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Phenanthrene a-end-labeled poly(N-decylacrylamide-b-N,N-diethylacrylamide) (PDcAn-b-PDEAm) block
copolymers consisting in a highly hydrophobic block (n¼ 11) and a thermoresponsive block with variable
length (79�m� 468) were synthesized by reversible addition-fragmentation chain transfer (RAFT)
polymerization. A new phenanthrene-labeled chain transfer agent (CTA) was synthesized and used to
control the RAFT polymerization of a hydrophobic acrylamide derivative, N-decylacrylamide (DcA). This
first block was further used as macroCTA to polymerize N,N-diethylacrylamide (DEA) in order to prepare
diblock copolymers with the same hydrophobic block of PDcA (number average molecular weight:
Mn¼ 2720 g mol�1, polydispersity index: Mw/Mn¼ 1.13) and various PDEA blocks of several lengths
(Mn¼ 10,000–60,000 g mol�1) with a very high blocking efficiency. The resulting copolymers self-assemble
in water forming thermoresponsive micelles. The critical micelle concentration (CMC) was determined
using Förster resonance energy transfer (FRET) between phenanthrene linked at the end of the PDcA block
and anthracene added to the solution at a low concentration (10�5 M), based on the fact that energy
transfer only occurs when phenanthrene and anthracene are located in the core of the micelle. The CMC
(w2 mM) was obtained at the polymer concentration where the anthracene fluorescence intensity starts to
increase. The size of the polymer micelles decreases with temperature increase around the lower critical
solution temperature of PDEA in water (LCST w 32 �C) owing to the thermoresponsiveness of the PDEA
shell.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Labeling of polymers with fluorescent groups is an appropriate
and useful tool to study intra and intermolecular polymer chain
interactions [1–3], to follow coil-to-globule transition [4–6], self-
assembly of block copolymers in selective solvents [7], as well as to
characterize the interfaces in polymer blends [8] and the
morphology of thin polymer films [9]. They can also be used as
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probes in fluorescence microscopy and imaging [10] and as light-
harvesters in solar cells [11].

Polymers bearing fluorophores distributed randomly along the
polymer chain can be obtained either by polymerizing statistically
a small quantity of a fluorescent comonomer [12] or by labeling
polymer precursors with fluorescent dye derivatives [12,13].
However, these synthetic methodologies do not produce polymers
with fluorophores located at a specific position such as one or both
chain-ends [3,14], or at the common junction of diblock copolymers
[7,15,16].

The first monodisperse well-defined polymers bearing a fluo-
rophore at a specific position of the chain were prepared by living
anionic polymerization using several strategies: use of a fluorescent
labeled initiator [16]; reaction of the functional polymer chain-end
with a dye derivative [17]; insertion of a fluorophore at the chain-
end by a termination labeling reaction [18] and using a bifunctional
fluorescent terminator to label diblock copolymers at the junction
point [19].
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The developments of controlled/living free radical polymeriza-
tion (CRP) [20] in the last decade have opened up the opportunity
to prepare monodisperse polymers from a much larger variety of
monomers than anionic polymerization, under milder and simpler
polymerization conditions [21]. Well-defined polymers bearing
a fluorophore at a specific site were obtained either by post-
modification of the polymer chain or by using a previously labeled
initiator/chain transfer agent.

The post-modification strategy was successfully used to obtain
polymers end-capped with a fluorophore, synthesized by both the
reversible addition-fragmentation chain transfer (RAFT) polymeri-
zation [22–25], and nitroxide-mediated free radical polymerization
(NMP) [26,27], while atom transfer radical polymerization (ATRP)
was used to prepare C60 end-labeled poly(styrene) and poly
(methylmethacrylate) [28,29]. ‘‘Click’’ chemistry was also applied to
synthesize a coumarin end-labeled poly(vinylacetate) by RAFT
polymerization [30]. However, to reach adequate labeling yields
(80–100%) by the post-modification approach, a good accessibility
of the polymer reactive end-group is needed (solely obtained for
short polymer chains in good solvents), so that a very large excess of
fluorophore is often required.

In order to circumvent the low yield of labeling, several strate-
gies have been proposed based on fluorescent labeled initiators or
chain transfer agents. Perylene, pyrene and dansyl modified
alcoxyamines for NMP were synthesized and used for styrene and
n-butylacrylate polymerization [31–34], while pyrene [14,35] and
fluorescein [36] labeled initiators were successfully used in ATRP
polymerization. Polymers labeled at the junction between the two
blocks were also synthesized by both ATRP [37] and NMP [38],
using bifunctional initiators. End-functionalized fluorescent poly-
mers have already been synthesized by RAFT polymerization using
fluorescent labeled RAFT agents. For instance, they were prepared
through carboxylic acid activation of a RAFT agent followed by
reaction with an alcohol-derived fluorophore [39], by reacting the
RAFT agent with a fluorophore-labeled monomer in a 1:1 molar
ratio [40,41], by the reaction of CS2 and a chloromethyl-derived
fluorophore in basic media in the presence of a phase transfer agent
[42] and by a two step procedure involving an amino-derived
fluorophore and 2-bromopropionic bromide followed by reaction
with a dithiobenzoate salt [43].

In this work, a phenanthrene-functionalized RAFT agent was
synthesized from a precursor dithioester [44] and further used to
prepare a series of amphiphilic block copolymers of poly(N-decyl-
acrylamide-b-N,N-diethylacrylamide), PDcA-b-PDEA, phenan-
threne-labeled at the a-chain-end. RAFT was chosen among the CRP
methodologies, since it is a well established technique for the
polymerization of acrylamide derivatives leading to well-controlled
architectures and high molecular weights [45–50]. The block
copolymers were prepared by a sequential method, where the first
block (bearing a dithiobenzoate group at the u-chain-end), was used
as macro chain transfer agent (macroCTA) to control the polymeri-
zation of the second monomer [47,48] which mediated preparation
of well-defined block copolymers with the same hydrophobic block
length and several hydrophilic blocks of varying molecular weight.
The DcA monomer unit of the hydrophobic block has an alkyl chain
short enough to obtain micellar aggregates with a relatively fluid
hydrophobic core [51]. On the other hand, the hydrophilic block of
PDEA is thermoresponsive in water, with a lower critical solution
temperature (LCST) around 30–33 �C for its heteroactic form [52–
56]. Since PDEA is a biocompatible polymer [57,58], it may be more
suitable than the well known poly(N-isopropylacrylamide) (PNI-
PAM) for some biological applications [59,60], due to the absence of
the active hydrogen in the amide group [57].

The ability of the PDcA-b-PDEA block copolymers to self-
assemble in water at several temperatures below and above LCST of
the PDEA block was investigated. The critical micelle concentration
(CMC) was determined using the Förster resonance energy transfer
(FRET) between phenanthrene linked at the a-end of the PDcA
block and anthracene added to the solution at a low concentration
(10�5 M). Above the CMC, the anthracene migrates to the core of
the micelles and energy transfer occurs with a consequent increase
of anthracene fluorescence intensity. In addition, the variation of
size of the polymer micelles with temperature above the volume
phase transition temperature (TVPT w 32 �C) of the thermosensitive
PDEA shell was investigated by dynamic light scattering (DLS).

2. Experimental section

2.1. Materials

N-acryloyl chloride (Aldrich, 96%) was distilled (90 �C) prior to
use. N,N-diethylacrylamide (DEA) (Monomer–Polymer & Dajac
Labs.) was distilled under reduced pressure (110 �C). 2,20-azobis
(isobutyronitrile) (AIBN, Fluka, 98%) and 2,20-azobis(2,4-dime-
thylvaleronitrile) (V-65, WAKO, 98%) were purified by recrystalliza-
tion from ethanol. 1,4-Dioxane (Acros, 99%) was distilled over LiAlH4

(110 �C), THF (Aldrich, 99%) was distilled over CaH2. Triethylamine
(Aldrich, 99.5%), decylamine (Aldrich, 95%) and trioxane (Acros, 99%)
were used as received. All other chemicals were obtained from
several sources and used as received.

2.2. Synthesis of N-decylacrylamide (DcA)

This hydrophobic monomer was synthesized according to the
procedure reported by D0Agosto et al. for an acrylate derivative [61].
N-decylamine (47.9 g, 28.9 mmol) and triethylamine (32.4 g,
31.8 mmol) were dissolved in 300 mL of CH2Cl2. Acryloyl chloride
was then added dropwise (29.0 g, 32.0 mmol) over a period of 1 h
30 min, keeping temperature below 2 �C. The mixture was washed
with saturated NH4Cl aqueous solution, NaHCO3 aqueous solution
and brine, dried over anhydrous MgSO4 and filtered. A yellowish
powder was obtained after solvent evaporation. The product was
isolated as white crystals after several recrystallizations from
pentane. Yield: 70%. 1H NMR (200 MHz, CDCl3) ppm, d 0.88 (3H, t,
–CH2CH2 (CH2)7CH3); 1.26 (14H, broad, –CH2CH2 (CH2)7CH3); 1.43
(2H, m, –CH2CH2(CH2)7CH3); 3.31 (2H, dt, –CH2CH2(CH2)7CH3);
5.58–5.64 (1H, dd, –C(H)H]CH); 5.92 (1H, broad, –NH); 6.04–6.18
(1H, dd, –C(H)H]CH); 6.18–6.33 (1H, dd, –C(H)H]CH).

2.3. Synthesis of N-[4-(9-phenanthrenyl)butyl-2-(2-phenyl-1-
thioxo)thio]-propanamide (PBTP)

The succinimido-2-[[2-phenyl-1-thioxo]thio]-propanoate (pre-
cursor RAFT agent 1) [44] and 4-(9-phenanthrenyl)butyl amine
hydrochloride (2) [62] were synthesized according to reported
literature procedures. In a round-bottom flask, the precursor RAFT
agent 1 (0.72 g, 1.72 mmol) and 4-(9-phenanthrenyl)butyl amine
hydrochloride 2 (0.47 g, 1.64 mmol) were dissolved in chloroform
(140 mL). A solution of triethylamine (0.19 g, 1.89 mmol) in 28.5 mL
of chloroform was then added dropwise. The reaction mixture was
stirred at 30 �C until the end of the addition (ca. 1 h 30 min), then it
was left to react for another 30 min. The final mixture was concen-
trated to around 100 mL, washed five times with 200 mL of distilled
water (to remove N-hydroxysuccinimide, NHS), dried over anhydrous
MgSO4 and filtered. After solvent removal, the product was purified
by silica gel chromatography using chloroform/cyclohexane mixture
(8:2 v/v) as eluent to recover an orange solid. Yield: 65%.
(C28H27NOS2; Mr¼ 457.65 g mol�1). Calcd: C 73.48, H 5.95, N 3.06, S
14.01. Found: C 72.98, H 5.88, N 2.92, S 13.75. MS (FAB) found
(M�Hþ): 458.1650 m/z; calcd: 458.1612 m/z. 1H NMR (200 MHz,
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CDCl3) ppm, d 1.60–1.90 (4H, mþm, –Phe–CH2(CH2)2CH2NH); 1.65–
1.82 (3H, d, –C(]O)CH(CH3)S); 3.10 (2H, t, Phe–CH2(CH2)2CH2NH);
3.32 (2H, m, Phe–CH2(CH2)2CH2NH); 4.67 (1H, q, –C(]O)CH(CH3)S);
6.39 (1H, broad, Phe–CH2(CH2)2CH2NH); 7.32 (2H, dd, –CS2-aryl
(meta)); 7.40–7.70 (1H, –CS2-aryl (para); 5H, Phe); 7.76 (1H, m, Phe);
7.90 (2H, d, –CS2-aryl (ortho)); 8.04 (1H, m, Phe); 8.65–8.71 (2H, m,
Phe). 13C NMR (50 MHz, CDCl3) ppm, d 16.13 (–C(]O)CH(CH3)S);
27.20 (Phe–CH2CH2CH2CH2NH); 29.31 (Phe–CH2CH2CH2CH2NH);
32.85 (Phe–CH2CH2CH2CH2NH); 39.48 (Phe–CH2CH2CH2CH2NH);
48.46 (–C(]O)CH(CH3)S); 122.37, 123.17, 124.29, 125.92 (Phe, 4 CH);
126.05 (Phe, 1 CH); 126.11 (Phe, 1 CH); 126.53 (Phe, 2 CH); 126.96
(–CS2-aryl (ortho)); 128.04 (Phe, 1 CH); 128.38 (–CS2-aryl (meta));
129.08, 129.55, 130.63, 131.78 (Phe, 4 CH); 132.92 (–CS2-aryl (para));
136.10 (Phe C5); 144.21 (–CS2-aryl C); 170.33 (–C(]O)CH(CH3)S);
227.63 (–CS2-aryl). UV–vis (in THF): band at lmax¼ 299 nm
(3¼ 22,400 mol�1 L cm�1).

2.4. Synthesis of a-phenanthrene-end-labeled poly
(N-decylacrylamide) (Phe-PDcA macroCTA)

DcA (5.0 g, 23.8 mmol), PBTP (0.29 g, 0.64 mmol), AIBN (10 mg,
0.063 mmol), 1,4-dioxane (23.7 mL), and trioxane (0.19 g, internal
reference for 1H NMR determination of monomer conversion) were
introduced in a Schlenk tube equipped with a magnetic stirrer [49]
The mixture was deoxygenated by four freeze-pump-thaw cycles
and then heated under nitrogen in a thermostated oil bath at 90 �C.
For kinetics study, samples were periodically withdrawn from the
polymerization medium and the monomer conversion was deter-
mined by 1H NMR, using as internal reference the trioxane protons
[63]. The polymerization was stopped after 1 h 30 min by cooling
under liquid nitrogen. The obtained polymer was precipitated into
a mixture of MeOH/H2O (3:1 v/v) to remove the unreacted mono-
mers, filtered and dried under vacuum. The complete elimination of
residual monomers was confirmed by 1H NMR.

2.5. Synthesis of a-phenanthrene-end-labeled poly(N-decyl-
acrylamide-b-N,N-diethylacrylamide) (Phe-PDcA-b-PDEA)

Typically, the RAFT polymerization of DEA was carried out in
a Schlenk tube equipped with a magnetic stirrer by dissolving DEA,
Phe-PDcA, V-65 and trioxane in 1,4-dioxane. The mixture was
deoxygenated by four freeze-pump-thaw cycles. Under nitrogen, it
was heated in a thermostated oil bath at 70 �C. For all experiments,
the initial monomer concentration was kept equal to 3.8 mol L�1.
All copolymers (BC1 to BC5) were precipitated in petroleum ether
(3 times) in order to remove unreacted monomer and possible Phe-
PDcA dead chains. The final copolymers were recovered by filtra-
tion and dried under vacuum. The complete elimination of residual
monomers was confirmed by 1H NMR.

2.6. Elimination of the thiocarbonylthio u-end group from
Phe-PDcA-b-PDEA block copolymers by aminolysis

The thiocarbonylthio moiety at the u-end of Phe-PDcA-b-PDEA
block copolymers was converted into a thiol by treating the
copolymers with a large excess of hexylamine (w100 eq relatively
to the chain-end) in dichloromethane at room temperature during
w4 h (aminolysis reaction) [64]. The treated copolymers were
precipitated several times in hexane in order to remove the excess
of hexylamine and the secondary product from the aminolysis
reaction. The orange or rose copolymers became white once having
the thiol function at the u-terminus. The absorption spectra of the
treated copolymers were characteristic of phenanthrene, not
showing the absorption of the thiocarbonylthio moiety. The
conversion of the thiocarbonylthio group to a thiol was further
confirmed by the phenanthrene derivative lifetime in THF that is
close to the value of the unquenched phenanthrene (w47 ns) [65].

2.7. Preparation of samples for DLS and determination of CMC by
fluorescence

The aqueous solutions of copolymers used to determine the
critical micelle concentration (CMC) by fluorescence and for the
DLS experiments (after removing the thiocarbonylthio group) were
prepared by using the solvent-assisted solubilization method in
order to obtain monodisperse micelles, to prevent the presence of
some large aggregates. THF was used because it is a good solvent for
both blocks.

Concentrated solutions (w75 g L�1) of copolymers BC1–BC5
were prepared in THF. Then, to a small volume of these concen-
trated solutions (previously transferred into small vials (or light
scattering tubes) immersed in an ice bath, w2 �C), cold water was
added dropwise with gentle agitation to the required final volume.
The final solutions contained always less than 2% v/v of THF. Some
control experiments were performed and they indicated that the
low THF content does not interfere significantly with the properties
of the micellar aggregates [66]. The final aqueous solutions were
always let to equilibrate (and stored) at 4 �C, for at least 24 h.

2.8. Instrumentation

Both 1H NMR (200 MHz) and 13C NMR (50 MHz) spectra were
recorded on a Bruker AC 200 spectrometer at 300 K in chloroform-
d (CDCl3).

The mass spectra (SCA, CNRS, Solaize, France) were obtained on
a ZAB2-SEQ spectrometer (VG, Manchester, UK) using fast atom
bombardment ionization.

The absorption spectra were recorded on a Shimadzu UV-
3101PC UV–vis–NIR spectrophotometer using square quartz cells of
1 cm path length.

The MALDI-ToF MS analyses (SCA, CNRS, Solaize, France) were
recorded on a Voyager-DE STR (Applied Biosystems) spectrometer
equipped with a nitrogen laser (wavelength 337 nm). The acceler-
ating voltage was 20 kV and the positive ions were detected. The
spectra were the sum of 200 shots, and an external mass calibration
was used (mixture of peptides standards, Sequazyme kit). The
samples were deposited on a stainless steel target and dried.
Samples were prepared by dissolving 10 g L�1 of polymer in freshly
distilled tetrahydrofuran (THF). The matrix was 3-b-indole acrylic
acid (IAA, Fluka, Milwaukee, WI), used without further purification
and dissolved in distilled THF (10 g L�1). Matrix and polymer solu-
tions were mixed at a volume ratio of 9:1; then 1 mL of the mixture
was deposited onto the MALDI target before insertion into the ion
source chamber.

The molecular weight distributions of the hydrophobic polymer
(Phe-PDcA macroCTA) and the block copolymers were obtained by
size exclusion chromatography (SEC) with THF eluent, using
a Waters 1515 isocratic HPLC pump with a flow rate of 1 mL min�1,
a Waters 2410 refractive index detector and a Styragel HR4E
column. The relative molecular weights of the Phe-PDcA macroCTA
were obtained using polystyrene standards.

The absolute molecular weights of the Phe-PDcA-b-PDEA block
copolymers were obtained by SEC in DMF using both a differential
refractive index and a multi-angle light scattering (miniDAWN
TREOS from Wyatt) detectors. The differential refractive index of
the block copolymer was set equal to the value of PDEA in DMF, dn/
dC¼ 0.081 mL g�1.

Fluorescence spectra were acquired with a SLM-AMINCO 8100
Series 2 spectrofluorometer using a bandwidth of 4 nm for the
emission and excitation, in 5� 5 mm quartz cuvettes.



Scheme 1. Synthesis of the fluorescent RAFT agent N-[4-(9-Phenanthrenyl)butyl-2-(2-phenyl-1-thioxo)thio]-propanamide (PBTP).
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The hydrodynamic diameter of the micellar aggregates was
obtained by dynamic light scattering using a Brookhaven Instru-
ments (BI-200SM Goniometer and BI-9000 AT autocorrelator) with
a He–Ne laser (632.8 nm, 35 mW) from Spectra Physics and an
avalanche photodiode as detector. The measurements were per-
formed with w1.4 g L�1 of polymer solutions in MQ-Water. The
autocorrelation functions were analyzed both by Laplace inversion
(CONTIN) and Expsam V3.0 programs included in the BI-ZP soft-
ware package from Brookhaven.
3. Results and discussion

3.1. Synthesis of a Phe-labeled RAFT agent

A novel phenanthrene-labeled RAFT agent was synthesized by
a one step amidation following a previously reported procedure
[44] involving a precursor RAFT agent (bearing an activated ester
function) and an amino derivative (Scheme 1). The originality of
this strategy is based on the highly favorable reactivity of the
activated carbonyl group in comparison with the thiocarbonyl
group towards primary amines, so that the thioamidation side-
reaction can be completely avoided. Moreover, the resulting dye-
labeled RAFT agent bears a stable peptidic bond between the dye
moiety and the dithioester function.

As the ammonium chloride form of the phenanthrene derivative
was not reactive in the presence of the precursor dithioester 1,
triethylamine was added to induce in situ deprotonation that led
to the quantitative formation of dye-labeled dithiobenzoate, N-[4-
(9-Phenanthrenyl)butyl-2-(2-phenyl-1-thioxo)thio]-propanamide
Scheme 2. Synthesis of the amphiphilic b
(PBTP). After purification by silica gel chromatography, a final yield
of 65% was obtained, similar to those reported for other functional
RAFT agents synthesized from the same precursor [44]. In the
literature, other dye-labeled RAFT agents were synthesized with
yields in the range of 21–92% for dyes introduced in the R group
[40–43,67] of the thiocarbonylthio compound and 20–63% for dyes
introduced in the Z group [68].

The structure of PBTP was confirmed by FAB mass spectrometry,
1H and 13C NMR whereas micro-analysis indicated a very good
purity (see experimental part). This dye-labeled dithioester is the
first RAFT agent bearing a phenanthrene moiety in the R group i.e.
leading to a-phenanthrene-labeled polymer chains.
3.2. Synthesis and characterization of Phe-PDcA homopolymers

The fluorescent RAFT agent PBTP was used to control the
polymerization of N-decylacrylamide, DcA (Scheme 2). The poly-
merization was carried out in 1,4-dioxane at 90 �C, using 2,20-
azobis(isobutyronitrile) (AIBN) as initiator. In order to minimize
the number of chains initiated by AIBN, the ratio [PBTP]/[AIBN] was
kept equal to 10. The initial concentration of monomer was
[DcA]0¼1 mol L�1 to get a complete solubilization of the monomer
in 1,4-dioxane (at 30 �C).

The kinetics of the RAFT polymerization of DcA mediated by
PBTP was followed by 1H NMR [63]. The monomer conversion was
obtained from Eq. (1), where At is the integral of the peak corre-
sponding to one vinylic proton of DcA (at 5.6 ppm) and A0 is the
integral of the peak corresponding to the six trioxane protons
(at 5.1 ppm).
lock copolymers Phe-PDcA-b-PDEA.



Fig. 1. Monomer conversion vs time (A) and pseudo-first order kinetics (B) for the RAFT polymerization of DcA mediated by tBDB (open symbols) and PBTB (closed symbols).
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A conversion of about 45% was reached in approximately 3 h
(Fig. 1A) with a linear variation of the ln([M0]/[M]) with time during
the first 2 h of polymerization (Fig. 1B). In comparison with a run in
the presence of tert-butyl dithiobenzoate, tBDB, in similar condi-
tions [69], kinetics were slower with phenanthrene-labeled
dithiobenzoate, which might be attributed to a lower re-initiation
efficiency of the fragment radical hindered by the bulky phenan-
threne group. However, such phenomenon had not been observed
for similar functional RAFT agents bearing a biotin or a protected
carbohydrate or a phospholipid moiety, instead of a phenanthrene
derivative [44].

The SEC chromatograms at different conversions are shown in
Fig. 2A. The peaks are rather symmetrical with a slight tail (indicating
some termination reactions and/or some degradative transfer reac-
tions) and some residual monomer at conversions below 20%. The
Mn values (relative to PS standards) vary linearly with monomer
conversion, with polydispersity index, Mw/Mn� 1.2 (Fig. 2B). The
linear variation of the relative Mn values with conversion and the low
polydispersity indexes indicate that DcA polymerization is efficiently
controlled by the new fluorescent RAFT agent, PBTP.

The sample of phenanthrene end-labeled poly(N-decylacryl-
amide) that was further used to synthesize block copolymers was
obtained at 21% conversion which, according to Eq. (2) [45],
Fig. 2. (A) Evolution of the normalized SEC traces in THF for the RAFT polymerization of D
(filled squares) and Mw/Mn (empty squares) values vs monomer conversion for DcA polym
[AIBN]0¼ 10. The line represents the expected values calculated using Eq. (2).
Mcalc
n ¼ ½M �0$MWm$Conversion

½CTA � 0
þMWCTA (2)

gave a theoretical Mn value of 2100 g mol�1, corresponding to an
average polymerization degree of Xn¼ 8 (with MWm and MWCTA

the molecular weights of monomer and CTA, respectively).
The 1H NMR spectrum of this Phe-PDcA sample (after purifi-

cation) is shown in Fig. 3 with the proton assignments corres-
ponding to the monomer unit, the phenanthrene a-end group
and the dithiobenzoate u-end group, attributed by comparison
with the 1H NMR spectrum of the phenanthrene-labeled RAFT
agent. The average polymerization degree Xn was then calculated
by comparison of the integral of the characteristic peak corre-
sponding to two phenanthrene aromatic protons (2HPhe) at 8.60–
8.80 ppm, with the integral of the band at 2.9–3.6 ppm, which
corresponds to 2XnHeþ 2H5þ 2H2. Even though that integral
contained the contribution from protons of the phenanthrene
linker (H2 and H5), it was as the best choice for determining Xn,
since the integrals corresponding to the protons g and h were not
well-defined due to overlap of the peaks from other protons. From
the value obtained for the integral, we calculated Xn¼ 9.4, corre-
sponding to a number average molecular weight of 2445 g mol�1.

MALDI-TOF MS analysis of this Phe-PDcA sample was also per-
formed to obtain the number average molecular weight and to
determine the chain-end functionalities (Fig. 4). From the mass
spectrum obtained in the linear mode (not shown), one was able to
cA mediated by the chain transfer agent PBTP at different conversions. (B) Plots of Mn

erization in 1,4-dioxane at 90 �C in the presence of PBTP: [DEA]0¼1 mol L�1;[PBTP]0/



Fig. 3. 1H NMR spectrum of PDcA homopolymer (200 MHz, CDCl3, 300 K); proton assignment (ppm): 0.7–1.0 (3nHh); 1.1–1.2 (3H10); 1.26 (14nHg); 1.0–2.0 (2nHa); 1.46 (2nHf); 1.6–
1.9 (2H3þ 2H4); 1.8–2.6 ((n� 1)Hb); 1.9–2.6 (3H20); 2.9–3.6 (2nHeþ 2H5þ 2H2); 4.5–4.7 (1Hc); 5.5–7.1 (broad, nHdþ 1H1); 7.39 (2H40); 7.62 (1H50 þ 5HPh); 7.82 (1HPh); 7.95 (2H30);
8.07 (1HPh); 8.60–8.80 (2HPh).
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determine the number average molecular weight (Mn¼
2720 g mol�1) and the polydispersity index (1.13). The difference
between two main peaks (D) of the distribution (211.2 m/z) corres-
ponds to the DcA (C13H25NO) repeating unit (211.34 g mol�1).

The mass spectrum obtained in the reflectron mode (Fig. 4A) has
a sufficient resolution to resolve single isotope peaks. By selecting
X¼ 8, one can clearly see the isotopic patterns for individual
polymer chains (Fig. 4B). It is possible to distinguish at least 12
isotopic patterns and for most of them a molecular structure could
be assigned (Table 1). The accuracy given by the spectrometer used
Fig. 4. (A) MALDI-TOF mass spectrum of Phe-PDcA in the reflectron mode. (B) Enlarged reg
attribution of populations (Table 1). Inset: calculated isotopic pattern (C132H227N9O9S2Na).
in this study is 0.008% (in the reflectron mode) that corresponds to
�0.2 mass units for a polymer chain of 2170 mass units.

The expected isotopic distribution for each population must have
a similar shape to that calculated for the ion [C21H22NO–
(C13H25NO)8–C7H5S2þNa]þ, where X¼ 8, shown in the inset of
Fig. 4B. There is a good agreement between the simulated isotopic
pattern and the one obtained experimentally. The main population,
P4, corresponds to a chain with the expected structure [C21H22NO–
(C13H25NO)8–C7H5S2þNa]þ which confirms the presence of the
phenanthrene fluorophore at the a-end and the dithiobenzoate
ion of MALDI-TOF mass spectrum shown in A for the polymerization degree X¼ 8 and



Table 1
Structures corresponding to the assigned peaks in Fig. 4.

Peak Monoisotopic mass Structure Cationization X

Experimental Theoretical

P1 2144.9 2144.8
S

S

CN Na 9

P2 2153.8 2153.7
NH

O S

O

Na 8

P3 2158.9 2160.8
S

S

CN K 9

P4 2169.8

2169.7
NH

O S

S

Na 8

2169.7
NH

O S

O

K 8

P5 2185.8 2185.7
NH

O S

S

K 8

P6 2202.9

2202.0 CN Na 10

2204.0
H

CN Na 10

P7 2219.8 2220.0
H

CN K 10

P8 2229.0

2226.9

NH

O

Na 9

2229.0

NH

O H

Na 9

P9 2241.0

2242.9

NH

O

K 9

2244.9

NH

O H

K 9

(continued on next page)
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Table 1 (continued )

Peak Monoisotopic mass Structure Cationization X

Experimental Theoretical

P10 2251.9 NA NA NA NA

P11 2261.0 2260.9

NH

O SH

Na 9

P12 2276.9 2276.9

NH

O SH

K 9

X: polymerization degree of the considered chain; NA: non attributed.
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moiety (Z group of the macroCTA) at the u-end (dormant chains). The
monoisotopic peak is at 2169.8 mass units for a calculated value of
2169.7 mass units. It is worth mentioning here that the C–S bond of
the dormant end-group is not as sensitive in a polyacrylamide
derivative synthesized by RAFT process than in a polystyrene, that
makes possible analyses by MALDI-TOF MS as we have already
demonstrated for several kinds of polyacrylamide derivatives [64,70]
The second main population, P5, corresponds to the same chains but
cationized with Kþ. The populations P1 and P3 may be attributed to
chains initiated by AIBN with X¼ 9 (Naþ and Kþ cationization) [71]. A
very small amount of dormant chains where the dithioester group
was oxidized to a thioester group are present as population P2 (and
probably some contribution in population P4), which was observed
previously for poly(N-acryloylmorpholine) (PNAM) [64], poly(N-tert-
butylacrylamide) (PTBAm) [70], and poly(methylmethacrylate)
(PMMA) [72]. Population P8 can be attributed to dead chains initiated
by PBTP and terminated by a proton (Naþ cationization). They can
result either from termination reactions by disproportionation,
transfer reactions or fragmentation in the spectrometer [64]. In the
case of the chains resulting from disproportionation, the corre-
sponding chains ended by a double bond are expected at 2226.9 and
2242.9 mass units, however this structure could not be attributed to
any peak. The corresponding chains cationized by Kþ could not be
accurately assigned (P9). Populations P6 and P7 can be attributed to
Fig. 5. Absorption (solid lines) and fluorescence (dashed lines) of PBTP RAFT agent
(black lines) and Phe-PDcA homopolymer (red lines). The solutions present the same
absorbance at 299 nm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
dead chains initiated by AIBN and terminated by a proton (Naþ and Kþ

cationization, respectively). Population P10 could not be attributed,
whereas populations P11 and P12 could be attributed to thiol
terminated chains (Naþ and Kþ cationization, respectively) possibly
resulting from hydrolysis or aminolysis of some dormant chains [64].

The MALDI-TOF mass spectrum confirms the presence of the
phenanthrene fluorophore at the a-end and the dithiobenzoate
moiety at the u-end of the PDcA chain. Since MALDI-TOF mass
analysis gives a more accurate Mn value (2720 g mol�1) than NMR,
it was used to determine the molar extinction coefficient of the
macroCTA at 299 nm, 3299

macroCTA ¼ 29;740 mol�1L cm�1.
Fig. 5 shows the absorption and emission spectra of PBTP and

Phe-PDcA in THF. In both absorption spectra, the characteristic
absorption of the phenanthrene (below 300 nm), is clearly visible
which again confirms the presence of this chromophore at the a-
chain end. Furthermore, the superposition of the absorption due to
the thiocarbonylthio group at the u-chain-end (which extends to
400 nm) is also visible. The fluorescence spectra of both PBTP and
Phe-PDcA macroCTA also show the characteristic features of
phenanthrene. However, the dithiobenzoate group is an efficient
quencher of the phenanthrene fluorescence [65]. The decay of the
amino-derivative of phenanthrene in methanol is a single expo-
nential (s¼ 47 ns) while in Phe-PDcA polymer, phenanthrene has
a multi-exponential decay with a smaller average lifetime of
<s>¼ 15 ns. In the PBTP RAFT agent, the proximity of the dithio-
benzoate group adds a dynamic quenching (<s>¼ 4 ns) and a static
quenching appears responsible for the strong decrease in fluores-
cence intensity observed on Fig. 5. Similar effects have been pre-
viously observed for different dye-labeled RAFT agents, either by
intramolecular or by intermolecular quenching [39,65]. The
quenching is lower in Phe-PDcA, as seen by the much higher fluo-
rescence intensity in Fig. 5 (for the same absorbance values),
probably due to a larger distance between the fluorophore and the
thiocarbonylthio moiety compared to PBTP.

From the absorbance at 299 nm of a solution of Phe-PDcA of
known mass concentration (Cmass), and using the molar extinction
Table 2
Polymer number average molecular weight, average degree of polymerization (Xn)
and polydispersity index of Phe-PDcA sample corresponding to 21% conversion.

1H NMR UV–visa MALDI-TOF MS SECb

Xn 9.4 7.5 10.7 11.3
Mn/g mol�1 2445 2050 2720 2950
Mw/Mn – – 1.13 1.09

a Using 3299
PBTP ¼ 22;400 mol�1L cm�1.

b SEC in THF using polystyrene standards.



Table 3
Experimental conditions for the synthesis of Phe-PDcA-b-PDEA block copolymers in
the presence of Phe-PDcA macroCTA (Mn¼ 2720 g mol�1, Mw/Mn¼ 1.13) in 1,4
dioxane at 70 �C.

Run [DEA]/[Phe-PDcA] [DEA]/M [Phe-PDcA]/[V-65]

1 880 3.8 9
2 445 3.9 9
3 140 3.8 9
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coefficient of PBTP at the same wavelength
ð3299

PBTP ¼ 22;400 mol�1 L cm�1Þ, a Mn of 2050 g mol�1 was esti-
mated, corresponding to Xn¼ 7.5. The lower value of Mn is essentially
due to the differences in the 3 values of PBTP and Phe-PDcA at
299 nm. Indeed, although the dithiobenzoate group is identical in
both compounds, it is closer to the phenanthrene moiety in PBTB
than in Phe-PDcA, which enhances the formation of ground-state
phenanthrene–dithiobenzoate complexes in the former [65]. These
complexes should have a small absorbance at 299 nm, which implies
that the compound forming more ground-state complexes has
a lower effective molar extinction coefficient. In our case, the molar
extinction coefficient of PBTP at 299 nm is smaller than the corre-
sponding value of Phe-PDcA ð3299

macroCTP ¼ 29;740 mol�1 L cm�1Þ,
which explains the lower values of Xn determined by UV–Vis.

Table 2 summarizes the number average molecular weights, Mn,
determined by 1H NMR, UV/Vis, MALDI-TOF MS and SEC. The
polydispersity, Mw/Mn, obtained by SEC in THF using polystyrene
standards and by MALDI-TOF mass spectrometry are identical.
3.3. Synthesis of poly(N-decylacrylamide-b-N,N-diethylacrylamide)
amphiphilic block copolymers labeled with phenanthrene at the
a-end (Phe-PDcA-b-PDEA)

Phe-PDcA-b-PDEA amphiphilic block copolymers were synthe-
sized by sequential RAFT polymerization, using Phe-PDcA polymer
(Mn¼ 2720 g mol�1) as macroCTA. Three runs were performed in
order to obtain (five) block copolymers with exactly the same
hydrophobic PDcA block length and increasing hydrophilic PDEA
block lengths, according to Scheme 2. V-65 azo-initiator was
chosen instead of AIBN since high MW poly(N-acryloylmorpholine)
chains could be synthesized with this fast decomposing initiator, at
a reasonable polymerization rate and with a good MW control at
moderate temperature (60–70 �C) [73]. The experimental condi-
tions are summarized in Table 3.
Fig. 6. Monomer conversion vs time (A) and pseudo-first order kinetics (B) for DEA poly
A conversion higher than 50% was reached in approximately 1 h
(Fig. 6). In order to determine the molecular weight distributions of
the Phe-PDcA-b-PDEA block copolymers, SEC was carried out in
DMF using a multi-angle light scattering detector. Fig. 7 shows the
normalized SEC traces for the first block and BC3 block copolymer,
as well as the MW evolution for the five block copolymers. The clear
shift towards higher MW confirmed the formation of the second
block with a very low amount of dead chains from the first block,
indicating a very high u-end functionalization of the first block by
the dithiobenzoate moiety and a very high blocking efficiency. From
the SEC traces, the absolute molecular weights and the poly-
dispersity indices (Mw/Mn) were determined considering the
specific refractive index increment for the PDcA-b-PDEA block
copolymers equal to the corresponding value for PDEA homopoly-
mer (dn/dC¼ 0.081 mL g�1), which can be considered as a rather
good approximation. All copolymers (BC1–BC5) have the same
hydrophobic block length and different hydrophilic block lengths
ranging from ca. 100 to 600 DEA units (Table 4).

In order to estimate the amount of polymer chains that do not
bear a phenanthrene moiety at the a-chain-end (chains initiated
by the initiator), the number average molecular weight, Mn, was
calculated from the UV/Vis absorption spectrum using the molar
extinction coefficient determined for Phe-PDcA homopolymer
(3¼ 29,740 mol�1 L cm�1 at 299 nm, sample of Mn¼ 2720 g mol�1

from MALDI-TOF MS). The effect of ground-state complex forma-
tion previously described is expected to be less important here,
because of the larger distance between the fluorophore and the
quencher in both the macroCTA and the block copolymers.
Considering that all the copolymer chains bear a phenanthrene
and a dithiobenzoate group respectively at the a- and u-ends, the
Mn values were determined by UV/Vis (Table 4). For all samples,
the values are larger than those obtained by SEC/MALS which are
very close to the theoretical values estimated from Eq. (2). This
could mean that a certain amount of chains were not a-end labeled
with phenanthrene, which is expected since some polymer chains
(w10%) are initiated by the V-65 initiator. However, we cannot
discard the influence of differences in the molar extinction coef-
ficients at 299 nm between the macroCTA and the block copoly-
mers, owing to dissimilar ground-state association constants for
both structures.

Fig. 8 shows the 1H NMR spectrum of the phenanthrene end-
labeled Phe-PDcA-b-PDEA block copolymer BC1 (Table 4) with the
corresponding proton assignment. The 1H NMR spectra of block
copolymers are frequently used to determine their number average
merization in 1,4-dioxane at 70 �C using Phe-PDcA as macroCTA (run 2 in Table 3).



Fig. 7. (A) Normalized SEC traces in THF of BC3 block copolymer (left) and Phe-PDcA first block (right). (B) SEC traces in DMF using SEC-MALS for block copolymers (from BC1 on the
right to BC5 on the left).
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molecular weight, knowing the polymerization degree of the first
block. Here, we show that this method presents some limitations.
Dividing the 1H NMR spectrum of Phe-PDcA-b-PDEA (BC1) in two
independent parts, A and B, and considering the average poly-
merization degree of the first block, Xn¼ 11, the average degree of
polymerization of the hydrophilic block, Xm, is given by Eq. (3)

Xm ¼
242� 25IB=IA

4IB=IA � 9
(3)

where IB/IA is the ratio of the integrals corresponding to the A and B
parts

However, the values of Xm calculated with Eq. (3) have large
associated errors. In fact, when the value of IB/IA is lower than ca. 9/4,
the error associated with the degree of polymerization, s(Xm), is
much larger than the uncertainty in the integrals s(IB/IA)

sðXmÞ
sðIB=IAÞ

¼ 743

ð9� 4IB=IAÞ2
(4)

The simulated values of Xm calculated by Eq. (3) and plotted in
Fig. 9A show that for IB/IA< 2.5 a small change in IB will produce
a large effect in the value of Xm. In fact, the ratio sðXmÞ=sðIB=IAÞ
from Eq. (4) increases steeply for small values of IB/IA (Fig. 9B).

Generally, the uncertainty in the determination of the molecular
weight of the second block by NMR depends on the overlap of the
proton resonances of the two blocks and the relative lengths of the
blocks. This uncertainty will be high for larger overlaps and when
the first block is much shorter than the second block. In the present
case, we could only get reliable NMR results for the shorter BC1
copolymer (Mn¼ 11,760 g mol�1, Xm¼ 80).
Table 4
Number average molecular weight (Mn) and polydispersity indices (Mw/Mn) for the Phe
PDEA block, for DEA polymerization using a Phe-PDcA macroCTA (Mn¼ 2720 g mol�1, M

Entry Run Conv./% Expected UV/Vis

Xm Mn/g mol�1 Xm

BC1 3 60 82 13190 96
BC2 1 16 144 21035 183
BC3 2 51 228 31760 247
BC4 1 37 330 44725 391
BC5 1 56 497 65895 602

a Using 3 (299 nm)¼ 29,740 mol�1 L cm�1 for the macroCTA.
3.4. Self-assembly of the Phe-PDcA-b-PDEA block copolymers in
water

The self-assembly of amphiphilic block copolymers in water,
above the critical micelle concentration (CMC), is driven by the
hydrophobic effect [74]. The micellar aggregates formed in aqueous
solutions consist in a core of water-insoluble segments, surrounded
by a stabilizing corona (or shell) formed of hydrated hydrophilic
segments. The amphiphilic PDcA-b-PDEA block copolymers (BC1–
BC5) have a relatively short PDcA hydrophobic block (Xn¼ 11),
which is maintained constant, while the long PDEA hydrophilic
block varies for each copolymer (Xm¼ 79–468), as shown in Table 4.
These copolymers undergo self-assembly in water above their CMC
value into regular micelle-like assemblies [75]. Fig. 10 shows the
fluorescence spectra of solutions of increasing polymer concen-
tration (1.2�10�7 M to 1.5�10�5 M) with a constant concentration
of anthracene (10�5 M) at an excitation wavelength of 295 nm.

Each spectrum is a superposition of the spectrum of phenan-
threne (between 345 and 420 nm) with the spectrum of anthracene
(between 380 nm and 450 nm). By excitation at 295 nm, the light is
absorbed by both phenanthrene and anthracene according to the
corresponding optical densities at the excitation wavelength. By
increasing the concentration of polymer, the concentration of
phenanthrene also increases (each chain bears one phenanthrene at
the PDcA chain-end) and the fraction of light absorbed by phen-
anthrene increases because the concentration of anthracene is
maintained constant (10�5 M). Then, in the absence of FRET, the
anthracene fluorescence is expected to decrease with the increase in
polymer concentration. However, as shown on Fig. 10, the anthra-
cene fluorescence intensity increases which points to the possibility
of energy transfer from phenanthrene to anthracene. This does not
occur before the formation of micelles because the anthracene
-PDcA-b-PDEA block copolymers, and average degree of polymerization (Xm) of the

w/Mn¼ 1.13) in 1,4 dioxane at 70 �C.

a SEC-MALS Exp. % Dye

Mn/g mol�1 Xm Mn/g mol�1 (Mw/Mn)

15,000 79 12,700 (1.01) 85
26,000 146 21,200 (1.05) 82
34,100 227 31,600 (1.03) 93
52,500 295 40,300 (1.01) 78
79,200 468 62,300 (1.02) 79



Fig. 8. 1H NMR spectrum of Phe-PDcA-b-PDEA block copolymer (BC1) in CDCl3 and protons assignment.
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concentration in the bulk solution is very low. However, after the
formation of micelles, the anthracene migrates to the core of the
micelles where the phenanthrene is also located, originating energy
transfer from phenanthrene to anthracene and the consequent
increase of the fluorescence intensity of anthracene.

Fig. 11 shows the fluorescence intensity of anthracene recorded
at 425 nm, corrected by Eq. (5), for the amount of excitation light
absorbed within the sample cell and the repartition of the
absorption between phenanthrene and anthracene [76].

IAnðCorrectedÞ ¼ IAn�
3295

An cAnþ3295
PhecPhe
3295
An cAn

� 1

1�exp
h
�2:303

�
3295

An cAnþ3295
PhecPhe

�
l
i (5)

where 3295
i is the molar extinction coefficient of compound i at

295 nm and ci is the corresponding concentration and l is the optical
Fig. 9. (A) Plot of the expected values of the degree of polymerization of the PDEA block as a
IB/IA errors as a function of IB/IA.
path length of the cell. The molar extinction coefficients of the
phenanthrene-labeled polymer and anthracene in water are almost
impossible to obtain due to the very low solubility of these
compounds. Fortunately, the molar extinction coefficients of both
compounds do not vary significantly from nonpolar to polar
solvents. Then, we consider for anthracene the value in cyclohexane
ð3295

An ¼ 520 mol�1 L cm�1Þ and for the phenanthrene-labeled poly-
mer, the value found for the model compound, phenanthrene-9-
methyl acetate, in cyclohexane ð3295

An ¼ 11;100 mol�1 L cm�1Þ [77].
The corrected fluorescence intensity of anthracene is almost

constant for low polymer concentrations and increases afterwards,
as shown in Fig. 11.

The anthracene fluorescence intensity increase is due to energy
transfer from phenanthrene to anthracene that can only occur after
the formation of micelles, when both fluorophores are located in the
micelle core. Then, the intersection of the two lines before and after
the formation of micelles gives the critical micelle concentration,
function of the integral ratio IB/IA (enlarged in the inset). (B) Plot of the ratio of Xm and
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Fig. 12. Hydrodynamic radii of the micellar aggregates formed by PDcA-b-PDEA block
copolymers (BC1–BC5) in water determined at several temperatures by DLS and
volume phase transition temperatures, TVPT, of each copolymer indicated by the
temperature at the border line of the grey region. The concentration of each copolymer
was [BC] z 1.4 g L�1.

Fig. 10. Fluorescence spectra of phenanthrene-labeled BC4 polymer solutions for
several concentrations of polymer (1.2�10�7 M–1.5�10�5 M) and a fixed concen-
tration of anthracene (10�5 M).
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CMC¼ 0.063 g L�1¼1.6 mM. The CMC is low compared to the usual
values for micelles of common surfactants but close to the values
reported for polymer micelles in several solvents [48,74,78]. Similar
values were obtained for the other copolymers, irrespective of the
length of the hydrophilic block.

Fig. 12 shows the hydrodynamic radii (RH) of the micellar
structures obtained by DLS at several temperatures. The micellar
radii (RH) vary with the length of the hydrophilic block, longer
hydrophilic blocks leading to larger micelles. Moreover, RH values
slightly decrease in response to temperature increase due to the
volume phase transition (VPT) of the shell that occurs near the LCST
(w32 �C) of PDEA in water. This variation with temperature is more
pronounced for the larger micellar aggregates.

Above the LCST of the PDEA, the light scattering of the solution
increases drastically as well as the turbidity of the sample due to
the formation of large aggregates (Fig. 12, grey region) which are
probably multi-micellar aggregates. These aggregates are formed
since the PDEA corona shrinks and becomes less hydrophilic, which
decreases the stability of the micelles in aqueous solution. The sizes
of the aggregates are relatively large to be determined accurately by
DLS (>1 mm). Similar observations were reported for pH responsive
polymers [79]. Moreover, the aggregation is reversible since the
turbidity disappears by cooling the solution to temperatures below
TVPT. DLS measurements indicate the presence of two populations,
one of large aggregates (due to some flocculation) and other of
Fig. 11. Plot of the corrected fluorescence intensity of anthracene (10�5 M) for phen-
anthrene-labeled BC4 polymer solutions of increasing concentration.
micellar aggregates with hydrodynamic radii close to those before
heating.
4. Conclusion

Phenanthrene-labeled poly(N-decylacrylamide-b-N,N-dieth-
ylacrylamide) block copolymers were synthesized using a new
phenanthrene-labeled RAFT agent. A straightforward approach was
used to prepare the fluorescent RAFT agent, N-[4-(9-phenan-
threnyl)butyl-2-(2-phenyl-1-thioxo)thio]-propanamide (PBTP) in
a high yield and with a very stable amido linkage connecting the
phenanthrene to the thiocarbonylthio moiety. This new RAFT agent
efficiently controlled the polymerization of a hydrophobic acrylamide
derivative (N-decylacrylamide). Furthermore, the resulting polymer
bearing a phenanthrene moiety at the a-chain-end and a thio-
carbonylthio moiety at the u-chain-end was used as macroCTA to
polymerize N,N-diethylacrylamide. Using this sequential approach,
several block copolymers with the same PDcA hydrophobic block and
PDEA blocks of several lengths were prepared and characterized.
These copolymers self-assemble in water forming thermoresponsive
micelles, with CMC values around 2 mM. The radius of the micelles
decreasewith temperature increase around the LCSTof PDEA inwater,
due to the volume phase transition of the PDEA shell, the decrease
being more pronounced for the micelles with longer PDEA blocks.
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