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Poly(N-isopropylacrylamide) (PNIPAM)-based tetrafunctional atom transfer radical polymerization (ATRP)
macroinitiator (b) was synthesized via addition reaction of mono-amino-terminated PNIP®)/with glycidol,
followed by esterification with excess 2-bromoisobutyryl bromide. Well-defined double hydrophilic miktoagm AB
star copolymer, PNIPAMs-(PDEA),, was then synthesized by polymerizing 2-(diethylamino)ethyl methacrylate
(DEA) via ATRP in 2-propanol at 45C usinglb, where PDEA was poly(2-(diethylamino)ethyl methacrylate). For
comparison, PNIPAMs-PDEA linear diblock copolymer with comparable molecular weight and composition to that
of PNIPAM-b-(PDEA), was prepared via reversible additiefiagmentation chain transfer (RAFT) polymerization.

The pH- and thermoresponsive ‘schizophrenic’ micellization behavior of the obtained PN$RAMDE Ag3), miktoarm

star and PNIPAMy-b-PDEAy linear diblock copolymers were investigated %y NMR and laser light scattering
(LLS). In acidic solution and elevated temperatures, PNIPAM-core micelles were formed; whereas at slightly alkaline
conditions and room temperature, structurally inverted PDEA-core micelles were formed. The size of the PDEA-core
micelles of PNIPAMs-b-(PDEAs3)4 is much smaller than that of PNIPAMb-PDEAgeo Furthermore, the pH-induced
micellization kinetics of the ABmiktoarm star and AB block copolymers were investigated by the stopped-flow light
scattering technique upon a pH jump from 4 to 10. Typical kinetic traces for the micellization of both types of
copolymers can be well fitted with double-exponential functions, yielding a faptahd a slow ¢;) relaxation
processest; for both copolymers decreased with increasing polymer concentratiovas independent of polymer
concentration for PNIPAN-b-(PDEAs3)4, Whereas it decreased with increasing polymer concentration for PNJRAM
b-PDEAgso The chain architectural effects on the micellization properties and the underlying mechanisms were

discussed in detalil.

Introduction

Stimuli-responsive double hydrophilic block copolymers
(DHBCs) representanew class of amphiphilic block copolyriers,
which can self-assemble into one or more types of micellar

aggregates in water if external conditions such as temperature

pH, and ionic strength are finely adjusted® DHBCs have

received a great deal of attention in the past few years due to their
potential applications in pharmaceutics, coatings, rheology
modifiers, colloidal stabilization, and templates for the preparation
of nanomaterial$Past studies of DHBCs mainly deal with linear
AB diblock copolymers:~18 The critical micellization concen-

tration (cmc), aggregation numbe\g), shape, and size of the
micelles are determined by the solution conditions, the relative
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nonlinear block copolymers typically exhibitintriguing and unique multimolecular micelles with the core consisting of Pl inner
characteristics during micellization and/or microphase separationblocks upon cooling from 60 to 3@. The temperature-induced
in the condensed state. Hadjichristidis et®2akynthesized micellization process took250 s, which was shorter than that
nonlinear super-H-shaped block copolymers of th® BP} type, of the linear diblock copolymer. In this case, the temperature
where Pl was protonated polyisoprene and PS was polystyrenejump was realized by transferring the cell containing the unimer
The micellization behavior of these block copolymers with solution preheated at 60C to the light-scattering apparatus
different PS contents was investigatechidlecane, which is a  thermostated at 30C. This partially limited the accuracy of
selective solvent for the Pl arms. It was found that super-H block kinetics for the early stages because of the long thermal
copolymers with a large fractiore@33 mol %) of PS can self-  equilibrium period needet! We recently found that stopped-
assemble into quite monodisperse and spherical micelles, whileflow light scattering provides a quite convenient technigue to
those with a small PS content {4 mol %) form unimolecular  obtain the stimuli-responsive micellization kinetics, the dead
micelles (nonaggregated). Just recently, we have synthesizedime of which can be down to a few millisecontfs#6 We have
H-shaped (PDEAPPO(PDEA)and (PDEA)PPO(PDEA) star- studied the pH-induced micellization kinetics of poly(glycerol
b-linearb-star block copolymers, where PPO was poly(propylene monomethacrylateh-poly (2-(dimethylamino)ethyl methacry-
oxide) and PDEA was poly(2-(diethylamino)ethyl methacry- |ate)b-poly(2-(diethylamino)ethyl methacrylate) (PGMa-
late)*® At pH 8.5 and 5°C, (PDEAYPPQ3PDEA), and PDMA-b-PDEA) *5and the micelle inversion kinetics of poly(4-
(PDEA)PPQ3(PDEA), starb-linearb-star block copolymers  vinylbenzoic acid)e-poly(N-(morpholino)ethyl methacrylate)
formed mUCh Iarger PDEA-core micelles Compared tO. RPO- (PVBA_b_PMEMA) emp|0ying the Stopped_ﬂow techniqefe_
PDEAwith comparablt_e PPO content?nd m0|_eCli|aI’ weight. The Itis well-known that polyl-isopropylacrylamide) (PNIPAM)
formed PDEA-core micelles took a “flower-like” structure in homopolymer dissolves in cold, dilute aqueous solution but

which soluble PPO central block formed loops surrounding the | < insoluble at32 °C 47 While poly(2-(diethylamino)-

ir:'SOtI.UblfhPDEA core. Inlrrlgrked ::oatréazttg TE@DEA’]CUDOT. ethyl methacrylate) (PDEA) homopolymer is soluble in acidic
bleoacILn(?o gl agt(j:r)glfjgri?eté |02_sm %Igc Iér 'm'(():ellteys?es'tﬁ t?]znc'g;arsolution as a weak cationic polyelectrolyte (due to protonation
s tinp 3; inal PP(;J bII 8k u : Wi of the tertiary amine residues) but precipitates out of solution at
Colnstfwe gact)e ao? gfenonlineag bl(.)ck copolymers, asymmetric around neutral pH?Herein, we synthesized a double hydro-
AB. mikt gY-yh d) st | phy b ’ yt el philic AB4 miktoarm star copolymer dfl-isopropylacrylamide
2mi oa_rm( shape )s_arcopo ymers have been ex .ens'vey(NlPAM) and 2-(diethylamino)ethyl methacrylate (DEA)
studied. Pispas et &t.studied the micellization properties of PNIPAM-b-(PDEA),, and linear PNIPAMb-PDEA diblock ’
PSD-(Pl)z, (PS)-b-Pl, and PS-PI copolymers. In a selective copolymer with comparable composition and molecular weight,
solvent for .the &l plock, the.aggregatlon number and size of the employing atom transfer radical polymerization (ATRP) and
zsl;(gogfeprrll_crilsshlg\clgeglsseolg écglggi%rfgi:rlr)fp; (ch):il)fnZTf: eory reversible additiorfragmentation chain transfer (RAFT) tech-
L G nigues, respectively. In acidic solution and elevated temperatures,
considering the free energy contributions from the core, the bc?th copol;?mers sﬁould form PNIPAM-core micelles- \F/)vhile in

corona, and the interfacial region of the micelles of block liaht alkali luti d N ¢ PDEA
copolymers with different architectures. Armes et’&frecently siight alkaiineé Solution and room tempera u‘re, . -co_r:e
micelles should form. The stimuli-responsive ‘schizophrenic

reported the preparation of stimulus-responsive Y-shaped)(AB .7~ ~> * . . o

DHBCs, which can self-assemble into micelles with different mlcelllzatpn behavprwas studied byacomblnatlonDNMR
dimensions compared to those formed by the linear diblock and laser light scattering (LLS). Mostimportantly, the pH-induced
copolymers kinetics of the formation of PDEA-core micelles of PNIPAM-

We have been interested with the micellization kinetics of b-(_PDEA)4and PNIPAMb-PDEAwas studled_forthe first time
DHBCs inthe past 2 years. Linear and nonlinear block copolymers USing stopped-flow pH jump. The chain architectural effects on
should differ considerably in both their micellar structures and the micellization properties and the underlying mechanisms were
the unimer-to-micelle transition kinetié%:42 Quite recently, d'SC_U339d in d?'fall_ by comparing the_kmetlcs and mechanism of
Pispas et &7 reported the first study of the micellization kinetics PH-induced micellization of the nonlinear ABtar copolymer
of nonlinear block copolymers. They synthesized a (PS¥eay and linear AB diblock copolymer.
block copolymer with PI being the inner blocks. In ethyl acetate,

a selective solvent for the PS outer star blocks, (RSB Experimental Section
(30) Hadjichristidis, N.; Pitsikalis, M. latrou, Hidy. Polym. Sci2005 189, Materials. N-Isopropylacrylamide (NIPAM, 97%, Tokyo Kase
1-124. Kagyo Co.) was purified by recrystallization from a mixture of
(31) Hadiichristidis, N.; Pitsikalis, M.; Pispas, S.; latrou,Ghem. Re. 2001, benzene andh-hexane (2/3, viv). 2;2Azobis(isobutyronitrile)
101, 3747-3792. (AIBN) was recrystallized from ethanol. 2-(Diethylamino)ethyl

Ma(c?’rf)%'g};%‘a’le';égg"ggerés"l';_:galdl'Ch”s“d's' N.; Halperin, A Richter, D. - hathacrylate (DEA, Aldrich) was passed through basic alumina
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G. S.; Markoski, L. J.; Zukoski, C. F.; Moore, J. Sangmuir2006 22, 6352~ to use. 2-Cyanoprop-2-yl dithiobenzoate (CPDB) was synthesized
6360.
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according to literature methddTris(2-(dimethylamino)ethyl)amine
(MesTREN) was prepared as described in the literattglycidol
(96%) was purchased from Aldrich and distilled just prior to use.
Copper(l) bromide (CuBr), 2;ipyridine (bpy), 2-bromoisobutyryl
bromide, 2-aminoethanethiol hydrochloride (AHECI), and tri-
ethylamine were purchased from Aldrich and used without further

Ge et al.

RAFT Protocol for the Synthesis of PNIPAM-b-PDEA Diblock
CopolymerNIPAM (6.78 g, 0.06 mol), CPDB (0.1326 g, 0.6 mmol),
and AIBN (19.7 mg, 0.12 mmol) were dissolved in dioxane. The
[monomer]/[CPDBI]/[AIBN] ratio was 100/1/0.2. The solution was
degassed by two freez¢haw cycles before the reaction was left for
24 h at 8C°C in an oil bath. Before the reaction was quenched into

purification. Other regents were purchased from Shanghai Experimentliquid N,, samples were collected and analyzed'slyNMR to

Reagent Co., Ltd. Mono-amino-terminated PNIPAM was synthesized
by the free radical polymerization of NIPAM in methanol at€D
using AIBN and AETFHCI as initiator and chain transfer reagent,
respectively?2-54The crude polydisperse amino-terminated PNIPAM
(1a) was dissolved in water and further purified by successive dialysis

assess the conversion. The quenched reaction mixture was diluted
with dichloromethane before being precipitated in cold diethyl ether
to remove all unreacted monomer. The product was dried in vacuo
at room temperature for 24 h. GPC analysis revealddaof 7900

and anM,,/M,, of 1.09.

using semipermeable membranes with cutoff molar masses of 7000 The resulting PNIPAM homopolymegé, 0.395 g, 0.05 mmol)

and 14 000 g/mol, respectively. Amino-terminated PNIPAM fraction
with molar mass within this range was collected and freeze-dried.
The purified 1a has a number-average molecular weigtt, of
7400 (the degree of polymerization, BP65) and a polydispersity,
Mw/M,, of 1.31, as determined by GPC analysis.

Sample Preparation. Synthesis of PNIPAM-Based Tetrafunc-
tional ATRP Macroinitiator {b). A solution of 1a (3.33 g, 0.45
mmol) in 5 mL THF was added dropwise into the solution of glycidol
(0.12 mL, 1.8 mmol) in 10 mL THF over a period of 0.5 h under
nitrogen protection at 0C.55-57 The reaction mixture was then
stirred fa 2 h atroom temperature. The mixture was precipitated
into anhydrous diethyl ether twice. The product, PNIPAM-(QH)
was collected by filtration and then dried in a vacuum oven overnight
at room temperature.

PNIPAM-(OH), (3.0 g, 0.4 mmol) was added, along with
triethylamine (0.56 mL, 4.0 mmol) and anhydrous THF (50 mL),
to a dried 100 mL one-necked round-bottomed flask immersed in
an ice bathi*2538 This solution was stirred for 30 min, and
2-bromoisobutyryl bromide (0.49 mL, 4.0 mmol) was then added
dropwise to the flask via syringe over 1 h. The reaction mixture was
stirred at 20C for a further 48 h. The resulting insoluble triethylamine
hydrobromide salt was removed by filtration, and most of the THF
was removed by rotary evaporation prior to precipitation into
anhydrous diethyl ether for four times. The product, PNIPAM-Br
(1b) was collected by filtration and then dried in a vacuum oven at
room temperature.

ATRP Protocol for the Synthesis of Miktoarm,/&sar Copolymer.
The PNIPAM-based ATRP macroinitiatotlf, 1.63 g, 0.2 mmol,
0.8 mmol initiating sites), DEA (11.2 mL, 56 mmol), MEREN
(0.184 g, 0.8 mmol), and 2-propanol (11.2 mL) were added to the
reaction flask, and the solution was degassed by two fretzav
cycles. After the solution temperature was increased 4 &uCl

(79.6 mg, 0.8 mmol) was introduced as a solid into the reaction flask
to start the polymerization at this temperature. The reaction solution

became dark green and more viscous as polymerization proceede

After about 12 h, the conversion was higher than 95%. The reaction

mixture was diluted with THF and passed through a neutrgDAI
column to remove the residual ATRP catalyst. After the solvent was
removed, the product was extracted with ice-cold wat€xQQOpH

9) several times to remove any traces of unfunctionalized PNIPAM

and then dissolved in acidic water (pH 4). The aqueous solution was

was employed as a macroRAFT agent for the polymerization of
DEA (3.01 mL, 15 mmol). The polymerization was conducted in
1,4-dioxane (4 mL) at 80C with AIBN (1.6 mg, 0.01 mmol) as the
initiator. The [monomer]Za]/[initiator] ratio was 300/1/0.2. The
solution was degassed by two freezkaw cycles before the reaction
mixture was stirring at 80C in an oil bath. Before the reaction was
quenched, samples were collected and analyzeéHolNMR to
assess the conversion. After about 24 h, the reaction mixture was
diluted with dichloromethane. After solvent evaporation, the products
were extracted with ice-cold water (@€, pH 9) several times to
remove any traces of unreacted PNIPAM macroinitiator and then
dissolved in acidic water (pH 4). The aqueous solution was then
dialyzed by using semipermeable membrane (cutoff molar mass,
14000 Da) for 1 day to remove residual DEA monomer and
unfunctionzalized PNIPAM. The copolymer solution was recovered
by freeze drying. GPC analysis revealed\&nof 55200 g/mol and

a polydispersity of 1.32.

Characterization. Nuclear Magnetic Resonance (NMR) Spec-
troscopy All *H NMR spectra were recorded on a Bruker 300 MHz
spectrometer using CD&br D,O as solvents.

Gel Permeation Chromatography (GPCMolecular weight
distributions were determined by GPC using a series of two linear
Styragel columns HT3, HT4 and a column temperature ofG5
A Waters 1515 pump and Waters 2414 differential refractive index
detector (set at 30C) were used. The eluent was THF at a flow rate
of 1.0 mL/min. A series of six low polydispersity polystyrene
standards with molecular weights ranging from 800 to 400000 g/mol
were used for the GPC calibration.

Laser Light Scattering (LUSA commercial spectrometer (ALV/
DLS/SLS-5022F) equipped with a multi-tau digital time correlator
(ALV5000) and a cylindrical 22 mW Uniphase H&le laser {o =
632 nm) as the light source was used. In static LLS (SLS), we can
obtain the weight-average molar mabh,j and thez-average root-
mean square radius of gyratiorn R2?>2 or written as<Ry>) of

olymer chains in a dilute solution from the angular dependence of
he excess absolute scattering intensity, known as Rayleigh ratio

Rn(0), as

KC 1

R(@ M, )

1
(L+3<R> @) +2AC

dialyzed by using semipermeable membrane (cutoff molar mass, WhereK = 4z?n?(dn/dC)%/(Nalo®) andq = (4zn/Ag)sin(6/2) with

14000 Da) for 1 day to further remove any residual DEA monomer
and PNIPAM. PNIPAMb-(PDEA),was recovered by freeze-drying.
GPC analysis revealed aw, of 54400 and aM,/M,, of 1.23.

(50) Moad, G.; Chiefari, J.; Chong, Y. K.; Krstina, J.; Mayadunne, R. T. A;;
Postma, A.; Rizzardo, E.; Thang, S. Polym. Int.200Q 49, 993-1001.

(51) Queffelec, J.; Gaynor, S. G.; Matyjaszewski,Nkacromolecule200Q
33, 8629.

(52) Chen, G. H.; Hoffman, A. Nature 1995 373 49-52.

(53) Zhang, J. X.; Qiu, L. Y.; Zhu, K. J.; Yin, YMacromol. Rapid Commun.
2004 25, 1563-1567.

(54) Durand, A.; Hourdet, DPolymer1999 40, 4941-4951.

(55) Mori, H.; Lanzendorfer, M. G.; Muller, A. H. E.; Klee, J.dacromolecules
2004 37, 5228-5238.

(56) Mori, H.; Lanzendorfer, M. G.; Muller, A. H. E.; Klee, J. Eangmuir
2004 20, 1934-1944.

(57) Mori, H.; Muller, A. H. E.; Klee, J. EJ. Am. Chem. So@003 125,
3712-3713.

Na, dn/dC, n, and 1o being the Avogadro number, the specific
refractive index increment, the solvent refractive index, and the
wavelength of the laser light in a vacuum, respectively; Ants
the second virial coefficientrddC was determined using an Optokem
differential refractometer operating at 632.8 nm. Strictly speaking,
hereR () should beR,(q) because there is no analyzer before the
detector. However, the depolarized scattering of the solution studied
is insignificant so thaR,.(q) ~ Rn(q). Also note that in this study,
the sample solution was so dilute that the extrapolatio@ ef O
was not necessary, and the ter#,@ in eq 1 can be neglected.
In dynamic LLS (DLS), the Laplace inversion of each measured
intensity, intensity-time correlation functiorG@(q,t) in the self-
beating mode, can lead to a line-width distribut®{I’). For a pure
diffusive relaxation,I" is related to the translational diffusion
coefficientD by (I'/g?)c—o0q-0— D, or further to the hydrodynamic
radiusR, via the StokesEinstein equationR, = (kgT/6s10)/D,



Synthesis and ‘Schizophrenic’ Micellization

Langmuir, Vol. 23, No. 3, 200717

Scheme 1. Schematic lllustration for the Preparation of PNIPAMy-b-(PDEA;)4 (AB4) Miktoarm Star (1c) and
PNIPAM -b-PDEA,, (AB) Diblock Copolymers (2b)

AIBN

HSCH,CH,NH,*HC1

S

o N\/\s
g PDEAW

AIBN, CPDB

dioxane, 80 °C

A

2a

Bi /
DEA B
m T
CuCl, MecTREN 00 NN -
O
Br>)’;7_/

S
o . > N o=
NC S dioxane, 80 °C o]
HN HN \o S
/K 0 )\

HN \o
Ta /K

o)
1)L _CH,OH
dialysis

>~

(2)Br Br

Br: 0 1b

AIBN, DEA

where kg, T, and 7o are the Boltzmann constant, the absolute developed. The general synthetic routes used for the preparation

temperature, and the solvent viscosity, respectively.
Transmittance Measurementhe transmittance of the aqueous

of PNIPAM-b-(PDEA), miktoarm star copolymers and linear
PNIPAM-b-PDEA diblock copolymers are shown in Scheme 1.

and measured at a wavelength of 600 nm using a thermostatically pnjpAM-based ATRP macroinitiattb, is the addition reaction

controlled couvette.
Stopped-Flow with Light-Scattering DetectioStopped-flow

studies were carried out using a Bio-Logic SFM300/S stopped-flow
instrument. The SFM-3/S contains three stepmotor-driven 10 mL

between the terminal primary amine grouplafwith glycidol,
forming the tetrahydroxyl-terminated PNIPAM, PNIPAM-(QH)
This is followed by the esterification of terminal hydroxyl groups

syringes (S1, S2, S3) that can be operated independently to carnVith excess 2-bromoisobutyryl bromide, resulting in the ATRP
outsingle- or double-mixing. The SFM-300/S stopped-flow apparatus Macroinitiatorslb. PNIPAM-b-(PDEA), is obtained by poly-
is attached to a MOS-250 spectrometer; kinetic data were fitted merizing DEA via ATRP usindlb as macroinitiato?#2538

using a Biokine program supplied by Bio-Logic. For light-scattering

detection at a fixed scattering angle of’9both the excitation and

Synthesis of Miktoarm ABstar Copolymer Using the PNIPAM-
Based ATRP Macroinitiatof1b). A mono-amino-terminated

emission V\{avelengths were adju'_s_ted_to 335 nm with 10 nm slits_. homopolymerla, was used as a precursor for the synthesis of
The dynamic trace at each compositionis averaged from 10 successiVgatrafunctional ATRP macroinitiator. The terminal primary amine

shots. Using FC-08 or FC-15 flow cells, the typical dead times were
1.1and 2.6 ms, respectively. The solution temperature was maintaine
at 20°C by circulating water around the syringe chamber and the
observation head. All solutions prior to loading into the motor-

driven syringes were clarified by 0.48n Milliopore nylon filters.

Results and Discussion

The syntheses of miktoarm star copolymers have been
extensively explored. Various techniques such as high vacuum

anionic polymerizatioR?/—31.34.58-60 ATRP 24.25.61IRAFT 30ring-
opening polymerization (ROPY, nitroxide-mediated radical
polymerization (NMP), or a combination of thé#nf°have been

(58) Mavroudis, A.; Avgeropoulos, A.; Hadjichristidis, N.; Thomas, E. L.;
Lohse, D. JChem. Mater2006 18, 2164-2168.

(59) Velis, G.; Hadijichristidis, NMacromoleculesl999 32, 534-536.

(60) Wang, X.; Xia, J.; He, J.; Yu, F.; Li, A.; Xu, J.; Lu, H.; Yang, Y.
Macromolecule2006 39, 6898-6904.

(61) Chen, J. F.; Wang, X. Z.; Liao, X. J.; Zhang, H. L.; Wang, X. Y.; Zhou,
Q. F.Macromol. Rapid Commur2006 27, 51-56.

(62) Li, Q. B.; Li, F. X.; Jia, L.; Li, Y.; Liu, Y. C.; Yu, J. Y.; Fang, Q.; Cao,
A. M. Biomacromolecule®006 7, 2377-2387.

(63) Yu, X. F.; Shi, T. F.; Zhang, G.; An, L. Polymer2006 47, 1538-1546.

(64) Miura, Y.; Narumi, A.; Matsuya, S.; Satoh, T.; Duan, Q.; Kaga, H.; Kakuchi,
T. J. Polym. Sci., Part A: Polym. CherR005 43, 4271-4279.

roup oflawas reacted with excess glycidol ([glycidol]/[NH
= 4.0), affording a tetrahydroxyl-terminated PNIPA®I>’ The
addition reaction between terminal primary amine group and
glycidol is evidenced by the appearance of new signafs=at
3.4-3.7 ppm { + @), which were ascribed to the methylene
protons next to the four terminal hydroxyl groups (Figure 1a and
1b). In Figure 1b, the ratio of integrals of pebko f + g is
~10/1, this lead us to conclude that that the starting material,
PNIPAM-NH, (1a), was quantitatively transformed into tet-
rahydroxyl-terminated PNIPAM.

The tetrafunctional ATRP macroinitiatotp, was obtained
by esterification of this tetrahydroxyl-terminated PNIPAM with
excess 2-bromoisobutyryl bromide. A new signabat 4.2—
4.4 ppm appears, which was ascribed to the ester methylene

(65) Miura, Y.; Sakai, Y.; Yamaoka, KMacromol. Chem. Phy2005 206,
504-512.

(66) Miura, Y.; Yamaoka, K.; Mannan, M. A2olymer2006 47, 510-519.

(67) Guo, Y. M.; Pan, C. Y.; Wang, J. Polym. Sci., Part A: Polym. Chem.
2001, 39, 2134-2142.

(68) Luan, B.; Zhang, B. Q.; Pan, C. ¥.Polym. Sci., Part A: Polym. Chem.
2006 44, 549-560.

(69) Tunca, U.; Ozyurek, Z.; Erdogan, T.; Hizal, &.Polym. Sci., Part A:
Polym. Chem2004 42, 4228-4236.
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Figure 1. H NMR spectra of (a): PNIPAM-NH (1a), (b):
PNIPAM-(OH),, and (c): PNIPAM-based tetrafunctional ATRP
macroinitiator {b) recorded in CDGl

protons { + g) (Figure 1c). We can also observe a new signal
ato = 1.9 ppm {), which was due to the methyl groups of the
four terminal bromoisobutyryl groups ob (Figure 1c). However,

Ge et al.

b)
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M, =7400 g/mol

MM, =123

18 20 22 24 26
Elution time (min)

Figure 2. THF GPC traces of (a) mono-amino-terminated PNIPAM
(1a) and (b) PNIPAMs-b-(PDEAs3)4 AB 4, miktoarm star copolymer
(0.

copolymers {c).386870 The DP of each PDEA branch was
calculated to be 63 from it NMR spectrum. Thus the AB
miktoarm star copolymer, PNIPAj-b-(PDEAs3)4, was suc-
cessfully obtained.

Synthesis of PNIPAM-b-PDEA Diblock Copolymer through
RAFT PolymerizationThe synthetic route for the PNIPAM-
PDEA diblock copolymer is also shown in Scheme 1. First, a
PNIPAM homopolymer Za) with a narrow polydispersity and
comparable DP to that of PNIPAM-NHvas synthesized via
RAFT polymerization. The preparation of PNIPAMPDEA
diblock copolymer2b) was achieved using the above PNIPAM
as macroRAFT agent. In the process of RAFT polymerization
of DEA, a significant low molecular weight shoulder was observed
by GPC, probably because a minority of PNIPAM chains lost
their dithiobenzoate chain ends. So the product was first extracted
with ice—water (at pH 9) to remove any traces of PNIPAM. To
further remove the residual DEA monomer, the product was
dissolved in acidic water at pH 4 and then dialyzed using

due toits overlapping with the backbone protons, it was impossible SéMipermeable membrane for 1 day. Thus, residual DEA
to further quantify the degree of esterification based on this signal. Menomer and PNIPAM homopolymer can be removed. The GPC

A comparison between Figure 1b and 1c told us that the signals
atd = 3.4—3.7 ppm completely disappeared, and this strongly
suggested the complete esterification of four terminal hydroxyl

groups. Compared tba, GPC analysis olb revealed a slight
peak shift to higher molecular weight, yielding it of 7800.
The symmetric GPC trace dfb told us that the end-group

functionalization has no adverse effect on the integrity of the

PNIPAM chain.

Tetrafunctional macroinitiatorlb, was then used to initiate
the ATRP polymerization of DEA monomer. To avoid the

deactivation of the copper catalyst through complexation with

amide groups of PNIPAM, M REN was used as the ligand.

traces of PNIPAM and purified PNIPAN)-PDEA are shown
in Figure 3. The DP of PNIPAM block is 70, as determined by
GPC. The DP of the PDEA block was calculated to be 260, as
determined fromH NMR.

Thermo- and pH-Respong& Micellization of PNIPAM-b-
(PDEA),. PNIPAM and PDEA homopolymers exhibit funda-
mentally different stimuli-responsive solubility. PNIPAM ho-
mopolymer dissolves in cold and dilute aqueous solution but
becomes insoluble at32°C due to its well-known lower critical
solution temperature (LCST) phase beha#ioPDEA ho-
mopolymer exhibits pH-dependent solubility. It is soluble in
acidic solution as a weak cationic polyelectrolyte but phase
separates out at around neutral $#4° For the AB; miktoarm

The monomer conversion was higher than 95% after 12 h. Typical g4, copolymer, PNIPAN:-b-(PDEAg3)s, and linear diblock

GPC traces of PNIPAM-NEand PNIPAMb-(PDEA), are shown

copolymer, PNIPAMg-b-PDEAxsq We can expect that they will

in Figure 2. Both GPC curves were monomodal and quite gyipit thermoresponsive and pH-responsive ‘schizophrenic’

symmetric, indicating that well-defined nonlinear ABlock

micellization behavior via a proper combination of solution pH

copolymers were successfully obtained. Ifthe resulting nonlinear anq temperature.

block copolymer chains contained four, three, or two PDEA

Figure 4 shows the!H NMR spectra recorded for the

branches (which might take place due to the intramolecular PNIPAMes-b-(PDEAs3)4in DO at different solution conditions.

irreversible termination reactions or the inefficient initiation
during polymerization), the GPC curve should exhibit a tail at

the lower molecular weight side. We can at least conclude that

the major products are the desired nonlinear miktoarmi#i&ck

At 20 °C and pH 4, both PNIPAM and PDEA blocks were

(70) Cong, Y.; Li, B. Y.; Han, Y. C.; Li, Y. G.; Pan, C. Wacromolecules
2005 38, 9836-9846.
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Figure 3. THF GPC traces of (a) PNIPAM macroRAFT agea)
and (b) PNIPAMgb-PDEAx diblock copolymer 2b) after
purification.
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Figure 4. 1H NMR spectra of PNIPAMs-b-(PDEAg3), (10) in (a)
D,0 at pH 4 and 20C (molecularly dissolved copolymer), (b0
at pH 10 and 20C (PDEA-core micelles), and (c),D at pH 4 and
40 °C (PNIPAM-core micelles).

hydrophilic, thus the miktoarm star copolymer dissolved
molecularly in dilute aqueous solution aldl NMR signals due

to both blocks were visible (see Figure 2a). Upon addition of a
small amount of NaOD into the molecularly dissolved solution
at 20°C, micellization occurred at pH 8 or higher, indicated by
the appearance of characteristic bluish tinge (see Figure 4b).
Comparing Figure 4a and 4b, it is clear that the signals due to
the PDEA block av = 1.2, 3.1, 3.5, and 4.4 ppm completely
disappeared. This suggested that PDEA-core micelles were
formed#44°with the still-solvated PNIPAM block forming the

Langmuir, Vol. 23, No. 3, 2001719
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Figure 5. Temperature dependence of transmittance of the aqueous
solution of PNIPAMs-b-(PDEAg3)at pH 4 and pH 10, respectively.
The copolymer concentration was 1.0 g/L.
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Figure 6. Hydrodynamic radius distribution&R;), of the aqueous
solution of PNIPAMs-b-(PDEAs3), at different temperatures (20
and 40°C) and pH 4; the copolymer concentration was 0.2 g/L. The
inset showed the temperature dependence of scattering intensities.

micellar corona. At pH 4 and elevated temperatures, PNIPAM-
core micelles were expected to form. Figure 4c showslthe
NMR spectrum of PNIPAMs-b-(PDEAs3)4 at pH 4 and 40C.
It was found that the signals due to PNIPAM block almost
disappeared, and the signals due to the PDEA residues were still
prominent, suggesting the formation of PNIPAM-core micelles.
Figure 5 shows the variation of transmittance of the aqueous
solution of PNIPAMs-b-(PDEAs3)4 as a function of temperature
at pH 4 and pH 10, respectively. At pH 4, the transmission
decreased only moderately above°85 accompanied with the
appearance of bluish tinge, characteristic of micellar solutions.
This was in agreement with the formation of PNIPAM-core
micelles. The micelles were stabilized by the protonated PDEA
block. In marked contrast, at pH 10, heating the initially bluish
solution (formation of PDEA-core micelles) above 3led to
macroscopic phase separation and hence a turbid solution. At pH
10 and above the LCST, the PNIPAM corona cannot stabilize
the hydrophobic PDEA coré.
The ‘schizophrenic’ micellization behavior of PNIPAgb-
(PDEAg3)4was further studied by dynamic and static LLS. Figure
6 shows the hydrodynamic radius distributiorféR,), of
PNIPAMgs-b-(PDEAs3)4 aqueous solution at different temper-
atures (20 and 4%C) and pH 4. The inset showed the temperature
dependence of the scattering intensities at pH 4. From the inset,
we can see thatthe scattering lightintensities increase considerably
when the temperature was above®85 which agreed well with
the transmittance results obtained from Figure 5. Af@Gand
pH 4, the miktoarm star copolymer is molecularly dissolved and
the solution is clear. The average hydrodynamic raditg,>,
is ca. 9 nm. At 40C and pH 4, the<R,> increased to 24 nm,
and the increase of scattering intensities at elevated temperatures

(71) Zhang, Y. F.; Luo, S. Z,; Liu, S. YMacromolecule®005 38, 9813~
9820.
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Figure 7. Hydrodynamic radius distributiongR), of PDEA-core
micelles of PNIPAMs-b-(PDEAg3)4 (A) and PNIPAM-b-PDEAs
(a) at pH 9 and 2C0C; the copolymer concentration was 0.2 g/L.

PDEA-Core Micelles
wt pH 9 and 20 °C

PNIPAM-Core Micelles
at pH 4 and 40 °C

all confirmed the formation of PNIPAM-core micelles. The
polydispersity indexes of the size distributions/{?) of the
aqueous solution of PNIPAM-b-(PDEAg3)4 at 20 and 40C (at

; Figure 8. A schematic illustration of the ‘schizophrenic’ micel-
pH 4) were 0.14 and 0.18, respectively. Apparently, PNIRAM 9 > )
b-PDEAgso exhibited similar thermoresponsive micellization lization behavior of PNIPAMB-(PDEA), miktoarm star copolymer.

. ) . Unimers, PDEA-core micelles, and PNIPAM-core micelles were
behavior, and the details have not been further checked in theggrmed at different solution conditions.

present study.

At pH 10 and room temperature, both the miktoarm,ARd 5 035
linear AB copolymers formed PDEA-core micelles. Figure 7
shows the hydrodynamic radius distributidif®,), of PNIPAMgs-
b-(PDEAs3)4 and PNIPAMg-b-PDEAxso micelles at pH 10 and
a copolymer concentration of 0.2 g/L. Clearly, the PDEA-core
micelles of PNIPAMs-b-(PDEAs3)4 were smaller than that of
PNIPAM;¢-b-PDEAxgo, and the<R,> of both micelles were 41
and 64 nm, respectively. Both micelles were relatively narrow-
disperse withu,/T? of ~ 0.1. Based on the above discussion, a ) ) )
schematic illustration for the ‘schizophrenic’ micellization of 0 2 4 6 8
PNIPAM-b-(PDEA), is summarized in Figure 8. Time /s

The two copolymer micelles were further characterized by Figure 9. Time dependence of the scattering light intensities of
static LLS, and the results are summarized in Table 1. The apparengqueous solutions of PNIPAd#b-(PDEAes), upon a pH jump from
molar masses of the PDEA-core micelles of PNIPAN- 4to10at20C. From bottom to top, the final copolymer concentration
(PDEAs2)s and PNIPAMg-b-PDEAssowere 7.6x 10fand 1.2 'anged from 0.05 to 0.35 g/L.

x 10" g/mol, respectively. The aggregation numbers of both py stopped-flow mixing the polymer solution with aqueous NaOH
micelles were 140 and 210, respectively. The PDEA-core micelles so|ution. Typical dynamic traces of the micellization process for
of PNIPAMgs-b-(PDEAs3), have a larger density (0.044 g/8m  pN|PAMs-b-(PDEAs3)s upon a pH jump from 4 to 10 at different
than that of PNIPAMo-b-PDEAy0 (0.018 g/cm). Thiswasin - final polymer concentrations are shown in Figure 9. If the final
agreement with the results obtained by Pispas®éTdley reported  copolymer concentration is lower than 0.05 g/L, we did not
that AB, Y-shaped block copolymers formed micelles with  gpserve any relaxation processes, and the dynamic curve remained
smaller size and lower aggregation number compared to that ofa straight line. At a final polymer concentration of 0.05 g/L, we
the AB linear diblock copolymer with similar block composition  ¢an discern a moderate increase of scattering intensities. Based
and molecular weight. On the basis of the simple scaling theory on our previous studies of the pH-induced micellization kinetics
developed by Pispas et 8f.the branching of the PDEA block of PGMA-b-PDMA-b-PDEA% the cmc of the PDEA-core
inthe case of PNIPAM-b-PDEAxgpincreased the elasticenergy  micelles of PNIPAMgb-(PDEAs3)s Was determined to be0.05

of the stretching of the insoluble PDEA block inside the micellar glL.

core. Thus, the aggregation number needed to be decreased 0 \when the final copolymer concentration was larger than 0.05
compensate the fixed gain in aggregation energy. If the PDEA- g/  relaxation process with positive amplitudes was always
core micelles of PNIPAM:-b-(PDEAe3)s and PNIPAM-b- observed (Figure 9). The time dependence of the scattering light
PDEAgso copolymers had the same aggregation number, it was jntensity|, can be converted to a normalized function, namely,
reasonable to expectthat the former would form smaller micelles (le — 1)/l VST, Wherel,, is the value of; at an infinitely long

with larger densities due to the possibility of more compact time, A single-exponential function cannot fit the relaxation curve
packing of the branched PDEA arms. In our case, the aggregationvery well (Figure 10, top), especially for the first 0.5 s, which

S
T
S
b

Scattering intensity

\i

(=}

number of PDEA-core micelles of PNIPAMb-(PDEAs3)a was is the most interesting to us because kinetics are the mostaccurate

lower than that of PNIPAMyb-PDEAo so it was quite gt their initial stages. Empirically, we found that such a function

understandable that the former formed smaller micelles. could be well fitted by a double-exponential function (Figure 10,
pH-Induced Micellization Kinetics of AB 4 Miktoarm Star bottom):

and AB Block Copolymers. We then further studied the pH-

induced micellization kinetics of PDEA-core micelles of (I, — 1)1, =ce "™ +ce'™? 2)

PNIPAMgs-b-(PDEAs3)s and PNIPAMg-b-PDEAgsoupon a pH
jump from acidic to alkaline conditions. The pH jumpwas realized wherec; andc; are the normalized amplitudes, (= 1 — ¢y),



Synthesis and ‘Schizophrenic’ Micellization

Langmuir, Vol. 23, No. 3, 2Q021

Table 1. LLS Characterization Results of PDEA-Core Micelles of PNIPANMs-b-(PDEAs3)s and PNIPAM 7g-b-PDEA,6 at pH 9 and 20

oca
samples <Ry> (nm) <Ry> (hm) <Ry>/<Ry> M, app Nagg
PNIPAMgs-b-(PDEAg3)4 23 41 0.56 7.6x 10° 140
PNIPAM;¢-b-PDEAgso 40 64 0.63 1.2 10 210
aThe copolymer concentration is 0.2 g/L.
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Figure 10. Typical time dependence of the scattering light intensities
recorded during micelle formation from PNIPAMb-(PDEAg3)4

micelle formation kinetic traces upon a pH jump from 4 to 10 for
PNIPAM;q-b-PDEAsodiblock copolymer at different final polymer
concentrations. The temperature was fixed af@0

induced by a pH jump from 4 to 10. The top and bottom figures were kinetics of PNIPAMs-b-(PDEAs3), and PNIPAM-b-PDEAggo
fitted by single and double exponential functions, respectively. The exhibit some fundamental differences.

°C.

copolymer concentration was 0.2 g/L and the temperature was 20 Fqr the unimer-to-micelle transition of block copolymers,

Mattice et al’? performed computer simulations that suggested

7, andr, are the characteristic relaxation times of two processes, the presence of two processes with different time scales: the

71 < 72. Both 7y andt, have positive amplitudes. The overall
relaxation time for the micellization procesg,can be calculated
as

T = C Ty T CTy )

All the dynamic curves in Figure 9 can be well fitted with a
double-exponential functiorry, 7, and the calculated based
on eq 3 are shown in Figure 14, was in the range 0.650.15
s and decreases with copolymer concentratigrwas ~0.8—

volume fraction of free chains reaches its equilibrium value very
quickly in the fast step, followed by a slower step toward the
equilibrium state. Dormidontova and co-work&r& 7“further
proposed a micelle fusion/fissierunimer expulsion/entry joint
mechanism for the formation of block copolymer micelles. Rapid
micelle fusion/fission dominated over unimer entry/expulsion
initially (fast process), while the latter process dominated on
longer time scales (the slow process). In our previous investigation
of the pH-induced micellization of PGMA-PDMA-b-PDEA
triblock copolymer, we have interpreted the kinetic data in the

0.9, which was essentially independent of polymer concentrationsframe of above theoretical consideratidhs.

in the range studied; for the overall micelle formation process
was in the range 040.6 s, which decreased with polymer
concentrations.

For the pH-induced micellization of PNIPAdb-(PDEAs3)4
and PNIPAMgb-PDEAxs upon a pH jump from 4 to 10, the
relaxation time of the fast process;) for both copolymers

In the same concentration range, the pH-induced micelle decreased with increasing copolymer concentration. The fast

formation kinetics of PNIPAMy-b-PDEAseo Was also studied.
The polymer concentration dependence fr,, andz; for the
micellization processes are shown in Figure #2.75, andt;
wereintherange 0.320.2s,1.6-1.3s,and 0.81 s, respectively.
All of the three relaxation times decreased with polymer
concentrations. The kinetics of the micellization of PNIPAM
b-PDEAyso was systematically slower than that of PNIPAM
b-(PDEAs3)4. We thus found that the pH-induced micellization

process was known to be associated with the quick association
of unimers into large amounts of small micelles and the formation
of quasi-equilibrium micelles. Thus, the growth of small micelles

(72) Wang, Y. M.; Mattice, W. L.; Napper, D. HLangmuir1993 9, 66—70.

(73) Esselink, F. J.; Dormidontova, E.; Hadziioannou,MN&cromolecules
1998 31, 2925-2932.

(74) Esselink, F. J.; Dormidontova, E. E.; HadziioannouMacromolecules
1998 31, 4873-4878.
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for PNIPAMgs-b-(PDEAs3)sand PNIPAM-b-PDEAssoand their copolymer is about twice as that of the AB linear diblock
growth into quasiequilibrium micelles proceeded mainly viathe copolymer. This will lead to a smaller surface area per PNIPAM
fusion/fission mechanisnm; of PNIPAMgs-b-(PDEAs3)4 was chain at the coreshell interface for the AB case, i.e., the
systematically smaller than that of PNIPAyb-PDEAggs The PNIPAM coronal chains will be more stretched. Thus we can
fast process was associated partially with the diffusion rate of reasonably speculate that for PNIPAdvb-(PDEAg3)s, the fusion/
unimer chains. At comparable composition and molecular weight, fission of quasiequilibrium micelles in the second process will
the hydrodynamic volume of the branched A@®polymer will be less favorable compared to that of PNIPAN-PDEAys

be smaller than that of the AB diblock copolymer; thus, the  The calculated; based on eq 3 for the overall micellization
translational diffusion coefficienD, of the former will be Iarggr process of PNIPANM-b-(PDEAs3)s was smaller than that of
than.that of the former. Thus we can reasonably explain the PNIPAM;¢-b-PDE A, possibly due to that the former formed
obtained smallerr, for the AB, miktoarm star copolymer  micelies with much lower aggregation numbers. The larger

compared to that of the linear AB diblock copolymer. translational diffusion coefficient of PNIPAjb-(PDEAs3), may
The slow processf) was associated with micelle formation/ o4 contribute to the observed differences.

breakup, leading to micelles with larger aggregation numbers
and lower number density of micelles. Two mechanisms, unimer
entry/expulsion and micelle fusion/fission, may take effect in

this slow process. For block copolymers, the characteristic  \ell-defined double hydrophilic miktoarm ABstar copoly-
relaxation time for a copolymer chain to escape fromthe micelles mer, PNIPAMb-(PDEA),, was synthesized by polymerizing
has been theoretically discussed by Halperin and Alexafoler  >_(diethylamino)ethyl methacrylate (DEA) via atom transfer
the basis of scaling analysis within the context of Aniansson and (ggical polymerization (ATRP) in 2-propanol at 46 using a
Wall (A-W) theory’>for small molecule surfactants. Their main  tetrafunctional initiator, where PNIPAM was polisopropy-
conplusmn was thgt the entry/expulspn of individual chains lacrylamide) and PDEA was poly(2-(diethylamino)ethyl meth-
(unimer exchange) is the only mechanism for block copolymer 4¢yate). To study the chain architectural effects on the micellar
micelle evolution. Extensive temperature jump (typically = properties and kinetics, PNIPAM-PDEA linear diblock co-
1-2°C) experiments conducted oRR&En triblock copolymers oy mer with comparable molecular weight and composition to
(where E = poly(ethylene oxide) andP= poly(propylene 5t of PNIPAMb-(PDEA), was also prepared. The pH- and
oxide)) using light scattering detection have partially verified o moresponsive ‘schizophrenic’ micellization behavior of the
the proposed micellization dynamits.’8 However, there existed obtained PNIPAMs-b-(PDEAsz), miktoarm star and PNIPAM-
evidence thaF miqelle fission/fusion may glso play an important b-PDEAge linear diblock copolymers were investigated by a
role,o-s2 gQ'Ch is contrary to Halperin and Alexander's combination of'H NMR and laser light scattering (LLS). In
predictions: acidic solution and elevated tem i
. peratures, PNIPAM-core micelles

Frpr’g F|gurde 1% er can :ell thagof PN'FAtMss'b'(E%EA“)“ redVere formed. Atslightly alkaline condition and room temperature,

was Independent ot copolymer concentration, which suggeste structurally inverted PDEA-core micelles were formed. The size

Ao as e e POEA-core micelles o PNIPAY(PDEAs1s
yIexp ' smaller than that of PNIPAM-b-PDEAsss Furthermore, the

observe the decreasefwith polymer concentration because pH-induced micellization kinetics of the ABniktoarm star and

larger polymer concentrations will lead to faster micelle fusion. AB block copolymers were investigated by the stopped-flow

Thisis similar to our previous studies of the micellization kinetics liaht scattering techniaue upon a oH iumop from 4 to 10. Typical
of PGMA-b-PDMA-b-PDEA 4 From Figure 12, we know that /9 S Ing Ique upon a pri Jump - LYPI
kinetic traces for the micellization of both copolymers can be

f PNIPAM7¢-b-PDE r with increasin lymer . - . . L
zz%centratior:?-guggegﬁzogiﬁa?izisslotw pioiaesssgfg??k?eyIineearwe” fitted with double gxponenhal functions, yielding a fas(
PNIPAM;7¢-b-PDEAyg proceeds via the fusion/fission mecha- and a slow ) relaxation processes; for both copolymers
nism. glecreased with increasing polymer .concentratlmfl.was

The fundamental differences in the mechanisms of the slow independent of polymer concentration for PNIPAWb-
process can be explained in terms of the extent of stretching of (PDEAe3)s, suggesting that Fhe mlcell_e formatlon/break_up inthe
coronal PNIPAM chains. From the structural parameters of the SIOW Process proceeded via the unimer entry/expulsion mech-
two types of micelles listed in Table 1, we can calculate that the 21ISM.72 decreased with increasing polymer concentration for
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