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ABSTRACT: A poly(ethylene oxide) (PEO)-based macromolecular chain transfer agent (macro-CTA) was
employed to demonstrate the controlled polymerizatiotNd-dimethylacrylamide (DMA) in anhydrous 1,4-
dioxane at 70°C using reversible additienfragmentation chain transfer polymerization. This macro-CTA was
then used to mediate the statistical copolymerization of DMA and the reactive mohbawmyloxysuccinimide
(NAS), forming a diblock copolymer of PEO{DMA-s-NAS). Subsequent chain extension withisopropyl-
acrylamide (NIPAM) yielded a PE®-(DMA-s-NAS)-b-NIPAM thermally responsive triblock copolymer. In
agueous solution at room temperature the triblock copolymer chains exist as unimers but form micelles when the
solution temperature is raised above the lower critical solution temperature (LCST) of the NIPAM block. The
hydrodynamic dimensions and micellization temperatures depend on the length of the NIPAM block. Incorporation
of the NAS units into the triblock copolymer allows for facile formation of uniform shell cross-linked micelles
by reaction with difunctional primary amines in aqueous media. These shell cross-linked micelles swell when the
solution temperature is lower than the LCST of the NIPAM block.

Introduction fragmentation chain transfer (RAFF) polymerization are

effective for preparing complex architectures such as blocks and

stars?426-29 Although each controlled/“living” radical polym-
rization technique has its own characteristics and advantages,
AFT is arguably the most versatile since it is compatible with

Shell cross-linked (SCL) micelles were first reported by
Wooley and co-workers in 1996Since then, SCL micelles have
attracted much attention because they combine the propertie
of micelles, microgels, nanoparticles, and dendrimers. Potential . . -
applications include targeted drug delivery, emulsification, most functlonal monomers under .con.dltléaons that are similar to
sequestration of metabolites, and entrapment of environmentalconventlonal free radical polymerizatiefy
pollutants?—12 Our group has a long-standing interest in the RAFT polym-

The preparation of SCL micelles from AB diblock copoly- ~€rization and copolymerization of hydrophilic acrylamido
mers is usually carried out at very dilute solutions (typically Monomer&" including anionic;?% cationic?* zwitterionic?>%
<0.50% solids) in order to avoid extensive intermicellar cross- and neutral derivative¥~%° Herein, we report the successful
linking. Recently, Armes and co-worké?d4reported that ABC ~ RAFT copolymerization ofN,N-dimethylacrylamide (DMA)
triblock copolymers offer great advantages over conventional With N-acryloxysuccinimide (NAS) using a poly(ethylene oxide)
AB diblock copolymers since the former allow for shell cross- Methyl ester (PEO)-based macro-chain transfer agent (macro-
linking at high solids (10%) with little or no intermicellar cross-  CTA). The resulting diblock copolymer macro-CTA was then
linking. used_for the polymerization cN—isopropyIacr_yIamide (NIPAM),

To date, several methods have been employed for shell crosscreating a PE®-(DMA-s-NAS)-b-NIPAM triblock copolymer.
linking. 1,2-Bis(2-iodoethoxy)ethane has been used by Armes !N @queous solution, this triblock copolymer self-assembles to
and co-workers to cross-link 2-(dimethylamino)ethyl methacry- form NIPAM-core micelles when the solution temperature is
late residues via quaternizatiéfil’ Wooley’s group has raised above the lower cr|t|cal solution temperature (LCS_T) of
reported carbodiimide coupling chemistry to link carboxylic acid the NIPAM block. These micelles can be shell cross-linked
groups via diamine¥1° Liu et al. utilized divinyl sulfone to ~ USing difunctional primary amines such as ethylenediamine.
successfully cross-link hydroxylated bloc®sOther cross- Although shell cross-linked micelles have been reported by
linking methods including UV-induced couplitigand ionically several authors>2!to the best of our knowledge, this is the
induced polyelectrolyte complexati®mave also been reported.  first time that NAS has been used to provide a cross-linkable
However, it is recognized that more facile techniques would functional group. Obviously, the advantage of our current

be desirable since all of the above-mentioned cross-linking Method is that any monomer, as long as it can copolymerize
methods have their own limitatioR&22 with NAS, can be used as the shell block of the micelles. This

procedure will expand the currently limited number of monomer

Th thesis of well-defi iblock or triblock I
e synthesis of well-defined diblock or triblock copolymers choices used for SCL micelles.

requires that a controlled/“living” polymerization technique be
employed. Controlled/“living” radical polymerization methods

including nitroxide-mediated polymerizatidh,atom transfer Experimental Section

radical polymerization (ATRP3; and reversible addition Materials. DMA (99%, Aldrich) was dried over calcium hydride,
vacuum-distilled, and purged with nitrogen prior to use. NIPAM
t Paper number 115 in a series on Water-Soluble Polymers. (97%, Aldrich) was recrystallized twice from a benzene/hexane
*To whom correspondence should be addressed. E-mail: Mixture. 2,2-Azobis(isobutyronitrile) (AIBN, 98%, Fluka) was
Charles.McCormick@usm.edu. recrystallized twice from ethanol. Carbon disulfide (999, HPLC
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grade,), magnesium turnings 99.5%), 2-chloro-2-phenylacetyl
chloride (CPAC, 90%), poly(ethylene oxide) methyl ester (PEO)
(M,, = 2000 g mot?, M,/M,, = 1.10), diethyl ether, ethyl acetate,
andn-hexane were purchased from Aldrich (AR grade) and used
as received. All other chemicals were purchased from Fisher or
Aldrich at the highest available purity and used as received.

N-Acryloxysuccinimide. NAS monomer was synthesized ac-
cording to a literature procedudfeby direct esterification of the
N-hydroxysuccinimide (NHS) with acryloyl chloride in the presence
of triethylamine (TEA).

Esterification of PEO with Chlorophenylacetic Acid.*® Poly-
(ethylene oxide) methyl ester (20.0 g, 10.0 mmol), TEA (4.2 mL,
30 mmol), and 2-chloro-2-phenylacetyl chloride (3.0 mL, 20 mmol)
were mixed in a round-bottom flask using dry tetrahydrofuran
(THF) (200 mL) as solvent, and the solution was refluxed for 2
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mg) were dissolved in D (3.0 mL) at room temperature, and the
solution was filtered through a 0.02m filter. A 10 mL vial
containing 2.0 mL of this solution was suspended in 8@4vater
bath. The solution was equilibrated for 30 min to allow the
formation of uniform micelles. At the same time, a solution of
ethylenediamine (1.0 mg) in 3.0 mL of,D was placed in the water
bath at 44°C and allowed to equilibrate for 30 min. Then 2.0 mL
of the ethylenediamine solution was added to the triblock copolymer
solution. The final copolymer concentration was 5 g/L, and the
ethylenediamine/NAS molar ratio was kept at 1:2. The solution
was stirred for 16 h at 44C.

Characterization. The molecular weights of the copolymers
were determined using Viscotek-TDA (302 RI (633 nm), 7 mW
90° and 7 true low-angle light scattering detectofs= 670 nm)
size exclusion chromatography (SEC) equipped with two Polymer

days at atmospheric pressure. The solvent was then removed, anglgps PLgel 5um (30 cm) Mixed “C” columns (2082 000 000

chloroform (150 mL) was added. The resulting solution was washed

g/mol) at 60°C. The mobile phase consisted of HPLC grade DMF.

with saturated sodium bicarbonate solution, and the yellow organic The fiow rate was maintained at 0.5 mL minusing an Agilent
phase was dried over anhydrous magnesium sulfate. The solvent; 10g series pump. The molecular weight and polydispersity data

was then removed in vacuo to give an ester of chlorophenylacetic
acid with poly(ethylene oxide) methyl ester (PEOPA). The
product (95%) was further purified by precipitation in cold diethyl
ether.!H NMR (CDCl, 298 K, 200 MHz),0 (ppm from TMS):
3.36 (38H, s, G-CH3), 3.60 (4H, s, EI,—CH,—0), 5.39 (1H, s,
CHCI), 7.36 (5H, m, A~H).

Synthesis of PEO Macro-CTA#3 A THF solution (10 mL) of
4-fluorobromobenzene (2.2 mL, 20 mmol) was added dropwise to
a mixture of Mg (0.50 g, 20 mmol) in THF (40 mL) and a crystal
of I, in a two-necked round-bottom flask equipped with a condenser
and a magnetic stirrer with a nitrogen atmosphere. The mixture
was refluxed fo 4 h and then cooled to room temperature. Carbon
disulfide (4.0 mL, 66 mmol) was added dropwise, and the solution
was stirred for 1 h. This solution was then added to the PEO
CPA solution (10.0 g in 40 mL of THF) and refluxed overnight.
The orange-red product was precipitated in cold diethyl ether to
give PEG-CTA (10.0 g, 98%).'"H NMR (CDCl;, 298 K, 200
MHz), 6 (ppm from TMS): 3.33 (3H, s, ©CHj3), 3.63 (4H, m
per (H,—CH,—0), 5.69 (1H, s,~SCH(Ph)-CGO;), 7.0-8.1 (9H,

m, Ar—H).

Synthesis of the PEOb-(DMA- s-NAS) Diblock Copolymers.
DMA (2.38 g, 24 mmol), NAS (1.01 g, 6.0 mmol), PECCTA
(0.69 g, 0.30 mmol), and AIBN (9.8 mg, 0.060 mmol) were added
along with 1,4-dioxane (4.5 mL) to an ampule. The ampule was
sparged with nitrogen for30 min and then placed in a preheated
oil bath at 70°C. The reaction was terminated after 24 h by cooling
the reaction tube in an ice bath followed by exposure to air. The
PEOb-(DMA-s-NAS) diblock copolymer was then precipitated in
cold diethyl ether (conversios 73%, M,, = 15 500, and PDE
1.11). To determine the NAS content in the PEQPMA-s-NAS)
diblock copolymers, 5.0 mg of PEG{DMA-s-NAS) diblock
copolymer was dissolved in 1.0 mL of,0; benzylamine (20.0
mg) was then added. After 30 min, the solution was examined by
IH NMR to determine the NAS content by comparing the peak
integration area of PEO methylene proton at 3.5 ppm to that of
NHS proton at 2.45 ppm. Calculation of the number of NAS and
DMA repeating units from conversion, NMR, and molecular weight
data allow us to determine the statistical block composition. For
example, the PEO-(DMA-NAS) copolymer in this example is
designated as PE@b-(DMA g,-s-NAS3z;). Block lengths are so
designated throughout the text.

Synthesis of the PEOb-(DMA-s-NAS)-NIPAM Triblock
Copolymers. NIPAM (0.35 g, 3.1 mmol), PEQ-b-(DMAg,-s-
NAS3;) (0.40 g, 0.026 mmol), and AIBN (0.85 mg, 0.005 mmol)
were added along with 1,4-dioxane (2.0 mL) to an ampule. After
purging with nitrogen for 30 min, the reaction was allowed to
proceed at 70C for 16 h. The reaction was quenched by cooling
the reaction vessel in an ice bath and the solution subsequently
exposed to air. The triblock copolymer was precipitated in cold
diethyl ether (conversior 74%, M, = 28 600, and PD{ 1.23.)

Preparation of Micelles and Shell Cross-Linked MicellesThe
PEQss-b-(DMA 9-5-NAS3;)-b-NIPAMo; triblock copolymers (30

were determined using the OmniSEC software package (version
2,0,2,89) based omdblc = 0.081. Near-monodisperse linear poly-
(2-vinylpyridine) standards (purchased from Scientific Polymer
Products, Inc.) were used to construct the calibration culide.
NMR spectra were recorded in,0 or CDCk using a Varian
Mercury 200 MHz spectrometer. Spectra at temperatures other than
room temperature were recorded using a temperature-controlled
Mercury Innova 500 MHz spectrometer. Dynamic light scattering
studies of the block copolymer micelles in aqueous solution were
conducted using Malvern Instruments Zetasizer Nano Series instru-
ment equipped with a 22 mW HeNe laser operating dt= 632.8

nm, an avalanche photodiode detector with high quantum efficiency,
and an ALV/LSE-5003 multiple tau digital correlator electronics
system. Atomic force microscopy (AFM) images were collected
in tapping mode using standard RTESP silicon cantilever (length:
125 um; spring constant: 2680 N/m; and resonance frequency:
about 300 kHz) (VEECO Probes, CA) in Dimension 3000 scanning
probe microscope (Digital Instruments). The sizes of the micelles
were obtained by section analysis using Nanoscope version 5.30
r2 software.

Results and Discussion

PEO-Based Macro-CTA. PEO was chosen as the first
segment of our ABC triblock based on its recognized biocom-
patibility and solubility in both aqueous and organic media.
Additionally, there is literature precedence for block formation
from PEO-based ATRP macroinitiaté?$! and PEO-based
macro-CTA’s*43 We have chosen a method similar to that
reported by Perrier and co-workers to prepare dithioester RAFT
agent® This facile procedure outlined in Scheme 1 yielded our
methoxy-terminated PE macro-CTA in which thep-fluoro
dithoester (Z group) would be expected to raise the ground-
state reactivity of the €S double bond toward radical addition
while sufficiently stabilizing the intermediate radicat6
Additionally, the substituted R group is expected to be a
sufficiently good leaving group and reactive enough for addition
to DMA for efficient blocking#447-49

PEO-b-DMA Copolymers. RAFT polymerization of DMA
in both organic and aqueous solvents has been the subject of
extensive research in our group and oth#érs:50-51Utilizing
AIBN and 1,4-dioxane as the initiator and solvent, respectively,
DMA polymerized in a facile manner at A€ with our PEO
macro-CTA. Our attempts to conduct the polymerization at 60
°C were not successful due to unacceptably slow conversions.
Aliquots obtained over the course of the reaction were utilized
to (a) examine the evolution of molecular weight and molecular
weight distribution with conversion and (b) monitor the kinetic
profile based on monomer conversion vs time. CDV
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Scheme 1. Synthetic Pathway for Formation of the Poly(ethylene oxide)-Based Macromolecular Chain Transfer Agent
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Table 1. Evolution of the Molecular Weights and Polydispersities <18] T T T T ]
during the RAFT Polymerization of DMA with PEO 45 Macro-CTA % 1'5_ - " 1
at 70 °C in Dioxane? z . . .
S 1.24 . E
entry no. time (h) conv (%) M, Mw Mw/Mn T T T T
1 1 0 2300 2500  1.10 ' ' ' '
2 2 4 2600 2900 1.09
3 4 26 4300 5500  1.29 16.0k r16.0k
4 5 35 5500 7100 1.29
5 6.5 48 6700 9200 1.37
6 8.5 58 7100 11300  1.58 12.0k+ - 12.0k
7 12 70 8100 13600 1.68 3 =
8 18 79 9400 16000 171 = 3
9 24 85 9800 17500 1.78 8.0k 8.0k
after purification 15900 18500 1.17 Z
aConditions: 0.458 g (0.2 mmol) of PEECTA; 1.98 g (20 mmol) of 4.0k | 4.0k
DMA; 0.00656 g (0.04 mmol) of AIBN; 3.0 mL of dioxanenftic = 0.081 ’ ’
was used to calculate the polymer molecular weight and molecular weight
distribution. T T T T
0.0 0.2 0.4 0.6 0.8 1.0
18 h; 79 % i
D anssss W o12h 70% . . .Conver3|on
' / 8.5 h 58 9% Figure 2. Evolution of weight-averageMy) and number-averag®/)
/ DT IR molecular weights antl,/M, values with conversion for the homo-
after \ 6.5 h: 48 % polymerization ofN,N-dimethylacrylamide with poly(ethylene oxide)-

purification based macromolecular chain transfer agent in 1,4-dioxane 4C70

See Table 1 for detailed conditions.

RI signal

for some of theM,/M,, broadening with conversion (Figure 2).
Fortunately, the unreacted PEO homopolymer is easily removed
by precipitating the block copolymer in diethyl ether, as can be
readily seen by comparison of Figure 1 chromatograms of the
05 110 115 130 125 130 135 140 purified samp!e ano! the reaction allquot.(llast.entry a}nd ninth
Retention volume (mL) entry, respectively, in Table 1). After purification, which also
) o ] readily removes unreacted DMA, tivk,/M, value of the block
Figure 1. SEC chromatograms (refractive index detector, RI) obtained 5 1 17 at a conversion of 85%. From a practical experimental
after selected polymerization times during the reversible addition

fragmentation chain transfer polymerization of RBE®DMA 190in 1,4- viewpoint, the unfqnctionalized PEO is not detrimentql to
dioxane at 70°C. See Table 1 for detailed conditions. PE® successful preparation of the PEEBMA macro-CTA, and it
poly(ethylene oxide); DMA= N,N-dimethylacrylamide. is easily removed prior to or after blocking or chain extension.

The first-order kinetic plot (Figure 3) is linear up to 60%

Figure 1 and Table 1 show the block copolymer molecular conversion €10 h). Beyond this point (exceeding the half-life
weight vs time data. Throughout the reaction, a shoulder at low of AIBN at 70 °C), behavior becomes increasingly nonlinear.
retention volume is present which has been attributed to Primary radical coupling and the lack of AIBN-generated
bimolecular coupling in other studies of DMA polymerization radicals for CTA activation contribute to this nonlinearity.
with phenyl Z groups and/or less reactive reinitiating R PEO-b-(DMA- s-NAS) Copolymers. Having established a
groups®”#4Also evident at higher retention volume is a residual suitable polymerization procedure for the homopolymerization
signal from the PEO macro-CTA, indicating less than 100% of DMA from the PEO macro-CTA, we then examined the
dithioester functionalization. The chain transfer efficiency incorporation of an active monomer by the statistical copolym-
appears to be-70%, and the unreactive PEO is also responsible erization of DMA with NAS. NAS was chosen as the aCti&BV
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Figure 3. Fractional conversion and Ibi/M) vs time plots for the
polymerization of N,N-dimethylacrylamide with the poly(ethylene
oxide)-based macromolecular chain transfer agent in 1,4-dioxane at
°C. See Table 1 for detailed conditions.
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in the synthesis of comblike polyme¥Our results for the
RAFT copolymerization of DMA with NAS in 1,4-dioxane
(Scheme 2) are listed in Table 2. The polydispersities of the
copolymers are relatively narrow(L.2), indicating good control

of the polymerization. Figure 4 shows thd NMR spectra of

the PEO macro-CTA and PER{DMA-s-NAS) copolymers.
Spectral overlap between the four methylene protons on NAS
with the six methyl protons on DMA makes it impractical to
accurately calculate the NAS content of the diblock copolymers
directly. To obtain the copolymer compositions, the NAS
moieties were reacted with excess amounts of benzylamine. By
comparing the resonance associated with the PEO units to those
of the NHS byproductd 2.4, 'H NMR spectrum not shown),
the NAS content in the copolymer was calculated (Table 2).

PEO-b-(DMA- s-NAS)-b-NIPAM Triblock Copolymers.
NIPAM is an extensively studied nonionic, acrylamido monomer
since its homopolymer (PNIPAM) possesses a readily accessible

70

monomer due to its enhanced activity toward primary amines LCST of ~32 °C in aqueous solution, close to human body

and relatively lower susceptibility to hydrolysisThe copo-

lymerization of NAS with other vinyl monomers via RAFT has
already been reporte&P3 although the homopolymerization of
NAS by RAFT is uncontrolled* Such polymer precursors have

temperature (37°C). For this reason, PNIPAM has been
evaluated in drug delivery applicatio?s5® Several groups have
already reported the successful RAFT polymerization of
NIPAM.89-63We used PNIPAM as the third block in our ABC

been used as supports for oligonucleotide synthesis, to elaboratériblock copolymers. The ABC triblock copolymer was synthe-

polymer-oligonucleotide conjugatés8,or used as active sites

Scheme 2. (a) Reaction Pathway for the Synthesis of the PE®(D
Formation of Three-Layer Micelles and Shell Cross-Linked Mic

(a)

PEO-CTA / AIBN / Dioxane

70 °C

sized using the PEf2b-(DMA-s-NAS) as the macro-CTA in

MA- s-NAS)-b-NIPAM Triblock Copolymers; (b) lllustration of the
elles from PEOb-(DMA- s-NAS)-b-NIPAM Triblock Copolymers
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Table 2. Summary of the Reaction Conditions for the Synthesis of the Diblock and Triblock Copolymers by RAFT in 1,4-Dioxane at 7C with
AIBN as Initiator @

entry target copolymer structure  time  conv
no. (subscripts refer to Dp) (h) (%) Mn My Mu/Mn MP real structure
1 PEQs-b-(DMA 105-5-NAS:10) 7 67 13100 14 800 1.13 13 200 PED-(DMA 91-5-NAS:2)
2 PEQs-b-(DMA 50-5-NAS50) 7 73 15500 17 100 1.11 16500  PRE®-(DMAors-NASs)
3 PEQs-b-(DMA 60-5-NAS40) 5 80 15700 17800 1.14 15100  PR®-(DMA 405NASss)
4 PEQs-b-(DMA 91-5-NAS; 5)-b- 16 70 21100 24 300 1.16 19 700 PE®-(DMA 91-s-NAS12)-b-NIPAMs7
NIPAMgo
5 PEQs-b-(DMA 91-5-NAS1)-b- 24 73 23600 29700 1.26 23200 PE®D-(DMA 91-s-NAS15)-b-NIPAMgg
NIPAM 120
6 PEQs-b-(DMA g2-5-NAS33)-b- 16 69 24 400 28 000 1.14 22 500 PE®-(DMA 92-s-NAS31)-b-NIPAMs3
NIPAMgg
7 PEQs-b-(DMA g2-5-NAS31)-b- 24 74 28 600 35200 1.23 26 800 PE®-(DMA 92-s-NAS31)-b-NIPAMg;
NIPAM 120

adn/dc = 0.081 was used to calculate the polymer molecular weight and molecular weight distrifudeasured by'H NMR.

a b a b a' b S
H [
CI:—<CH2~(|)H)-<CH2~C|;HHCH2—(|:HX s—cC F
(@) N o} NH
A d/ N4 e
<|:H2 ¢ Os  N_ O
CHy ¢ f f
| € €
(@)
CHj

PEO45-b-(DMAg1-s-NAS12)-b-NIPAM4s5

€ PEOu4s-b-(DMAg1-s-NAS12)
bb a @

PEQOg45 macroCTA

4 3 I é l 1| l 0
Chemical shift
Figure 4. *H NMR spectra of the PEfg-based macromolecular chain
transfer agent (PE@macro-CTA), PEGQs-b-(DMA ¢:-5-NAS; ) diblock
copolymer, and PEf-b-(DMA g;-s-NAS;2)-b-NIPAM s triblock co-
polymers. PEG= poly(ethylene oxide); DMA= N,N-dimethylacryl-
amide; NAS= N-acryloxysuccinimide; NIPAM= N-isopropylacryl-
amide.

the RAFT polymerization of NIPAM (Scheme 2). All synthetic
triblock copolymers have relatively low polydispersitiesl(3),

250 —
PEO45-b-(DMAg2-s-NAS31)-b-NIPAMg1
M, = 28600; My, /M, = 1.23

200

PEOQO45-b-(DMAg2-s-NAS31)
M, = 15500; My, /M, = 1.11
150

PEQO45 macroCTA

1004 Mn = 2300; Mw/Mp = 1.11

RI signal

50

910
Retention volume (mL)

Figure 5. DMF SEC traces for (1) the PE©@based macromolecular
chain transfer agent (PE@macro-CTA), (2) the corresponding chain-
extended PEM-(DMA-s-NAS) diblock copolymer, and (3) the PE£
b-(DMA-s-NAS)-b-NIPAM triblock copolymer. PEG= poly(ethylene
oxide); DMA = N,N-dimethylacrylamide; NAS= N-acryloxysuccin-
imide; NIPAM = N-isopropylacrylamide.

T T T
6.5 7.0 75 8.0 85 9.5

polymer was dissolved in f® at 0.5% (w/w) concentration at
room temperature, anéH NMR was used to monitor the
appearance of the NHS. By comparing the integration areas of
the PEO and NHS methylene proton resonances at &t
2.600, respectively, the degree of hydrolysis can be calculated.
From Figure 6, we can see that the PECDMA-s-NAS)-b-
NIPAM triblock copolymer is stable for at least several hours.
After 7 h, only 0.3% of the NAS units had been hydrolyzed.
Even after 12 days, 63% of the NAS units remain.
Micellization of the PEO-b-(DMA- s-NAS)-b-NIPAM Tri-
block Copolymers.The NAS monomer and its corresponding

and the chain transfer efficiency is high since there appear to homopolymer are hydrophobic in nature. When NAS is
be no low molecular weight side peaks which correspond to copolymerized with DMA, a hydrophilic monomer, the copoly-

the PEOb-(DMA-s-NAS) diblock macro-CTA (Figure 5).
Stability of the Triblock Copolymers in the Aqueous

mer will remain hydrophilic provided the NAS content is kept
low. For example, PE-b-(DMA¢1-sNAS;,) and PEQs-b-

Solution. Although the NAS unit is less reactive with water as (DMAg>-s-NASz1) are sufficiently hydrophilic to dissolve

compared to primary aminés,it is not likely to be stable in

molecularly in aqueous solution (as confirmed'sByNMR and

aqueous solution for lengthy periods of time. For example, dynamic light scattering). When the NAS content is increased

Charreyre et al? recently reported that when,D was used as
the deuterated solvent in tHél NMR experiment of DMA/

further (for example, PE£2-b-(DMA 40-5-NASs3)), the diblock
copolymer does not dissolve molecularly. Instead, a complex,

NAS copolymers, even though the polymer solutions were micelle-like structure is formed. This behavior will be the subject
prepared just before the analysis, a small signal at 2.75 ppmof future studies; however, we focus here on the two hydrophilic

could be attributed to the GHbrotons of NHS, indicating some

diblock copolymers PEg-b-(DMA 91-s-NAS;5) and PEQs-b-

hydrolysis of the activated ester groups. Thus, it was necessary(DMA ¢>-s-NASsg;).

for us to determine the hydrolytic stability of PE&{DMA-
sNAS)-b-NIPAM triblock copolymers in aqueous solution. The

Figure 7 illustrates the dynamic light scattering (DLS)
behavior of our NIPAM-based triblock copolymers prepa&egv
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Figure 6. H NMR spectra of PEQ-b-(DMA 9;-s-NAS;5)-b-PNIPAMs;
triblock copolymer in RO recorded at different times (2&). PEO=
poly(ethylene oxide); DMA= N,N-dimethylacrylamide; NAS=
N-acryloxysuccinimide; NIPAM= N-isopropylacrylamided (ppm from
TMS): 3.50 (H,—CH,—0 from PEO), 2.60 (B,—CH,— from NHS).

See Figure 4 for detailed proton assignment. Notice the appearance of

the NHS signal at 2.60 ppm.

—8—PEO5-b-(DMAg1-5-NAS12)-b-NIPAMs; M
50 —e—PEOs-b-(DMAg1-s-NAS12)-b-NIPAMss
—4—PEO45-b-(DMAg2-5-NAS31)-b-NIPAMs3
mtpeP EQ 45-b-(DMAg2-5-NAS31)-b-NIPAMg 1
—a_y
404 v— v
v’.
<o —u—0
301 Al
£ A
F<
020

1°1=J$]E‘F!:i§ =Mem_a-4

28 30 32 34 36 38 40 42 44
Temperature (°C)
Figure 7. Hydrodynamic diameter vs temperature data for the four
triblock copolymers in aqueous solution (0.5% (w/w) concentration).
PEO= poly(ethylene oxide); DMA= N,N-dimethylacrylamide; NAS
= N-acryloxysuccinimide; NIPAM= N-isopropylacrylamide.

from the above samples at a concentration of 0.50 wt %. At
temperatures lower than the critical temperature, all four triblock
copolymers are molecularly dissolved with hydrodynamic
diameters D) of approximately 78 nm. By increasing the
solution temperature above 3€, micellization occurs for the
PEQ15-b-(DMA92-S-NAS31)-b-N|PAM91 and PEQs-b-(DMAgl-
S-NAS;2)-b-NIPAMgg triblock copolymers. However, PEQ®
b-(DMA 1-sNAS;2)-b-NIPAMs7; and PEQs-b-(DMA g5 NASg;)-
b-NIPAMs3 require higher temperatures (39 and 4,
respectively) to induce micellization. It seems that the micel-
lization temperature is quite sensitive to the molecular weight
of the NIPAM block. The higher the molecular weight of the
NIPAM block, the lower the micellization temperature.
Although previous studies show that the LCST for PNIPAM

is 32°C, those polymers were made via conventional free radical

polymerizatiort* Their molecular weights are higher and their
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Figure 8. 'H NMR spectra of the PEfb-(DMAg-s-NAS3))-b-
NIPAMg; and the shell cross-linked derivative in,@ at selected
temperatures. PEG& poly(ethylene oxide); DMA= N,N-dimethyl-
acrylamide; NAS= N-acryloxysuccinimide; NIPAM= N-isopropyl-
acrylamide.
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Figure 9. Degree of amidation {/ns]%l(r%nén()jata for the reaction of REO
b-(DMA 9-s-NAS;1)-b-NIPAMg; with ethylenediamine at 45C. PEO
= poly(ethylene oxide); DMA= N,N-dimethylacrylamide; NAS=

N-acryloxysuccinimide; NIPAM= N-isopropylacrylamide.
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Figure 10. Variation of micelle hydrodynamic diameters with solution
temperature after shell cross-linking. PE®O poly(ethylene oxide);
DMA = N,N-dimethylacrylamide; NAS= N-acryloxysuccinimide;
NIPAM = N-isopropylacrylamide.

kg/mol sample occurs over a range of more than °00

molecular weight distributions are broader. Recent experiments Solutions of our PEG-b-(DMA 92-5-NAS;1)-b-NIPAMs3 have

by Stover et af® also show that the LCST depends on the
molecular weight of PNIPAM. As the molecular weight
(MnnmRr) increases from 2.8 to 26.5 kg/mol, the cloud point
(50% T) drops from 43.0 to 33.3C and approaches the 31
32°C range that is commonly reported for PNIPAM. This agrees
with our current results which indicate that the micellization
temperature ranges from 37 to 4R2. Stover et al. also showed

an experimental micellization temperature of around°@2
However, there are some observable micelledpfl~ 35 nm

at 37 °C although their volume fraction is only 1.4%. The
volume fraction of these micelles increases to 24% at@l
Above 42°C, micelle size decreases with increasing tempera-
ture. Such changes are not as obvious for polymers with longer
NIPAM block since the thermal transitions are quite sharp for

that, although the thermal transitions are quite sharp for higher higher molecular weight polymefs.

molecular weight polymers, broadening occurs for lower mo-
lecular weight polymers, and the thermal transition for the 2.8

Figure 8 shows the NMR spectra recorded for RE®
(DMA g2-s-NAS3;)-b-NIPAMg; triblock copolymers at differen&DV
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12.0 nm

0.0 nm 5.0 nm

Figure 11. Tapping-mode AFM images of SCL micelles (left: height image; right: phase image). Samples were prepared by drop deposition (5

0.0 @ 25.0 ° 50.0 @

uL, 0.01% concentration) onto freshly cleaved mica and allowed to dry in air.

temperatures. At 25C, the copolymer chains are fully solvated,
and signals expected for each block are visible. AEGIDLS

h. This is quite fast compared to other methods which may
require several hour8.Even under ideal conditions, complete

shows that micelles have been formed; although the peaksamidation does not lead to the 100% targeted degree of cross-
associated with the NIPAM block have become attenuated, theylinking. There are two reasons: first, only the reaction of
are still visible in the NMR spectra. Comparison of the NIPAM ethylenediamine with the NAS residues on two different

signal até 4.0 with the PEO signal ai 3.7 indicates a 55%

polymer chains can lead fatermolecularshell cross-linking.

decrease in relative intensity for the former. This indicates that The reaction of ethylenediamine with NAS residues on the same

at 39 °C the NIPAM cores are still partially hydrophilic.
Increasing the solution temperature to°€2causes the NIPAM
signal to diminish since the NIPAM core becomes increasingly
hydrophobic. This is also confirmed by DLS experiments: at
37 °C, the micelle polydispersity is relatively high (0.198),
whereas at 39C the polydispersity decreases to 0.158. At 42
°C, micelles with uniform size distributions (polydispersity as
low as 0.042) can be obtained.

Although all four triblock copolymers can form micelles, the
polydispersities of the micelles vary with composition as might
be predicted from the previous discussion. When the NIPAM
block is shorter, the micelle polydispersity is higher. For
example, the polydispersities for PEb-(DMA g1-s-NAS; 9)-
b-NIPAM 57 and PEQs—b-(DMA92-S-NA831)‘b-N|PAM53 at 44
°C are 0.214 and 0.143, respectively, while for RED
(DMA g1-s-NAS;2)-b-NIPAMgg and PEQs-b-(DMA g5 NAS3:)-
b-NIPAMg,, the micelle polydispersities at 4€ are 0.081 and
0.042, respectively. Clearly, the hydrophobic block (NIPAM
block) must be of sufficient length to allow micelles with
uniform size distributions to be formed.

Shell Cross-Linking of the Triblock Copolymer Micelles.
SCL micelles can be prepared by adding a bifunctional or
multifunctional primary amine-containing compounds to the

polymer chain can only lead tmtramolecularcross-linking,
which does not produce SCL micelles. Second, some unavoid-
able hydrolysis of NAS in agueous solution reduces the NAS
units available for cross-linking, thus lowering the degree of
cross-linking that is achieved.

After the cross-linking reaction, the resulting solution was
allowed to cool to room temperature. If no shell cross-linking
had occurred, dissociation into unimers would be expected.
However, DLS experiments show that micelle size increases
when the solution temperature is lowered below the LCST of
the NIPAM block (Figure 10). Since the actual degree of cross-
linking in our current system is not very high, we suggest that
the NIPAM core becomes hydrophilic again below its LCST
(as confirmed by*H NMR, Figure 8), causing the micelles to
swell (Figure 10). The degree of swelling is highly dependent
on the degree of cross-linking. For example, RE®(DMA g
SNAS;)-b-NIPAMg; and PEQs-b-(DMA g1-sNAS;)-b-NIPAMgs
have similar hydrophilic and hydrophobic block lengths and thus
have similar micelle sizes. However, their NAS contents are
different; thus, their degrees of cross-linking are different.
PEQys-b-(DMA 9-s-NAS31)-b-NIPAMo; has a higher degree of
shell cross-linking; this triblock swells 1.4 times its original size
(from 42.2 to 60 nm) when the temperature is lowered from 45

micellar solution. Here, ethylenediamine was used as a modelto 25°C. For PEQs-b-(DMA 9-5-NAS; )-b-NIPAMgg, the extent

compound to investigate the shell cross-linking of our micelles.

of cross-linking is less; it swells 1.9 times its original size (from

Ethylenediamine can react with the NAS residues and hence38 to 71.5 nm). The same trend is also evident for RHO

lead to the cross-linking of the inner shell of the “onion™-like
micelles* Since the reaction of the NAS residues with

ethylenediamine leads to the formation of NHS as a byproduct,

the in-situ shell cross-linking can be monitored via NMR
(see Supporting Information for the appropriate NMR spectrum).
Figure 9 shows the degree of amidation vs time data. AGl5

(DMAgl-S-NASJ_z)'b'NlpAM 57 and PEQs—b—(DMAgz—S—NASgl)-
b-NIPAMss. The above changes in size with temperature are
fully reversible.

Figure 11 shows an AFM image of the SCL micelles prepared
from PEQs-b-(DMA g2-SNAS31)-b-NIPAMo;. It can be seen
that the micelles are relatively uniform in diameter75 nm,

the amidation reaction proceeds rapidly. After 30 min, the degree slightly larger than in aqueous solution at 25 (60 nm). AFM
of amidation reaches 80%. From Figure 9, it can be seen thatanalysis also shows that the height of the SCL micelles is only

the maximum degree of amidatior 95%) is reached within 2

8—9 nm (Figure 11, height image), which is significantly leéBV
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than the micelles diameter. All of these indicate some flattening
of the partially swollen (loose) SCL micelles on the AFM
substrate as reported by Wooley e &t.57

Conclusions

A PEO-based macro-CTA was successfully employed to
control the RAFT polymerization of DMA and the statistical
copolymerization of DMA with NAS. The resulting diblock
copolymers were then used to mediate the RAFT polymerization
of NIPAM. Well-defined PEOb-(DMA-s-NAS)-b-NIPAM tri-
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(20) Liu, S.; Weaver, J. V. M.; Save, M.; Armes, S. [Ringmuir 2002
18, 8350-8357.

(21) stewart, S.; Liu, GJ. Chem. Mater1999 11, 1048-1054.

(22) Weaver, J. V. M.; Tang, Y. Q.; Liu, S.; Iddon, P. D.; Grigg, R.; Armes,
S. P.; Billingham, N. C.; Hunter, R.; Rannard, S.Ahgew. Chem.
2004 43, 1389-1392.

(23) Hawker, C. J.; Bosman, A. W.; Harth, Ehem. Re. 2001, 101, 3661~
3688.

(24) Matyjaszewski, K.; Xia, JChem. Re. 2001 101, 2921-2990.

(25) Moad, G.; Rizzardo. E.; Thang, S. Must. J. Chem2005 58, 379~
410.

(26) Kamigaito, M.; Ando, T.; Sawamoto, Nbthem. Re. 2001, 101, 3689~
3745.

block copolymers were obtained. These thermally responsive (27) Rizzardo, E.; Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery,

triblock copolymers dissolve molecularly in aqueous solution
at 20°C and self-assemble to form micelles when the temper-
ature is raised above the LCST of the NIPAM block. The middle
layer of the micelles (DMAs-NAS block) can be easily cross-
linked with a difunctional primary amine-containing compound.
These SCL micelles swell when the solution temperature is
lower than the LCST of the NIPAM block. The utility of NAS

as the active monomer is that a variety of comonomers can be

envisioned for preparation of SCL micelles providing that they
can copolymerize with NAS.
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