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ABSTRACT: We report aqueous, room temperature RAFT polymerizatidfrisbpropylacrylamide (NIPAM)

and, subsequently, its block copolymerization utilizing a peJj-dimethylacrylamide) macro-CTA. A series of
thermally responsive AB diblock and ABA triblock copolymers have been prepared. These polymers contain
hydrophilic N,N-dimethylacrylamide (DMA) A blocks of fixed molecular weight and temperature-responsive
NIPAM B blocks of varied chain length. Using a combination f NMR spectroscopy,T, relaxation
measurements, dynamic light scattering (DLS), and static light scattering (SLS), we demonstrate that these block
copolymers are indeed capable of reversibly forming micelles in response to changes in solution temperature and
that the micellar size and transition temperature are dependent on both the NIPAM block length and the polymer
architecture (diblock vs triblock).

Introduction erization yielding water-soluble polymers with well-controlled

Recently, a great deal of interest has been focused on thestructures. For example, homopolymers and block copolymers

i i ic7,16 i i~1l7 i i i~18,19 23
synthesis of water-soluble block copolymers that demonstrate "ith anionic/+1 cationic}” zwitterionic*!® and neutra~2
responsive behavior, L.éhose materials capable of undergoing functlona[lty have peen synthesized directly in water without
a conformational change or phase transition upon the applicationPoStreaction chemistry. Challenges to successful structural
of an external stimulus such as a change in solution pH, control of agueous RAFT include maintaining a sufficient
electrolyte concentration, or temperatété. These materials ~ 'eaction rate relative to competing CTA hydrolysis and ami-
typically contain both a permanently hydrophilic block and a nolys[s apd selection of appropriate CTA/[nltlgtor/monomer
“smart” block which is tunably hydrophilic/hydrophobic. Tra- combinations to preclude unde5|rab!e termination ev@r@ﬁs:
ditionally, these materials have been prepared using living TO date, the controlled polymerization of neutral acrylamido
polymerization methods including anionic, cationic, and group Monomers has proved to be challenging. While initial studies
transfer polymerizatioftl® These techniques, however often With N,N-dimethylacrylamide (DMA) bore many of the char-
require stringent reaction conditions and are restricted to a acteristics of controlled polymerization, experimental molecular
limited number of relatively nonfunctional monomers. weights were 38:50% higher than those predicted by the®s.

The desire to prepare advanced polymer architectures (e.g./Attempts at RAFT polymerization of acrylamide (AM) resulted

blocks, combs, and stars) with predetermined molecular weights'n & complete lack of control; however, subsequent experiments
and low polydispersities, while maintaining the robust reaction conducted in acidic buffers yielded better restfté\lthough
conditions and wide monomer selection available to radical these polymerizations exhibited many of the characteristics of

polymerization, has spurred the development of the controlled controlled “living” systems, the disparity between the experi-
radical polymerization (CRP) techniques. These techniques mental and theoretically determined molecular weights remained

include nitroxide-mediated polymerization (NMP)atom trans- substantial. Additionally, significant rate retardation under these
fer radical polymerization (ATRP and reversible addition conditions limited conversions t628%26 To better understand

fragmentation chain transfer (RAFT) polymerizatinFirst these deviations from ideal behavior and increase the attainable

introduced by Rizzardo and Moad in 1998, RAFT is arguably conversion, AM was polymerized in the presence of several
the most versatile living radical polymerization technique in dithioester and trithiocarbonate RAFT agents in both water and

terms of monomer selection and reaction condititi8.The dimethy! sulfoxide (DMSOF* Significant rate enhancements
polymerization can be performed in a variety of solvents, Were achieved by employing CTAs (i.&ithiocarbonates) with
inciuding water, simply by adding the appropriate quantity of hlgher mtermedlate fragmentation ra}tes, allow[ng near quantita-
a suitable RAFT agent to a standard free radical polymerization. iV€ conversions to be reached while still maintaining overall
The synthesis of functional block copolymers directly in control. Building on these studles_, the RAFT polymerizations
aqueous media under mild conditions not requiring protection/ of AM and DMA mediated by a trithiocarbonate RAFT agent

; ) . X ) . S i i 27
deprotection chemistry is a major goal in developing stimuli- "W€'® cqndycted directly in water at 25 ano! 50 These
responsive delivery systems such as micelles and vesicles. Majopolymerlzatlons demonstrated all the characteristics of controlled/

advances toward this goal have been realized in RAFT polym- “living” systems while eliminating the need for organic solvents
or aqueous buffers.

t Paper no. 116 in a series on Water-Soluble Polymers Another technologically important acrylamido monomer,
* Department of Polymer Science. ' N-isopropylacrylamide (NIPAM), is a target for aqueous, room
8 Department of Chemistry & Biochemistry. temperature polymerization. Because PNIPAM has a lower

10.1021/ma0523419 CCC: $33.50 © 2006 American Chemical Society

Published on Web 02/08/2006
ublished on We CDV



Macromolecules, Vol. 39, No. 5, 2006 DMA/NIPAM and DMA/NIPAM/DMA Copolymers 1725
critical solution temperature (LCST) near human body temper- was removed via rotary evaporation. The residue was then
ature, it has been cited for a number of biological applications redissolved in 250 mL of water, and concentrated HCl was added
including drug delivery8-20To date, there have been numerous While vigorously stirring at 510 °C. The aqueous solution was

reports detailing the successful RAFT polymerization of NIPAM then extracted four times with hexane, concentrated via rotary
in organic solventd? For example, Ganachaud et al. reported evaporation, and washed with water three times. The crude product

the AIBN initiated solution polymerization of NIPAM employ-

ing both benzyl dithiobenzoate (in benzene) and cumyl dithioben-

zoate (in 1,4-dioxane) at 60C.3! Subsequently, Schilli et al.

was isolated by column chromatography (silica gel 60 A;-280
mesh) using ethyl acetate:hexane (2:3 v/v) as an eluent. Removal
of the solvent by rotary evaporation yielded an orange-brownish
oil, which was dissolved in a small amount of hexane and washed

disclosed the benzyl and cumyl dithiocarbamate mediated three times with water. The hexane solution was placed in a freezer

polymerization of NIPAM, also in 1,4-dioxane at 60.32 More
recently, Ray and co-workers demonstrated the ability to control
the tacticity in RAFT polymerizations of NIPAM via the
addition of a suitable Lewis acid such as Sc(@®f)Y(OTf)3.3334

at—20°C, whereupon the EMP crystallized. The target compound
was recrystallized from hexane three more times -atl® °C,
resulting in large bright yellow crystals (yield 12.44 g, 28%; mp
53-54°C). *H NMR (200 MHz, CDC}): ¢ = 3.30 (q, 2H), 1.73

The successful ATRP polymerization of NIPAM in organic (S, 6H), 1.34 (t, 3H):3C NMR (50.32 MHz, CDC): ¢ = 220.54

alcohols at room temperature has also recently been reporte
by Xia and co-worker&® In a previous article, we demonstrated
controlled RAFT polymerization of NIPAM at room temperature
in dimethylformamide, employing a trithiocarbonate RAFT
agent in conjunction with an azo initiatéfr.

Herein we report the synthesis of thermally responsive AB
and ABA block copolymers based on DMA and NIPAM directly
in water at 25°C utilizing the RAFT polymerization technique.
To our knowledge, this is the first report of room temperature
polymerization and block copolymerization of NIPAM in

C=S), 179.06 COOH), 55.53 (£CHjs), 31.28 (£H,), 25.18
CCHj3), 12.88 (CHCH3).

General Procedure for the RAFT Polymerization of NIPAM.
Polymerizations were conducted at 25, employing VA-044 as
the primary radical source and CMP and EMP as the RAFT CTAs.
All the polymerizations were performed directly in deuterium oxide
(pD 4.75) with an initial monomer concentration ([Mpf 0.5 M
in individual, septa-sealed vials, which were purged with nitrogen
at 5°C for 25 min prior to the reaction. The initial monomer to
CTA ratio ([M]o/[CTA]o) was held constant at 600:1 with CTA-
to-initiator ratios ([CTAW/[I] o) of 3:1. The polymerization kinetics

aqueous media. Our recent success with room temperaturé"nd the absolute molecular weights were determined from aliquots

polymerization of DMA in water and previous literature reports
of controlled NIPAM polymerization have allowed us to develop
appropriate reaction conditions for this research. To facilitate
the synthesis of both AB and ABA block copolymers under

(0.5 mL) taken at predetermined time intervals and quenched via
immersion in liquid nitrogen.

Monofunctional Macro-CTA of N,N-Dimethylacrylamide.
N,N-Dimethylacrylamide (41.5 g, 0.418 mol), EMP (0.633 g, 2.82
mmol), and VA-044 (0.450 g, 1.39 mmol) were added to a 250

these conditions, we hqve glso synthesized a novel trithiocar-ml_’ round-bottom flask equipped with a magnetic stirfing bar.
bonate RAFT agent which is both monofunctional and water- pejonized water was added until the total solution volume was 140
soluble. Using these conditions, we have prepared a series ofinL. The flask was sealed with a rubber septum, and the contents

temperature-responsive AB and ABA block copolymers. These
polymers contain a hydrophilic DMA A block of fixed molec-
ular weight while the temperature-responsive NIPAM B block
has been systematically varied. Using a combinatiotidfiMR
spectroscopyT, relaxation measurements, dynamic light scat-
tering (DLS), and static light scattering (SLS), we demonstrate

were purged with nitrogen for 90 min at 8. The flask was
subsequently immersed in a water bath preheated toC2%and
the polymerization was allowed to proceed ®h before being
quenched by rapid cooling. The monofunctional DMA macro-CTA
was then purified by dialysis and subsequent lyophilization at 3
°C.

that these block copolymers are indeed capable of reversibly Difunctional Macro-CTA of N,N-Dimethylacrylamide. N,N-
forming micelles in response to changes in solution temperature Pimethylacrylamide (41.5 g, 0.418 mol), CMP (1.18 g, 4.18 mmol),

and that the micellar size and transition temperature are

dependent on both the NIPAM block length and the polymer
architecture (diblock vs triblock).

Experimental Section

Materials. All reagents were purchased from Aldrich at the
highest purity available and used as received unless otherwise state
4,4-Azobis[2-(imidazolin-2-yl)propane] dihydrochloride (VA-044)

and VA-044 (0.270 g, 0.836 mmol) were added to a 250 mL, round-
bottom flask equipped with a magnetic stir bar. The solution was
cooled via an ice bath, and deionized water was added until the
total solution volume was 140 mL. The flask was sealed with a

rubber septum, and the contents were purged with nitrogen for 90
min at 5°C. The flask was subsequently immersed in a water bath
preheated to 25C, and the polymerization was allowed to proceed

dor 3 h before being quenched by rapid cooling. The difunctional

DMA macro-CTA was then purified by dialysis against deionized

was donated by Wako Chemicals and was recrystallized twice from Water and subsequent lyophilization (see above).

methanol prior to use. NIPAM was recrystallized twice from
hexanes prior to use (mp 6€). 2-(1-Carboxy-1-methylethylsul-
fanylthiocarbonylsulfanyl)-2-methylpropionic acid (CMP) was do-

Block Copolymer Synthesis.Mono- and difunctional DMA
macro-CTAs were used for preparing DMA/NIPAM block copoly-
mers. All polymerizations were conducted directly in water (pH

nated by Noveon and was recrystallized from hexanes (mp 181 5.0) with an initial monomer concentration of 0.5 M at Z5 with

°C).

Synthesis ofS-Ethyl- S-(a,a’-dimethyl-a'’-acetic acid)trithio-
carbonate (EMP). Ethanethiol (12.4 g, 0.200 mol), acetone (96.4
g, 1.66 mol), and trioctylmethylammonium chloride (Aliquat 336;
3.23 g, 8.00 mmol) were mixed in a round-bottom flask and cooled
to 10°C under a nitrogen atmosphere. Sodium hydroxide solution

VA-044 as the initiator. The [PDMA][VA-044], ratio was
maintained at 1:1 (mole basis) while the [NIPAMPDMA], ratio
was varied in order to prepare block copolymers with a range of
compositions. The polymerizations were conducted under a nitrogen
atmosphere in round-bottomed flasks equipped with magnetic stir
bars and sealed with rubber septa. The products were purified by

was stirred for an additional 20 min before carbon disulfide (15.2

Aqueous Size Exclusion ChromatographyThe polymerization

g, 0.200 mol) in acetone (20.3 g, 0.350 mol) was added over a 20 mixtures were analyzed directly by aqueous size exclusion chro-

min period. After 20 min, chloroform (35.8 g, 0.300 mol) was added
in one portion, followed by dropwise addition of 50% sodium
hydroxide solution (80.0 g, 1.00 mol) over 30 min. The reaction
was then allowed to react overnight, after which time the acetone

matography (ASEC) using an eluent of 0.1 M NalN@queous) at
a flow rate of 0.5 mL/min at 28C, Viscotek TSK Viscogel columns
[G3000 PWXL (<50 000 g motl, 200 A) and G4000 PWXL
(2000-300 000 g mot, 500 A), a Polymer Labs LC 1200 UVéDV
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vis, Wyatt Optilab DSP interferometric refractometer, and Wyatt Scheme 1. Synthetic Pathway for the Aqueous Room
DAWN EOS multiangle laser light scattering detectors (690 nm)]. Temperature RAFT Polymerization of NIPAM

IH NMR Spectroscopy.'H NMR spectra were recorded with a 8
Bruker AC-200 spectrometer ugjra 2 srecycle time. Samples /\SJ\S _
were prepared as 1% w/v solutions igD(HOD internal standard). Ho ° _>:o
Block copolymer compositions were determined by a comparison EMP, 1a >>NH O CHg
of resonances associated with the two comonomers. NIPAM s —— Ho-C- C‘<Hzc CH%‘

. . . ,0 pD = 4.8 SH

monomer conversion was determined by comparing the area of the j\SJ\SK VA-044 25 °C 3 n
vinyl protons ¢ ~ 5.4—6.3 3H/mol NIPAM monomer) to the total  © o Hd 0 R= éfﬂr ?MIEMP
isopropyl methyne area)(~ 3.6—3.85 1H/mol NIPAM). CMP, 1b 2R for

T, NMR Measurements. T, NMR measurements were per-
formed in deuterium oxide using a standard Caturcell/Mei- Table 1. Conversion, Molar Mass, and Polydispersity Data for the
boom-Gill (CPMG) pulse sequence (96-7—180°,—r—acq) with Aqueous RAFT Polymerization of N-Isopropylacrylamide (NIPAM)
a temperature-controlled Mercury Innova 500 MHz spectrometer. at 25 °C Mediated by CMP and EMP with Initial CTA:Initiator and
At least 50 measurements were obtained for each sample using the Monomer:CTA Ratios of 3:1 and 600:1, Respectively
following parameters: 90pulse width (8.7us), echo delay (6 sample time M,P Mp theory

1.576 s), recycle delay (10 s), acquisition time (2 s). Between 16  no. CTA2  (min) %con¥ (g/mol)  (g/mol)  Mu/MP
and 64 transients were signal-averaged at each echo delay. The 1 cMP 20 2 22 600 15 200 132
NIPAM methyne and DMA methyl signals were used fos CMP 180 55 45800 37600 1.09

calculations at a polymer concentration of 5 mg/mL and a heating 5 CMP 300 75 61600 51200 1.07
rate of 0.066°C min™™. 4 CMP 525 89 73000 60700 1.06
Light Scattering Measurements. Static light scattering mea- 5 EMP 90 25 21200 17 300 1.15
surements were performed on a Malvern Instruments Zetasizer at 6 EMP 210 54 44500 37 000 1.05
a constant scattering angle of 27Fhe micellar molecular weight 7 EMP 360 72 59400 49200 1.05
(M) and second virial coefficientA) were estimated from the 8 EMP 720 88 76200 60000 1.03
relationship aPolymers synthesized at 2& at 0.5 M monomer in BO ([CTA]o/
[M]o: 1/600) under a nitrogen atmosphere with VA-044 as the initiator.
KCp/ R, = 1/MW—|—2A2Cp b Conversions were determined usifjNMR spectroscopy by comparing

the area of the vinyl proton resonances to the total methyne sigAal.
determined by ASEC [0.5 mL mir, 25 °C, Viscotek TSK Viscogel
columns G3000 PWXL (50000 g midl , 200 A) and G4000 PWXL
(2000-300 000 g mot?, 500 A), 0.1 M NaNQ (aqueous) eluent].

whereK, C,, Mw, Ry, and A, are the optical constant, polymer
concentration, molecular weight, Rayleigh ratio, and second virial
coefficient, respectively. Specific refractive index incrementg (d

dc) for the block copolymers in water were calculated using the 2.5-
equatio’3° ® CMP 600
O EMP 600
dn/dc = w,(dn/dc),, + wg(dn/dc)g 2.0
in which wa and wg are the mass fractions of pure polymers 15 °
.5+ )

PNIPAM and PDMA and (d/dc), and (dvdc)g their refractive
index increments, respectively.

By measuringRy at a series o, values between 2.0 and 0.20
mg/mL, M,, and A, were estimated from Debye plots.

Dynamic Light Scattering. Dynamic light scattering studies of
the block copolymers at concentrations of 1.00 g/L in aqueous 0.5
solution were conducted using an Malvern Instruments Zetasizer
Nano series instrument equipped with a 22 mW-ie laser

o

1.0

In([M] /[M])
O

operating al = 632.8 nm, an avalanche photodiode detector with 0.0 0 1 2 3 4 5 & 7 8
high quantum efficiency, and an ALV/LSE-5003 multiple tau digital
correlator electronics system. Time (hours)
. . Figure 1. Pseudo-first-order kinetic plot for the CMP/EMP mediated
Results and Discussion hompolymerizations of NIPAM at 25C.

Synthesis of S-Ethyl-S-(o,a’-dimethyl-a''-acetic acid)-
trithiocarbonate. The key to successful RAFT polymerizations ~ Aqueous Room Temperature RAFT Polymerization of
is the use of a suitable chain transfer agent (CTA), which is NIPAM. NIPAM was polymerized in RO over selected time
typically a dithioester or trithiocarbonate. Trithiocarbonates have intervals using VA-044 as the free radical initiator and CMP
the added versatility in that they may contain either one or two or EMP as the RAFT CTA (Scheme 1). Monomer conversions
homolytic leaving groups, allowing for the convenient synthesis were monitored as a function of time by a comparison of the
of di- or triblock copolymers in only two synthetic steffsGiven vinyl resonances ~ 5.4 and 6.3 ppm) and the total methyne
our desire to prepare both AB and ABA block copolymers proton resonance)(~ 3.6 and 3.85 ppm). For polymerizations
directly in aqueous media at room temperature and the limited mediated by both CTAs, the initial [M[CTA], was maintained
number of monofunctional trithiocarbonates that are also water- at 600/1. Because of the relatively long half-life of VA-044 at
soluble, we chose to synthesigethyl-S-(a,a’-dimethyl-o’- 25°C, a [CTA/[I] o of 3/1 was employed for these polymeriza-
acetic acid)trithiocarbonate (EMP) in this study. It is prepared tions. Experimental data for the homopolymerizations of
via a one-pot procedure using synthetic methodology describedNIPAM are summarized in Table 1.
by Lai and co-worker8 in which 1 equiv of ethanethiol and Shown in Figure 1 are the pseudo-first-order kinetic plots
carbon disulfide are reacted with sodium hydroxide in the for the CMP/EMP mediated hompolymerizations of NIPAM at
presence of a phase transfer catalyst, followed by the addition25 °C. Following a short induction period30 min) at 25°C,
of chloroform and acetone. Subsequent acidification and linear pseudo-first-order kinetics are observed for both CTAs,
purification yields EMP as a crystalline solid (mp-534 °C). even at high monomer conversions. The apparent rat&D%
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CMP 2.00 - e CMP,,
1.75 o EMPsoo
S 1.50-
525 min. =z 1.25- [ ]
° E1_00 b .OO.OO.m ACe O o
2 80000 -
- Q
g_ 405 min. 70000 4 . °
(7]
i 4 )
&a 285 min. zgggg (; no e}
= i
= 40000 - oe
30000 ° ©
120 min. 20000 *
/60 min. 10000 - ®
°
o T T T T 1
T T T T - 1 T 0.0 0.2 04 0.6 0.8 1.0
12 14 16 18 20 22 .
Elution Volume (mL) Conversion
720 min Figure 3. (a) M, and (b) PDI vs conversion for the aqueous
-— : EMP homopolymerizations of NIPAM mediated by CMP and EMP at 25
°C.
Scheme 2. Synthetic Route for Preparation of Di- and Triblock
° Copolymers of DMA and NIPAM via Aqueous Room
@ Temperature RAFT
o B
@ - X
(] 0 EMP or CMP O GHs S
o —N W’ HO—(IZ—(f) CH,—CH S—&—S—R
% \ 50 pH = 4.
x VA-044 25 °C CHa )=0 m
H3C’N\CH3 R=Bor C;Hs
(1)
c
. N
(”) H,0 pH = 4.8 4 Q GHs \ 3
T T T T T y T T T T =\ —~viriisren—=HO-C-C—{CH,—CH CH,CH—}S-C-S-R
15 16 17 18 19 20 21 22 23 24 " V=o VAU T o Co 1
i NH 3 m\HN""0 /p
Elution Volume e NeH, A
Figure 2. RI traces for the (a) CMP and (b) EMP mediation R e
hompolymerizations of NIPAM showing the evolution of molar mass
with time. to the extent observed heteFor example, loss of 13% CTA

o ) ) ) by intermediate coupling prior to reaching the “main” RAFT
polymerization with CMP was observed to be slightly higher - qilibrium would account for the discrepancy observed in
than EMP (e.g., 75% conversion after 300 min for CMP vs 72% Figure 3b.

conversion for EMP after 360 min). Because both CTAs have  gjock Copolymer Synthesis and CharacterizationHaving
identical R groups and similar Z groups, the observed differences ggtaplished conditions for room temperature polymerization of
in the polymenzatlon rates are Ilkely. a result of higher NiPAM in water, we synthesized homopolymers of DMA using
fragmentation rates from the adduct radical for CMP. EMP and CMP as the RAFT agents to yield the corresponding
Shown in Figure 2a,b is the evolution of molecular weight, mono- and difunctional macro-CTAs (Scheme 2). The homo-
as determined by ASEC, for aliquots taken from the NIPAM polymerizations were conducted in water at Z5 with VA-
homopolymerizations. The observed increases in the respectivep44 as the initiator in the presence of CTA, EMP, and CMP,
molecular weights as the peaks shift toward shorter retention respectively. Following purification by dialysis and subsequent
times is consistent with a controlled polymerization process. |yophilization, the resulting monofunctiona, = 9900 g/mol;
Significantly, the traces are unimodal and free from both the m,/M, = 1.07) and difunctionalNil, = 10 500 g/mol;My/M,
low molecular weight tailing and the high molecular weight = 1.04) poly-DMA macro-CTAs were then used for the
termination products. subsequent RAFT block copolymerization of NIPAM (Scheme
Figure 3a,b shows the respectiVg/M, andM, values as a 2) to yield a range of di- and triblock copolymers. The molecular
function of conversion. Given the low polydispersities and the weight and polydispersity values are listed in Table 2.
linear increase in molecular weight with conversion, it is clear ~ Shown in Figure 4 are the normalized ASEC chromatograms
that both CTAs allow for the controlled synthesis of PNIPAM for the difunctional DMA macro-CTA and the resultant DMA-
in water at 25°C. Molecular weights, determined by ASEC/ b-NIPAM-b-DMA triblock copolymers. Under these conditions,
MALLS, are somewhat higher than those predicted by theory high blocking efficiency was observed with the resulting block
(solid line). Similar molecular weight overshoots have also been copolymers having unimodal and narrow molecular weight
observed for the polymerization of other acrylamido monomers distributions.
by our group and othed$:204243 Although a number of Temperature-Induced Micellization. The next objective of
explanations for such behavior have been put forward in the our study was to systematically vary the length of the NIPAM
literature, no consensus exists at the present time. Acceptingblocks in order to study the effect of copolymer composition
the classic RAFT mechanism, one might suggest that the on the temperature-induced micellization for AB and ABA
relatively high initiator concentrations employed in the present DMA/NIPAM block copolymers (Scheme 3).
work (necessitated to obtain reasonable polymerization rates) Dynamic Light Scattering. Temperature induced micelli-
could lead to irreversible coupling of the intermediate species zation can be followed by monitoring changes in ponr&eESV
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Table 2. Molecular Weight, Composition, and Polydispersity Data a —v—DMA  NIPAM,,
for Di- and Triblock Copolymers DMA (A Block) and NIPAM (B 100, —0—DMA  NIPAM,_,
Block) Synthesized in the Presence of EMP and CMP 90| —®— DMA  NIPAM,,
polym 3 % —v— DMA, NIPAM,
sample polymer time DP DP molar % MW?P i:— b -vvv'\,.vvv, vv¥V
no. type  (min) DMA?2 NIPAMP NIPAM (g/mol) Mu/M2 8 704 v
[
1 ABA 45 106 77 42 19200 1.13 E 60
2 ABA 120 106 197 65 32800 1.04 g 50
3 ABA 180 106 273 72 41300 1.03 o &
4 ABA 300 106 376 78 53000 1.14 E 40 \.ﬁ.
5 AB 45 100 71 42 17900 1.11 c i 99Qas0a0aa.
6 AB 120 100 174 64 29600 1.15 %‘ 30 e \g.jeie
7 AB 240 100 254 71 38600 1.12 £ 20- vvev
8 AB 360 100 460 82 61900 1.21 >
T 10-9888889988880 .o
aAs determined by ASEC [0.5 mL mid, 25°C, Viscotek TSK Viscogel @99%?’&9 ? v-v?VVVv . .
columns G3000 PWXL (50000 g mdi , 200 A) and G4000 PWXL 25 30 35 40 45 50
(2000-300 000 g motl, 500 A), 0.1 M NaNQ@ (aqueous) eluent]. 0
b Determined by'H NMR spectroscopy in BD. Temperature ('C)
b —=— DMA_NIPAM, DMA
1 macroCTA DMA —O0— DMA_NIPAM,, DMA
2 DMA_NIPAM, DMA 35- A —% DMA,NIPAM,, DMA,,
54321 3pya_NiPAM, DMA,, £ \, —A—DMA,NIPAM,; DMA,,
4 DMA_NIPAM,, DMA £ 30+ Addarsaaaaa
5 DMA_NIPAM_ DMA_, 5
[} -
7] 25
c £
2 8 o
@ Q 20+ 'Y
& L o\.
z § 15 ‘eo0000®
3
o 10-Ap0AAAAAA TN
'g O‘U:U'U‘afﬂ:.'.‘.'.'.": 0.90.¢ oo
T 51l-l-ll-l-lEHSQEHEEEiHH:gi._E.-ﬂggug
25 30 35 40 45 50
14 16 18 20 22 Temperature (°C)
Elution Volume Figure 5. Hydrodynamic diameter) for a series of (a) di- and (b)
Figure 4. RI traces for triblock copolymers of DMA and NIPAM and  triblock copolymers measured by dynamic light scattering as a function
the corresponding DMA homopolymer macro-CTA. of temperature.

Scheme 3. Temperature-Responsive Reversible Micellization of . . .
Block Copolymers Comprised of DMA and NIPAM increases. These results are consistent with a recent report by

Liu and co-workerd. The observed block-length-dependent
cmt’s are also in agreement with results from Taexperiments
(vide infra) and are consistent with recent work by Xia and co-
workers, who observed a strong decrease in the phase transition
temperature with increasing molecular weight for a series of
monodisperse PNIPAM®. Figure 6 shows the heat induced
changes in the hydrodynamic diameter for an agueous solution
of poly(DMA 100-b-NIPAM460) cycled between 25 and 4& at
hydrodynamic volume using dynamic light scattering. Above 30 min intervals. The temperature induced association/dissocia-
the LCST, PNIPAM chains become dehydrated due to an tion process is reversible over numerous heating and cooling
entropy gain resulting from the release of water molecules upon cycles with both unimer and micelle sizes remaining ap-
association of the isopropyl groufs?> The change in hydro- proximately constant.
dynamic volume with temperature is depicted in Figure 5a,b. NMR Studies of Micellization. The transition from molecu-
Diblock copolymer solutions (Figure 5a) show the expected larly dissolved unimers to aggregated micelles may also be
transition from molecularly dissolved unimers at low temper- followed by monitoring changes in peak intensity with temper-
atures to aggregated micelles above a critical micelle temperatureature48 In Figure 7a, the signals labeled “b” and “c” due to
(cmt). As the solution temperature is raised above the cmt, the PNIPAM methyne and methyl protons become broadened
micelle hydrodynamic diameters begin to decrease. Similar and attenuated relative to the PDMA methyl signal “a” at
observations by Yusa and co-workers were attributed to either elevated temperatures, indicating reduced mobility and solvation.
a decrease in the aggregation number of the polymeric micellesThis transition can be monitored more quantitatively by fol-
or further dehydration of the NIPAM blocks with increasing lowing changes in proton spirspin relaxations. The spirspin
temperaturé. relaxation {,) for polymers is heavily influenced by local
The triblock polymer solutions (Figure 5b), by contrast, rigidity, with protons in constrained environments exhibiting
exhibit temperature induced association to form micelles only fasterT, relaxations than identical protons in less constrained
at longer NIPAM block lengths; the smaller triblock polymers environments. Consequently; relaxation measurements pro-
remain molecularly dissolved as unimers. Both the di- and vide a convenient method to follow the loss of segmental
triblock copolymer micelles do, however, show increasing sizes mobility upon micellization. In Figure 70l values observed
along with decreasing cmt's as the NIPAM block length até ~ 3.9 ppm corresponding to pendent NIPAM methyélsv
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Figure 6. Heat induced reversible association/dissociation of poly- 24 26 28 30 32 34 36 38 40 42
(DMA 100b-NIPAM4g) at a polymer concentration of 1.00 g/L in Temperature (°C)
response to temperature changes between 25 arftC4& 30 min Figure 7. (a) DMA-b-NIPAM 'H NMR spectra and (b) spinspin
intervals. relaxation timesT») as a function of temperature.

protons for diblock copolymers DMpgb-NIPAM7; and there is a clear increase in both micelle size and molecular
DMA 100-b-NIPAM g are plotted as a function of temperature. weight as the NIPAM block length is increased. By comparing
Initially, there is a gradual increase in thermal motion, after unimer molecular weights determined by ASEC-MALLS to
which time theT, values stabilize around 0.20 s. Upon raising micelle molecular weights, it was possible to determine ag-
the solution temperature, a sharp decrease ifilvalues from gregation numbers for the micelles. While both di- and triblock

0.194 s at 35C to 0.0213 s at 36C is observed for DMAgo copolymer systems show a general increase in the aggregation
b-NIPAMyg0. Similarly, DMAo0-b-NIPAM7; also exhibits a number with increasing NIPAM block length, aggregation
sharp decrease in NIPANI, values from 0.172 s at 4%C to numbers and sizes for the diblocks are considerably larger than

0.033 s at 41°C. These results suggest that the onset of those of triblocks with similar compositions. For example,
micellization occurs at lower temperatures for polymers with  DMA 105-b-NIPAM 460 has hydrodynamic diameter and aggrega-
longer NIPAM block lengths. tion number values of 76 nm and 213, respectively, while
Static Light Scattering. Results from static light scattering DMAs3-b-NIPAM376b-DMA 53 has values of 28 nm and 25. For
experiments along with unimer and micelle sizes are sum- both the di- and triblock copolymers, a decrease inApealue
marized in Table 3. For both the di- and triblock copolymers, is observed, which is indicative of a contraction of the micelles

Table 3. Hydrodynamic Diameter (Dy), Critical Micelle Temperatures (cmt), Micelle Molecular Weights (Mw), Aggregation Numbers (Nagg), and
Second Virial Coefficient (A;) Determined by Static and Dynamic Light Scattering as a Function of Temperature

sample Dn(25°C)2 (nm) Dn(45°C)2 (nm) CMT2(°C) My x 1078 b (g/mol) Az x 10¢ (mL mol/cd) Nagd

DMA53NIPAM7:DMA 53 5.0 4.2

DMA53NIPAM 197 DMA 53 7.3 4.8

DMA53NIPAM 273 DMA 53 7.5 14.5 415 0.59 3.78 14
DMA53NIPAM 376 DMA 53 9.8 28.0 37.5 3.20 2.58 25
DMA 100NIPAM 71 6.3 22.0 44.0 1.36 3.03 68
DMA 100NIPAM 174 7.2 31.0 37.3 3.52 1.11 103
DMA 100NIPAM 254 9.7 31.0 36.4 6.63 1.14 152
DMA 100NIPAM 460 10.5 76.0 34.6 15.94 1.10 213

aDynamic light scattering studies of the block copolymer micelles in aqueous solution were conducted using an Malvern Instruments Zetasizer Nano
series instrument equipped with a 22 mW-Hxe laser operating &t = 632.8 nm, an avalanche photodiode detector with high quantum efficiency, and an
ALV/LSE-5003 multiple tau digital correlator electronics system at a polymer concentration of 1.003yAtic light scattering measurements were performed
at 50°C on a Malvern Instruments Zetasizer at a constant scattering angle to°I&ermined from the relationSagg = MW micelld MW unimer cDV
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with increasing NIPAM block length. A similar decreaseAs

values with increasing hydrophobic block length has been

observed for poly(sodium 2-(acrylamido)-2-methylpropane-
sulfonateblock-sodium 6-acrylamidohexanoate) and poly-
(styreneblocksodium acrylate}®47 Clearly, block structure has

a large influence on the micelle sizes and molecular weights as

well as the cmt’s.
Conclusions.In this work we have shown that NIPAM can
be polymerized in a controlled fashion directly in water at room

temperature using the RAFT process. Under these conditions,19)

Macromolecules, Vol. 39, No. 5, 2006

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

(15) Le, T. P.; Moad, G.; Rizzardo, E.; Thang, S. H. Int. Pat. 9801478
[Chem. Abstr1998 128 115390f].

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

(17) Vasilieva, Y. A.; Thomas, D. B.; Scales, C. W.; McCormick, C. L.
Macromolecule®004 37, 2728.

(18) Donovan, M. S.; Lowe, A. B.; Sanford, T. A.; McCormick, C L.

Polym. Sci., Part A Polym. Chem2003 41, 1262.

Donovan, M. S.; Sumerlin, B. S.; Lowe, A. B.; McCormick, C. L.

Macromolecule®002 35, 8663.

excellent control of the molecular weight and molecular weight 20y ponovan, M. S.; Sanford, T. A.; Lowe, A. B.; Sumerlin, B. S.:

distribution was attained even at high monomer conversion. To

facilitate the synthesis of both AB and ABA block copolymers

under these conditions, we have synthesized a novel trithiocar-
bonate which is both monofunctional and water-soluble. A series

of di- and triblock copolymers with constant hydrophilic block

lengths and variable NIPAM block lengths were then synthe-
sized in order to systematically study the temperature-dependen

micellization. Spir-spin relaxation and dynamic light scattering

Mitsukami, Y.; McCormick, C. L.Macromolecule002 35, 4570.

(21) Donovan, M. S.; Lowe, A. B.; Sumerlin, B. S.; McCormick, C. L.
Macromolecule002 35, 4123.

(22) Thomas, D. B.; Sumerlin, B. S.; Lowe, A. B.; McCormick, C. L.
Macromolecule2003 36, 1436.

(23) Convertine, A. J.; Ayres, N.; Scales, C. W.; Lowe, A. B.; McCormick,
C. L. Biomacromolecule2004 5, 1177.

{24) Thomas, D. B.; Convertine, A. J.; Myrick, L. J.; Scales, C. W.; Smith,

A. E.; Lowe, A. B.; Vasilieva, Y. A.; Ayres, N.; McCormick, C. L.
Macromolecule2004 37, 8941.

measurements show that cmt is lower for diblock copolymers (25) Thomas, D. B.; Convertine, A. J.; Hester, R. D.; Lowe, A. B,;

than triblock copolymers and also decreases as the NIPAM block
length is increased. Micelle sizes and molecular weights

determined by a combination of dynamic and static light

scattering experiments show a general increase with increasing

NIPAM block length. This trend is observed for both di- and
triblock copolymers; however, micellization in the latter was
only observed at longer NIPAM block lengths.
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