminolysis oftBDB in order to confirm that the thiol group
does not act as a quencher.

Using the same experimental conditions as fortBDB, we
mixed tBM (0-0.022 M) with 10-4 M C343 in acetone and
measured the fluorescence emission (λex ) 420 nm) and
excitation (λem ) 485 nm) spectra as well as the time-resolved
fluorescence intensity decays (excitation at 420 nm and emission
monitored at 485 nm). In these experiments we did not observe
any fluorescence decrease in the presence oftBM, and the
fluorescence decay curves were monoexponential for alltBM

concentrations. These results confirm that the thiol function does
not act as a quencher of C343 fluorescence emission.

Figure 11. Lifetimes,τ1 (open circles) andτ2 (full circles), and preexponential factors,A1/(A1 + A2), obtained at 485 nm for the mixed solutions
of 10-4 M C343 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. Solid lines represent the values calculated using the kinetic parameters of Table 1 and eqs 11-14.

Figure 12. Fluorescence emission spectra (λex ) 420 nm) of mixed
solutions of 10-4 M C343 and increasing concentrations of poly(DcA)-
MBTS (0 to ca. 0.0187 M), in acetone. The emission spectra normalized
at the intensity maximum (∼490 nm) are shown in the inset.

Figure 13. Plot of 1/τ1 + 1/τ2 and (τC/τ1τ2) for 10-4 M C343 and
poly(DcA)-MBTS in acetone (A) and modified Stern-Volmer revers-
ible quenching mechanism (B).
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We then applied this method to a mixed solution of 10-4 M
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 for 2-3 h.
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
the dithioester into a thiol, the C343 emission recovers to almost
the same intensity as observed in the absence of macroCTA.

Conclusions

Reversible addition-fragmentation 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
quenchers. For the four CTAs and the macroCTA tested in this
study, we found that the fluorescence quenching of the dye
coumarine 343 (C343) occurs by the same reversible quenching
mechanism, with formation of a CTA-C343 exciplex. The
C343 time-resolved fluorescence measurements obtained at
different wavelengths (485, 500, 530, and 550 nm) yielded
similar decay timesτ1,τ2 as expected from the kinetic model,

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
quenching of the coumarin C343 fluorescence. Moreover, the
-SH end group can be further used to functionalize the polymer
chain, for example attaching a biomolecule.31
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