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Abstract: Star-shaped poly(vinyl ether)s with narrow molecular weight distributions were obtained from
polymer-linking reactions of living polymers with a divinyl compound based on living cationic polymerization.
For example, living polymers (DP, = 50—300) of isobutyl vinyl ether (IBVE), prepared with a cationogen/
EtAICI; at 0 °C in hexane in the presence of ethyl acetate, were allowed to react with a small amount of
1,4-cyclohexanedimethanol divinyl ether (DVE-1) to give a star-shaped poly(IBVE) in quantitative yield
(100%). In addition, a notable feature of this star-shaped polymer was extremely narrow molecular weight
distribution (Miw/M, = 1.1—1.2). The structure of divinyl compounds and reaction conditions for the linking
reaction are key factors for achieving quantitative yield of star-shaped polymers. To our best knowledge,
this is the first example of selective preparation of star-shaped polymers with narrow molecular weight
distribution via one-pot polymer-linking reactions, which has never been achieved in any other mechanisms.
The M, and the number of arms per molecule ranged from 6 x 10*to 30 x 10* and 9 to 44, respectively.
Thermosensitive star polymers were also synthesized in quantitative yield, and the products were found to
undergo sensitive phase separation and physical gelation.

Introduction ous star polymers with many arms and low polydispersity have
been synthesized, mostly using the first two methods. For
example, multifunctional initiatot8~17 or chain transfer agerifs

with dendritic scaffolds were utilized for the star polymer

Functionalized nanoparticles with uniform size, such as
dendrimers, have attracted much attention in a variety of fields
over the past decadé.However, the synthesis of dendrimers e Y ) =
by existing methods is arduous and time-consuming. The synthesis in .COFIUONPTd/l.IVIng.r{:\dlcal polymer|2§t|on_ N
synthesis of star polymers is one of the easiest methods for "€ reaction of linking living polymers with a divinyl
preparing nanoparticles with functional groups, and the spherical €°MPound is a ready and effective means of preparing star
shape and dense structure of this polymer form are expected tg?ClYMers with many arms, although the number of arms has a
provide a suite of properties and functions different from that Statistical distribution, affording polymers with a broad molec-
of linear polymerg:# In general, the synthesis of star polymers Ular weight distribution (MWD} 141920This synthesis method
is achieved by living polymerization with a multifunctional IS @lS0 complicated by the persistence of some of the unreacted
initiator, coupling of a linear living polymer with a multifunc- ~ Starting polymer”6-141920 especially when longer linear
tional coupling agent, or linking of linear polymers with a polymers are employed. The incomplete consumption of linear

divinyl compounc®8 The development of living/controlled
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radical polymerization has revitalized the field of star polymer
synthesis, especially for functionalized star polyntetd.Vari-
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Scheme 1. Synthesis of Star-Shaped Polymers by the Reaction of Living Polymers with a Divinyl Ether in the Presence of an Added Base
)

EtAICI,

]
CHa_?H_O_ﬁ_CHs - » CHS_?HWCHQ_?H '""'X“"""O:C—CH;;
_— o !

(o] (o] OiBu 0iBu 0O---EtAICI

| oiB ’

CH u

VRN
H;C CH; IBVE

\Lo—cnz@cnz-o—/

DVE-1
R R R
Polymer Linking =
- L
P S— \ e
4 ' R R R

polymers and the less-controlled structure forces one to conductshaped polymers. Here, we report our results describing the first
fractionation to obtain a star polymer with a narrov MWD. example of selective preparation of star-shaped polymers with
Since the first example in anionic polymerization was reported, narrow MWD via one-pot linking reactions of living polymers
this problem has been too formidable to be solved. Very with bifunctional vinyl compound$® Furthermore, thermosen-
recently, the incremental addition of divinylbenzene to a sitive star-shaped block copolymers were prepared, the aqueous
polystyryllithium solution was shown to give star polymers with  solutions of which were found to undergo reversible physical
narrow MWDs in very high yield?! gelation.

However, one-dose addition of a bifunctional vinyl compound ) )
has never realized selective and quantitative formation of star Experimental Section

polymers with many arms. This is also the case with the star  \aterials. Commercial IBVE (TCI) was washed with 10%
polymer synthesis by cationic polymerization using a counterion- 5que0us sodium hydroxide solution and then with water,
stabilizing living systen®:!>2%In the final stage of the star  qried overnight over potassium hydroxide pellet, and dis-
polymer formation, the linking reaction and the deactivation of e twice over CaH before use. 1,4-Cyclohexanedimethanol
th_e growing e.nd.s become competitive. T.hus, growing Species gjyiny| ether (DVE-1, Aldlich), 1,4-bis(vinyloxy)cyclohexane
with a anger I|fet'|m¢ would enhanf:e the yield of star polymers. (DVE-2, Daicel Chemical Industries, Ltd.), 1,3-bis(vinyloxy)-
One of living cationic polymerization systems for vinyl ethers  cycjohexane (DVE-3, Daicel Chemical Industries, Ltd.), and
is a base-stabilizing reactidAyhich proo_luces the growing ends triethyleneglycol divinyl ether (DVE-4, BASF) were distilled
more stable than thpse by the “counterion” system. In _thls stu_dy, twice over CaH under reduced pressure. Bis[4-(vinyloxy)butyl]-
therefore, we e>.<am|ned the star polymer synthe&s using variousmethylenedi-4,1-phenylene)biscarbamate (DVE-5, Aldlich) was
strong Lewis acids, such as an organoaluminum halide (EAICI  yacrystalized at least twice from methanol and vacuum-dried
or titanium tetrachloride (TiG) in the presence of aweak Lewis  pefore use. Solvents and added bases [hexane, toluene, chloro-
base. A Lewis base not only stabilizes carbocations but alsopenzene, dichloromethane, ethyl acetate, 1,4-dioxane, and tetra-
promotes assembly of the propagation species as an INtermonydrofuran (THF)] were purified by the usual method and dis-
lecular linking reaction to construct a micelle-like assemblage ijjleq at least twice over Caand metallic sodium (for hexane
of living polymers in the reaction mixture. _and toluene) or LiAlH (for 1,4-dioxane and THF) just before
As _shown in Scheme 1, 'Fhe reaction of living polymers with | se. 1-(Isobutoxy)ethy! acetate (GEH(OIBu)OCOCH [IBEA])

a divinyl compound consists of two sequential steps: the 55 a cationogen was prepared from isobutyl vinyl ether and
propagating reaction of a divinyl ether through one vinyl group 4cetic acid and was distilled over Catthder reduced pressiie.
to yield a linear blocklike copolymer with pendant vinyl groups, |gvE ethyl acetate, DVE-(34), EtAICl, (Wako; 1.0 M
and the following linking reaction of these polymers. Thus, we ¢q|ution in hexane), TiGl(Aldrich; 1.0 M solution in toluene),
studied the effects of the structure of a divinyl ether and reaction 54 |BEA were stored in a brown ampule under dry nitrogen.
conditions, such as the molar ratio of a divinyl ether to living o erization Procedure.Polymerization was carried out
polymers = [divinyl etherp/[P*]), on the synthesis of star- 5 5oc ynder dry nitrogen atmosphere in a glass tube with a
(21) Lee, H.; Lee, K.: Choi, NJ. Polym. Sci., Part A: Polym. Chei2005 43, three-way stopcock baked at 250 for 10 min before use. A

8 typical example of preparing star poly(IBVE) in hexane at 0

(22) (a) Aoshima, S.; Higashimura, Macromoleculesl989 22, 1009. (b)
Yoshida, T.; Tsujino, T.; Kanaoka, S.; Aoshima,JSPolym. Sci., Part A:
Polym. Chem2005 43, 468. (c) Yoshida, T.; Kanazawa, A.; Kanaoka, S.;  (23) Shibata, T.; Kanaoka, S.; Aoshima, Bolym. Prepr. (Am. Chem. Soc.,
Aoshima, SJ. Polym. Sci., Part A: Polym. Cher2005 43, 4288. Div. Polym. Chem.p004 45(2) 634.
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Figure 1. MWDs of the products obtained from the reaction of living poly(IBVE) with DVE-1 in hexane in the presence of ethyl aceta@. &b the
linking reaction: [P*]= 1.8, 3.6, 9.1 mM. For the IBVE polymerization: [IBVE} 0.30, 0.60, 1.5 M, [IBEA] = 2.0, 4.0, 10.0 mM, [EtAIGI, = 20.0
mM, [ethyl acetate}= 1.0 M. TheM, values and the molecular weights on the scales are based on a polystyrene calibration.
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Figure 2. MWDs of the products obtained from the reaction of living poly(IBVE) with DVE-1 in hexane in the presence of ethyl aceta@ &b the

linking reaction: [P*]= 1.8, 3.6, 9.1 mMy = 10. For the IBVE polymerization: [IBVE]= 0.30, 0.60, 1.5 M, [IBEA] = 2.0, 4.0, 10.0 mM, [EtAIC]o

= 20.0 mM, [ethyl acetate} 1.0 M. The time shown in the figure is reaction time after addition of DVE-1. The molecular weights on the scales are based
on a polystyrene calibration.

°C is as follows: the reaction was initiated by the addition of three gel columns (TSKgel Multiporedd-M x 3; flow rate
an EtAICL solution in hexane into a mixture of IBVE, ethyl 1.0 mL/min) that were connected to a Tosoh DP-8020 dual
acetate, and the cationogen (IBEA) in hexane &COwith a pump, a RI-8020 refractive detector, and a UV-8020 UV/vis
dry medical syringe. After the polymerization had reached ca. detector set at 256 nm. The number average molecular weight
100% conversion, a solution of DVE-1 was added. After a (My) and polydispersity ratioM,/M,) were calculated from the
certain period, the polymerization was quenched with prechilled chromatographs relative to 16 polystyrene standahds €
methanol containing a small amount of aqueous ammonia 577—1.09 x 1(f). The weight average molecular weighli,()
solution. The reaction mixture was washed with 0.6 M HCI| of the star polymers were determined by gel permeation
aqueous solution to remove the initiator residue and was chromatography coupled with multi-angled laser light scattering
neutralized, evaporated to dryness under reduced pressure, anfGPC-MALLS) in chloroform at 46C on a Dawn E instrument
then vacuum-dried overnight. The conversion of monomer was (Wyatt Technology; GaAs laser,. = 690 nm). Dynamic light-
measured by gravimetry. scattering measurements were performed in ethyl acetate at 25
Polymer Characterization. The molecular weight distribu-  °C on an Otsuka Electronics DLS-7000 photomefer(633
tion (MWD) of the star-shaped polymer was measured by gel nm), and the diameter of the polymers was determined by
permeation chromatography (GPC) in chloroform at’@0on cumulant analysis from the DLS data. The atomic force

J. AM. CHEM. SOC. = VOL. 128, NO. 23, 2006 7499
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Figure 3. MWDs of the product obtained from the reaction of living poly(IBVE) with DVE-1 in hexane in the presence of ethyl acet&te.d&dr the
linking reaction: [P*]= 9.1mM,r = 10. For the IBVE polymerization: [IBVE]= 0.5, 1.5, 3.0 M, [IBEA} = 10.0 mM, [EtAICb]o = 20.0 mM, [ethyl
acetate= 1.0 M. TheM, values shown here are based on a polystyrene calibration.

microscopy (AFM) measurements were performed in a tapping
mode at ambient conditions with a scanning probe microscope
Nanoscope llla (Veeco Instrument).

Result and Disscussion

Star Polymer Synthesis by Base-Stabilized Living Cationic
Polymerization. The synthesis of star-shaped poly(isobutyl
vinyl ether) [poly(IBVE)] was examined using a cationogen/
strong Lewis Acid initiating system in the presence of an added
base. IBVE was polymerized with the 1-(isobutoxy)ethyl acetate
(IBEA)/ELAICI; initiating system in hexane in the presence of
ethyl acetate at OC, then the resulting linear living polymers
were allowed to react with 1,4-cyclohexanedimethanol divinyl
ether (DVE-1, see Scheme 1 and Figure 6 for the structure)
under various reaction conditions. For example, linear living
polymers M, = 1.54 x 10%, My /M, = 1.05), prepared with
IBEA/ELAICI in the presence of ethyl acetate ([isobutyl vinyl
ether (IBVE)h) = 1.5 M, [IBEA]o = 10.0 mM, [EtAIChL], =
20.0 mM, [ethyl acetatg}= 1.0 M), were allowed to react with
DVE-1 (r = [DVE-1]¢/[P*] = 10) in hexane at OC. The sub-
sequeh? h reaction gave a soluble polymer with higher molec-
ular weight, compared to that of the starting linear polymer.

The concentration, [P*], of living polymers (would-be arm
chains) and the molar feed ratio of a divinyl ether to living
polymers ¢ = [divinyl etherl/[P*]) affected the yield, molecular
weight, and MWD of star-shaped polymers obtained from such
polymer-linking reaction. Figure 1 shows the MWD curves of
the linear prepolymer and the product polymers obtained from
the reaction of living poly(IBVE) PP(Arm) = 150, [P*] =
1.8-9.1] with DVE-1 = 5—20). The MWD curves indicate
that the yield and molecular weight of star polymers increased
with increasing and/or [P*], and nearly quantitative yield was
achieved at a higharvalue, irrespective of [P*]. In addition,
the product polymers have very narrow MWDs for a statistical
cross-linking product under optimal reaction conditions<
20, [P*¥]= 1.8 or 3.6 mMjr = 10, [P*] = 9.1 mM). This is the
first example of selective preparation of star-shaped polymers
with nearly uniform size via one-pot linking reactions of linear
living polymers with bifunctional vinyl compounds.

In general, the reaction of living polymers with a divinyl
compound comprises two competitive steps: the propagating
reaction of a divinyl ether from a linear living polymer through
one vinyl group, and the following intermolecular linking

7500 J. AM. CHEM. SOC. = VOL. 128, NO. 23, 2006

Table 1. Star-
Polymerization

Shaped Poly(IBVE) Obtained by Living Cationic

a

entry DP(Arm) M,(GPC) x 10~* My(MALLS) x 10~ fo
1 30 6.6 21.8 44
2 50 5.6 10.3 16
3 100 6.0 10.5 9
4 150 16.0 20.0 11
5 250 16.1 20.7 10
6 350 30.1 55.3 15

aFor the IBVE polymerization: [IBVE] = 0.30-1.5 M, [IBEA]o =
10.0 mM, [EtAICk]o = 20.0 mM, [ethyl acetate}= 1.0 M. Average
number of arms per molecule.
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Figure 4. (A) Relationships between the degree of polymerization of arm
chains DP(Arm)] and M,, of star-shaped polymers determined by GPC-
MALLS (@) or GPC Q). (B) A relationship betwee®P(Arm) and the
average numbeff)(of arms per molecule.

reaction of the resulting blocklike polymers. Figure 2 compares
the products obtained during the linking reactions at various
[P*] with r = 10. The yield of star-shaped polymers invariably
exceeded 90%, independently of [P*]. In contrast to the
similarity of the yield of final products, the reactions followed
slightly different pathways. The reaction of DVE-1 with the
growing ends predominated over the polymer linking in the early
stage of the reaction in all cases, but the rates of star polymer
formation were quite different. At [P} 9.1 mM, a fair amount
of linking products formed 30 min after the addition of
DVE-1, whereas almost no high molecular weight polymers
were obtained at the least [P*]. In 2 h, star polymer formation
was almost completed with the higher concentration of living
polymers, while a large amount of blocklike linear polymers
still remained unreacted at lower [P*].

Effects of Arm’s Chain Length. Figure 3 summarizes the
MWD curves of the products obtained by the reaction of DVE-1
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Figure 5. AFM images of star-shaped poly(IBVE) on a mica. (A) 184 x 1.84um, (B) 500 nmx 500 nm.

(r = 10) and living poly(IBVE) with different molecular weights ~ DLS measurement, giving the diameter of the star-shaped
in hexane at OCC. All MWD curves of star-shaped polymers polymer of 11.4 nm. Thus, star-shaped polymers with desired
clearly shifted toward high molecular weight compared to the size andM,, can be prepared selectively by living cationic
corresponding arm chains and showed no peak of unreactedpolymerization in the presence of an added base.

linear prepolymers. Furthermore, the MWDs of the product Effect of the Structure of Linking Agents. The structure
polymers were invariably very narrowi(,/M, = 1.11-1.16), of a divinyl ether is the key to a facile polymer-linking reaction.
irrespective of the arm’s chain length. Dynamic light-scattering Thus, the linking reactions of living poly(IBVEJP(Arm) =
(DLS) measurements in ethyl acetate at@54 = 633 nm) of 150] with various divinyl ethers were examined. DVE-1 is an
these star-shaped polymers revealed that the size of the staraliphatic-type divinyl ether whose structure and refractive index
shaped polymers ranged from ca. 5 to 40 nm with narrow size are very similar to those of IBVE. DVE-2 and DVE-3 have no
distributions (5.8 nm fobDP(Arm) = 50; 11.4 nm foDP(Arm) methylene group between the cyclohexanyl ring and the ether
= 150; 37.3 nm foDP(Arm) = 300). oxygen, and they are structural isomers to each other. In

The We|ght average molecular We|ngO of the Star-shaped DVE-4, a flexible oxyethylene spacer links two double bonds.
polymers was also determined by gel permeation chromatog-DVE-5 contains polar urethane linkages in the spacer. All
raphy coupled with multi-angled laser light scattering (GPC- linking agents were consumed quantitatively to yield soluble
MALLS) in chloroform at 40°C. The characteristic data of star Polymers. However, the MWD curves of the product polymers
polymers are listed in Table 1. As shown in Figure 4A, kg were different. With DVE-1, DVE-2, and DVE-5, the GPC
values determined by GPC-MALLS were invariably larger than Profiles of the final products exhibit a single peak of a higher
those by simple GPC analysis, supporting the formation of molecular weight polymer with a narrow MWD, indicative of
highly branched structure. Thiél,, of star-shaped polymers Selective formation of star-shaped polymers (Figure 6). It should
increased with the degree of polymerization of the arm chain. be noted that quantitative formation of star polymers was
Figure 4B plots the numbef)(of arms againsDP(Arm). The achieved even in the presence of polar functionalized DVE-5,
arm number sharply increased whBR(Arm) is smaller than which has a potential terminator (urethane group) for cationic
100. In contrast, the number of arms per star-shaped polymerpolymerization. The star polymer from DVE-5 has urethane
was hardly affected by the arm length wHaR(Arm) is greater units in the core with extremely high density; hence, this core-
than 100. To increase the arm number, a new method wasfunctionalized star polymer can also be regarded as a function-
devised for star p0|ymer Synthesisy which involves micelle alized nanOpartiC'e with nearly uniform size. On the other hand,
formation of living block copolymers driven by the UCST-type appreciable linear polymers remained unreacted in the reaction
phase separation of a thermosensitive segment. First, blockof living poly(IBVE) with DVE-3, a structural isomer to DVE-
copolymers of IBVE and 2-ethoxyethyl vinyl ether (EOVE) 2, or flexible DVE-4. The difficulty in polymer-linking reactions
were prepared in octane at 30. After the polymerization had s likely to arise from the originally short distance of two vinyl
reached ca. 100% conversion, the reaction mixture was cooledgroups (DVE-3) or the flexible spacer (DVE-4), inducing the
to 0 °C, where living block copolymers form micelle-like intramolecular cyclization reaction.
structures. The product star polymer has ca. 70 arms with a Synthesis and Thermally Induced Phase Separation of
narrow MWD, which will be reported in a forthcoming paper. Thermosensitive Star Polymers.Poly(vinyl ether)s having

Figure 5 shows an AFM image of the star-shaped poly(IBVE) pendant oxyethylene units exhibit reversible and highly sensitive
[DP(Arm) = 150, My, = 1.96 x 105, f = 11], casted from a thermally induced phase separation behafot? For example,

diluted hexane solution on a mica. The picture demonstratesPClY(2-ethoxyethyl vinyl ether) [poly(EOVE)] and poly(2-

the formation of a star-shaped polymer with uniform size and (24) Aoshima, S.; Sugihara, S.; Shibayama, M.; Kanaokdj&&romol. Symp.

i H H i 2004 215 151.
round shape with ca. 40 and 1.5 nm in diameter and helght, (25) Aoshima, S.Macromolecular Nanostructured MaterialsKodansha,

respectively. These results are consistent with that obtained by * Springer: Berlin, 2004; pp 138154.
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Figure 6. MWDs of the products obtained from the reaction of living poly(IBVE) with DVES&.in hexane or toluene in the presence of ethyl acetate at
0 °C. For the linking reaction: [P*F 9.1 mM,r = 10. For the IBVE polymerization: [IBVE]= 1.5 or 2.0 M, [IBEAp = 10.0 mM, [EtAICL]o = 20.0
mM, [ethyl acetate}= 1.0 M. TheM, values shown here are based on a polystyrene calibration.

methoxyethyl vinyl ether) [poly(MOVE)] display lower critical

also plays an important role in the polymer-linking reactions

solution temperature (LCST) phase-separation behavior in waterfor selective star polymer synthesis via living cationic polym-

at 20 and 63C, respectively® The synthesis of star polymers

erization. For example, only Ti¢Wwas efficient for the selective

containing such thermosensitive arms was examined via living formation of star polymers of vinyl ethers with pendant
cationic polymerization in the presence of ethyl acetate in toluene oxyethylene units [poly(EOVE) star: 100% vyieldl, = 4.73

at 0°C ([EOVE], or [MOVE]o = 1.5 M, [IBEA]o = 10.0 mM,
[Lewis acidp = 20.0 mM, [ethyl acetateF 1.0 M, [DVE-1]o/
[P*] = 10). The choice of a Lewis acid for a given monomer
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1992 30, 2407.

(27) Aoshima, S.; Hashimoto, K. Polym. Sci., Part A: Polym. Cher2001,
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(28) Sugihara, S.; Hashimoto, K.; Okabe, S.; Shibayama, M.; Kanaoka, S.

Aoshima, S.Macromolecule2004 37, 336.

(29) Okabe, S.; Sugihara, S.; Aoshima, S.; Shibayamajatromoleculef002
35, 8139.

(30) Okabe, S.; Sugihara, S.; Aoshima, S.; ShibayamaJatromolecule003
36, 4099.

(31) Sugihara, S.; Kanaoka, S.; Aoshima,JSPolym. Sci., Part A: Polym.
Chem.2004 42, 2601.
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38, 3962. (b) Sugihara, S.; Kanaoka, S.; Aoshimayi&romolecule2005
38, 1919.
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x 104 Myw/M, = 1.28; poly(MOVE) star: 100% yield\,
4.29 x 104 My/M, = 1.28].

The resulting star polymers were soluble in water, and their
solutions underwent thermosensitive phase separation at a
critical temperature of 18 and 5& (Figure 7). Transitions are
very similar to those of linear poly(EOVE) and poly(MOVE)
in terms of clouding point and sensitivity. Highly branched
polymers are known to encapsulate small molecules effcient-
ly.1233 Star polymers of MOVE were shown to solubilize
hydrophobic compounds such as azobenzene, benzophenone,
and bisphenol A in water, whereas the linear counterpart has
no such ability. Encapsulation of 5@00 azobenzene molecules

(33) Pittelkow, M.; Christensen, J. B.; Meijer, E. W. Polym. Sci., Part A:
Polym. Chem2004 42, 3792.
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Figure 7. Phase separation behavior of 1.0 wt % aqueous solutions of star poly(EOVE) and star poly(MOVE) monitored using it¥erms of the
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was observed with the star polymer with the EOVE segment in
the outer layer. The transition temperatures correspond to those
of the EOVE and MOVE segments, respectively. In contrast,
one sharp transition was observed with the counterpart just
below 60°C, where star poly(MOVE) undergoes phase separa-
tion. The MOVE shell insulates the inner EOVE shell and the
core; hence, this star polymer apparently behaves as a star
polymer with homopolymer arm chains. A random star copoly-
mer also exhibited a single cloud point between those of star
poly(EOVE) and poly(MOVE) (see Figure 7), as was observed
with linear random copolymers of EOVE and MOVE.

Star block copolymers also induced reversible physical gela-

Figure 8. Temperature dependence of the transmittance of aqueoustion at a higher concentration, as shown in Figure 9. A 10%

solutions (1.0 wt %) of poly(EOVE-MOVE) star polymers, and the

random counterpart.

per star polymer in water at 30C was confirmed by
ultraviolet-visible spectroscopic analysis of filtrated aqueous

solutions of star poly(MOVE) after mixing with azobenzene,

which will be discussed elsewhere.

aqueous solution of the star block copolymer with EOVE and
MOVE segments in the outer and inner layers, respectively,
underwent rapid physical gelation upon heating. Intermolecular
aggregation of the outer segments of the star polymer was
induced upon heating, resulting in the formation of physical
network. The star block copolymer with the opposite arrange-

Selective synthesis can also be achieved with star block co-ment underwent selgel transition upon cooling in the 15 wt
polymers containing two different thermosensitive segments per % agueous solution to below EC. This transition is presum-
arm chain. Such polymers may also vary in size and shape uporably attributed to the change in diameter of star molecules, trig-
heating and cooling. Figure 8 shows temperature dependencegered by the hydration or dehydration of poly(EOVE) segments.
of the transmittance of aqueous solutions of the star block co- A similar sol-gel transition upon cooling was observed with
polymers. Two star block copolymers are the same in composi- linear double thermosensitive block copolymers, which form
tion but different in segment arrangement. A two-step transition spherical micelles with the EOVE segments in the inner I&er.
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Figure 9. Thermally induced physical gelation behavior of aqueous solutions of poly(E®MBVE) star polymers.
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Conclusion

Selective and well-controlled syntheses of star-shaped poly-
(IBVE) with various arm lengths were achieved using the
“polymer linking” method via living cationic polymerization
with the IBEA/EtAICL initiating system in hexane in the
presence of ethyl acetate afO. A notable feature of the star-
shaped polymers obtained in this study is that they have
extremely narrow MWDsNl/M,, = 1.1-1.2). This is the first
example of selective formation of star-shaped polymers with
narrow MWDs from linking reactions of living polymers with
divinyl compounds in any polymerization mechanism (anionic,
cationic, and radical polymerization). In this system, the
fractionation of star polymers from the mixture with unreacted
linear polymers is not required. The judicious choice of the
structure of linking agents and reaction conditions, such as the
concentration of a divinyl ether and living prepolymers, is the

7504 J. AM. CHEM. SOC. = VOL. 128, NO. 23, 2006

key to successful selective synthesis of star-shaped polymers.
Thermosensitive star polymers were also synthesized in quan-
titative yield, and the products were found to undergo unique
physical gelation and to solubilize hydrophobic compounds.
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