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ABSTRACT: Amphiphilic tetraarmed star poly(viny1 ethers), where each arm carries alkyl (hydrophobic) 
and alcohol (hydrophilic) pendant groups, have been synthesized by the coupling reaction of AB-block 
living poly(viny1 ethers) (4; arm chain) with a tetrafunctional silyl enol ether 1, C[CH20C&-p- 
C(OSiMes)=CH2]4. The living arm chains 4 were prepared by the sequential living cationic polymerization 
of an alkyl vinyl ether (CHz-CHOR'; R' = iBu, CH2CHzCI) and a functionalized vinyl ether (CH24HOCHz- 
CHzR2; R2 = OCOCH3, OSifBBuMez) with hydrogen chloridehinc chloride initiating system in methylene 
chloride at -15 "C. The treatment of 4 with the silyl enol ether 1 led to tetraarmed block copolymers 5. 
The yield of 5 (93-73%) depended on the structure and the polymerization sequence of the monomer 
pair for the arm chain 4. The best result (93% yield) was obtained with the AB-block polymer of 
2-chloroethyl vinyl ether (R' = CH2CH2C1; CEVE) and 2-acetoxyethyl vinyl ether (R2 = OCOCH,; AcOVE) 
where CEVE was polymerized first. Separate coupling experiments with the homopolymers of these 
vinyl ethers showed that the coupling yield was higher for monomers with less bulky pendant groups. 
Subsequent quantitative deprotections of the acetoxy of tert-butyldimethylsilyl groups in 5 into hydroxyl 
groups gave the amphiphilic tetraarmed polymers 6. By changing the polymerization sequence of the 
monomer pair, the hydrophilic polyalcohol segments could be placed either inside or outside the tetraarmed 
structure. For pairs of such inner- and outer-alcohol versions with identical segmental compositions, 
solubility and arm-chain conformation (by 'H NMR) were compared. 

Introduction 
Besides their longstanding applications as surfac- 

tants, dispersants, etc., amphiphilic polymers have 
recently been a subject of fundamental research interest 
in terms of interfacial phenomena, micellization, and 
other physical and synthetic aspects.l In particular, 
amphiphilic "multiarmed" polymers are of interest. 
These macromolecules usually carry amphiphilic arm 
chains, radially spread from a central core, that consist 
of hydrophilic and hydrophobic segments, and their 
properties and functions as amphiphiles would consid- 
erably differ from those of the linear counterparts. 

Among a number of methods for the synthesis of 
amphiphilic and multiarmed polymers, there are at 
least three via living polymerizations. In living cationic 
polymerization, for example, two of them have already 
been examined by us: the sequential block polymeri- 
zation with a multifunctional initiating system2 and the 
inter- and intramolecular linking of living block poly- 
mers via bifunctional monomers (sometimes called the 
microgel m e t h ~ d ) . ~  "he third method, unexamined yet 
for amphiphilic polymers, is the coupling of living block 
polymers with a multifunctional coupling or terminating 
agent. This approach may be considered a hybrid of the 
first two that inherits their advantages such as the 
precisely controlled number of arms per polymer as in 
the multifunctional initiation and the ready character- 
ization of arm chains (precursor living polymers) as in 
the polymer linking. Its prerequisite is of course the 
development of efficient coupling agents. 

As reported in the previous papers of this ~ e r i e s , ~ , ~  
we have shown that certain multifunctional silyl enol 
ethers (e.g., 1 in Scheme 1) are effective and versatile 

@ Abstract published in Advance ACS Abstracts, April 15, 1995. 

coupling agents for living poly(viny1 ethers) bearing the 
chloride counteranion. The silyl enol ethers are able 
to react with the growing living end without inducing 
/?-proton elimination and other side reactions to give 
multiarmed polymers (2) (4-armed for 1). We have also 
shown6 that the sequential living cationic polymeriza- 
tions of a pendant-functionalized polar vinyl ether and 
a nonpolar alkyl vinyl ether lead to linear amphiphilic 
polymers (after appropriate pendant transformation or 
deprotection). A typical segmental combination for such 
linear amphiphiles involves poly(2-hydroxyethyl vinyl 
ether) [poly(HOVE)I and poly(isobuty1 vinyl ether) [poly- 
(IBVE)] as hydrophilic and hydrophobic segments, 
respectively. As seen in these examples, living cationic 
polymerization is tolerant against polar functional 
groups, properly protected in some cases, in monomers. 

Based on these backgrounds, this study was to apply 
the polymer coupling processes with silyl enol ether 1 
to AB-block living cationic polymers for the synthesis 
of amphiphilic multiarmed (4-armed) polymers; Scheme 
2 illustrates the possible synthetic pathway. Following 
this strategy, the work consists of a few phases to 
establish the synthesis of well-defined, multiarmed, 
amphiphilic poly(viny1 ethers) by our polymer coupling 
methods using multifunctional silyl enol ethers: (i) We 
fist demonstrate the clean and efficient coupling of silyl 
enol ether 1 with living cationic polymers (3 and 4) 
derived from pendanbfunctionalized vinyl ethers. Herein 
we employed 2-acetoxyethyl vinyl ether (AcOVE) and 
2-(tert-butyldimethylsilyl)ethyl vinyl ether (SiVE), which 
are both precursors for the hydrophilic HOVE segment 
(see the formula below). The monomers for hydrophobic 
segments were IBVE and 2-chloroethyl vinyl ether 
(CEVE). Living cationic polymerizations of these mono- 
mers should be initiated with the hydrogen chloride 
based initiating system (the chloride counteranion), 
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Scheme 1. Synthesis of 4-Arm Poly(IBVE) 

CH2=CH-OI BU 
Z- -CH2CH....CI,,,...ZnCt2 

I ZnClz 
Oi Bu 

I + 
OiBU CH2CI2, -15 “C (Living Polymer/l = 4/1) 

CH3CH-CI 

IBVE-CI Living Polymer 

0 

I 
OiBu 6 -CH2CH-CH2-C ’ + ZnClz + Si(CH3)3 

CI 

2 OCH2+ \ /  
(H3C)3Si0 OSi(CH3)3 

C 
C H 2 = C o o C H 2 ’  I \CH20+=~~2 I 

(H3C)3Si0 OSi(CH3)3 

C H 2 = C o O C H 2 \  I , C H 2 O o k = C H 2  

2 Tetrafunctional Silyl Enol Ether (1) I 
Scheme 2. Synthesis of 4-Arm Poly(viny1 ethers)with AB-Block Arm Chains 

CH~=CH--OR~ 
CH3CHf-CH2qH-fi;i-Ct--ZnCl2 

OR’ 

HCI 
CH2=CH - CH3CH-CI -L 

I I - I 
OR OR ZnC12 OR 

Initiator Living Polymer (3) 

AB-Block Living Polymer (4) ( -+) 
r 1 

Polymer 
Coupling 

4-Arm Polymer (5) 

code 1st (R’) 2nd (R’) 

3a-5a CEVE AcOVE 

3b-5b IBVE AcOVE 

3c-5c AcOVE CEVE 

3 d b d  SIVE IBVE 

( outer: o ) ( inner:- ) 

which is mandatory for the efficiency coupling with enol 
ether l.4,5 

(ii) We next synthesize the 4-armed block polymers (5) 
where the segments of polar monomers are placed in 
either inside or outside layers of arms. This may be 
achieved by reversing the polymerization sequence of 
monomer pairs (e.g., AcOVE and IBVE) in preparing 
the starting AB-block living chains. (iii) Finally, we 
transform 5 into target amphiphilic multiarmed poly- 
mers (6) with polyalcoholic segments by deprotecting 

IBVE CEVE ; AcOVE SlVE the pendant substituent. The products were character- 
ized in terms of structure, composition, solubility char- 

HOVE 

L-v-’ j L-y-’ 

Hydrophobic i Hydrophilic‘ acteristics, and other physical characteristics. 
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Figure 1. GPC curves of the products obtained by the coupling reactions of the HCVZnCl2-initiated living homopolymers of vinyl 
ethers with tetrafunctional silyl enol ether 1 in CHzClz at -15 "C for 24 h (A-C) linear polymers quenched with methanol; 
(D-F) coupled products with 1. Monomers: (A and D) CEVE; (B and E) AcOVE; (C and F) SiVE. [Living polymer10 = 10 mM; 
[coupling agent 130 = 2.5 mM. Polymerization conditions are shown in Table 1. 

Table 1. Coupling Reactions of Living Homopolymers of Pendant Functionalized Vinyl Ethers with Tetrafunctional 
Silyl Enol Ether (1) 

polymerization" coupling productsb 
- M, x 10-3 

[ZnClzI time conv Fnc Rd yield DPn(armr MdM, 
entry monomer initiator (mM) (min) (%) lHNMR arm %,GPC "NMR 'HNMFU' GPC GPC 

1 IBVE IBVE-C1 0.2 15 80 0.99 3.96 '95 14.9 6.5 6.1 1.09 
2 CEVE CEVE-C1 3.0 60 90 0.95 3.80 >95 14.5 6.5 3.4 1.09 
3 AcOVE AcOVE-C1 3.0 90 92 1.02 4.08 >95 16.6 9.4 7.6 1.07 
4h SiVE IBVE-C1 0.2 120 86 0.90 3.60 68 11.2 9.1 6.0 1.07 

" Other polymerization conditions: [monomerlo = 150 mM; [initiatorlo = 10 mM; in CHzCl2 at -15 "C. IBVE-C1 etc. indicate the HC1 
adducts-of IBVE and other corresponding monomers. b Coupling reaction co-nditions: [living polymerM11 = 4.0; in CHzClz at -15 "C for 
24 h.. F n  : (a-end CHd/(phenyl groups of coupling agent), by 'H NMR Fdtheory) = 1.00; see also ref 9. d The number of arms per 
polymer: %arm) = F n  x 4 (the number of silyl enol ethers per coupling agent). e DPn shows the degree of polymerization of the arm 
polymer: DP, = (pendant functional group in the polymer chain)/(a-end CH3), by lH NMR. fa , ( lH NMR) = R(arm) x =,(arm, lH 
NMR) x (mol wt of monomer) + (mol wt of the coupling agent). g These data are cited from ref 4. For the sample fractionated by preparative 
GPC from the products shown in Figure 1F. 

Results and Discussion 
Coupling Reactions of Living Homopolymers of 

Pendant-Functionalized Vinyl Ethers. Polymeriza- 
tions of AcOVE, SiVE, and CEVE with the hydrogen 
chloride/zinc chloride (HCYZnCU initiating system were 
first examined, because living polymers with chloride 
counteranion are needed for efficient coupling with silyl 
enol ethers (cf. Scheme l h 4 s 5  Rather surprisingly, the 
HC1-mediated living polymerizations have thus far been 
reported only for IBVE' and CEVE.8 As reported for 
IBVE:s5 the HCKZnC12 system is apparently best suited 
to this end. The polymerizations were carried out in 
methylene chloride (CH2C12) at -15 "C, where the actual 
initiators were the HC1 adducts of the monomers to be 
polymerized (see Experimental Section and Scheme 21, 
and relatively short polymer chains (gn - 15) were 
deliberately prepared to facilitate the characterization 
of them and the coupling products therefrom. 

Figures 1A-C show the molecular weight distribu- 
tions (MWD) of the polymers thus obtained by quench- 
ing the reactions with methanol at  80-90% conversions. 
The m s  of the homopolymers are invariably n g o w  
(Mw/Mn < 1.1), and 'H NMR analysis showed the Mn to 
be close to the calculated value assuming the formation 
of one living chain from each initiator molecule, indicat- 
ing the living nature of the polymerizations with the 
HCVZnCl2 system for the functionalized vinyl ethers. 

These living polymers were then allowed to react with 
1 for polymer coupling (Scheme 1). The coupling 
reactions were carried out for 24 h in CHzCl2 a t  -15 "C 
(the same conditions as for the polymerization) where 
[living polymerylll = 4. The results are summarized 
in Figures 1D-F and Table 1. 

The coupling products with poly(CEVE) and poly- 
(AcOVE) (Figures 1D and lE ,  respectively) showed 
MWDs as narrow as  those of the precursors (Figures 
1A-C), and they shifted clearly to higher molecular 
weights, as with the corresponding poly(1BVE) (Table 
1). There are virtually no peaks in the molecular weight 
regions where the uncoupled linear polymers would 
elute, and the coupling yields are estimated t o  be above 
95% from these MWD traces (entries 1-3, Table 1). 
Thus, despite their polar groups in the pendant sub- 
stituents, the living polymers of AcOVE and CEVE, as 
well as IBVE, can be quenched and coupled virtually 
quantitatively with the silyl enol ether 1. 

When living poly(SiVE) was treated with 1, as  shown 
in Figure lF ,  the products had a bimodal MWD with a 
secondary minor peak for the uncoupled polymer (the 
lower fraction), though the coupled product (the higher 
fraction) had a narrow MWD. The bulkiness of the 
pendant function may disturb the coupling reaction. 

The coupling products (Figures 1D-F) were charac- 
terized by lH NMR, as shown in Figure 2, where Figure 
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Figure 2. lH NMR spectra (CDC13, room temperature) of the tetraarmed polymers of functionalized vinyl ethers. The samples 
were separated from those shown in Figure 1D-F. Arm chains: (A) C E W ;  (B) AcOVE; (C) SiVE. 
2C is the spectrum for the sample fractionated by 
preparative gel permeation chromatography (GPC) from 
the products shown in Figure 1F. Other samples were 
subjected to NMR analysis without GPC separation. For 
the three samples, the a-end methyl group appeared as 
signal a, which was derived from the initiator (Scheme 
1). Signals f-i are assigned to the coupling agent 
moietye4 There are also pendant function signals, (A) 
d and e (the chloroethyl group), (B) d, e, and j (the 
acetoxy group), and (C) d, e, m, and n (the tert- 
butyldimethylsilyl ether group). In all cases, no signals 
indicative of side reactions of silyl enol ether 1 with the 
pendant functions in the polymers were observed. The 
number of arms per polymer (N) of the coupled products 
were obtained from the intensity ratio of the head 
methyl group (signal a) to the phenyl group of the 
coupling agent (signals g and hh9 Except for poly(SiVE2 
(entry 4, Table l j ,  the arm number N is close to 4, the 
functionality of 1 (entries 2 and 3, Table 1); thus the 
coupled polymers had 4 arms per molecules, as with the 
living poly(1BVE) (entry 1, Table 1). 

These results show that tetrafunctional silyl enol 
ether 1 was efficient as a multifunctional coupling agent 

for living polymers of pendant-functionalized vinyl 
ethers, as well as the alkyl derivatives, to synthesize 
the tetraarmed polymers near quantitatively. The 
pendant functions in these polymers did not react with 
the silyl enol ethers in 1, though the bulky silyl group 
in SiVE partly disturbed the coupling reactions 

Synthesis of Amphiphilic Tetraarmed Star Poly- 
mers. The above basic results were then extended to 
the synthesis of amphiphilic tetraarmed star poly(viny1 
ethers) 6 as shown in Scheme 2. Thus AB-block living 
polymers 4, which were prepared by adding the second 
monomer to the living polymer 3 of the first monomer, 
were treated with tetrafunctional silyl enol ether 1 to 
give tetraarmed polymer 5. Subsequently, the protected 
groups in 5 were removed completely to yield the 
amphiphilic tetraarmed star polymers 6. 

(a) Synthesis of AB-Block Living Poly(viny1 
ethers). The sequential living cationic polymerizations 
were examined with HCYZnC12 in CH2Cl2 at  -15 "C to 
obtain the AB-block living polymers (4) bearing a 
chloride counteranion, and the results are summarized 
in Table 2 and Figure 3. Thus, when the conversions 
of the first monomers were above 90%, the second 
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Table 2. AB-Block Living Polymerization of Pendant Functionalized Vinyl Ethers with the VE-HC1 AdductfZnCls 
Initiating System" 

first (R') second (R2) 
fin 10-3 

[ZnClzlo time con& time conv DP,(R~/R~Y MwlMn 
entry code initiate+ (mM) monomer (min) ('36) monomer (min) (96) 'HNMR 'HNMM GPC GPC 

1 4a CEVE-C1 3.0 CEVE 180 95 AcOVE 105 85 19.5/13.1 3.8 3.8 1.07 
2 4b IBVE-C1 0.2-3.0' IBVE 20 91  AcOVE 180 89 15.6112.2 3.2 3.5 1.13 
3 4~ ACOVE-Cl 3.0 AcOVE 140 97 CEVE 240 88 18.U14.2 3.9 4.0 1.08 
4 4d IBVE-C1 0.2 SiVE 360 97 IBvE 120 90 15.3h2.7 4.4 3.3 1.10 

a Other polymerization conditions (cf. Scheme 2): [lst monomerlo = [2nd monomer10 = 200 mM; [initiatorlo = 10 mM; in CH2Clz at 
-15 "C. The HC1 adducts of the corresponding monomers. After the second monomer was added, an additional amount of zinc chloride 
was added (see text). Conversion of the first monomer when the second monomer was added to  the reaction mixture. e E,, shows the 
degree of polymerization of the respective monomer segment in the AB-block arm polymer: 5, = (pendant functional group in the 
polymer chain)/(a-end CH3), by lH NMR. ffin('H NMR) = DP,(R1, 'H NMR) x (mol wt of 1st monomer) + DPn(R2, 'H NMR) x (mol wt 
of 2nd monomer) + (mol wt of methoxy group). 

Arm Chain (CEVEHAcOVE)* 
(A) 

Living 
Homopolymer 

( AC0VE)-( C EVE) * 

2x1 o4 1 o4 lo3 2 x 1 0 ~ 1 0 ~  io3 2x104104 io3 2x104104 1 o3 
1 1  I I 1  I t  I t  1 

MW(PSt) 

Figure 3. GPC curves of the products obtained by the sequential AB-block polymerization and the coupling reactions of AB- 
block living polymers: (A-D) living homopolymers 3 quenched with methanol; (E-H) AB-block living polymers 4 quenched with 
methanol; (I-L) tetraarmed polymers by the coupling reactions of 1 and 4 (cf. Scheme 2). Monomers: (A) CEVE; (B) IBVE; (C) 
AcOVE; (D) SiVE; (E and I) (CEVE)-(AcOVE)"; (F and J) (1BVE)-(AcOVE)"; (G and K) (Ac0VE)-(CEVE)*; (H and L) (SiVE)- 
(IBVE)*. The asterisk shows the living end. Polymerization and coupling reaction conditions are shown in Tables 2 and 3. 

monomers were added t o  the resultant living polymers 
3 (Scheme 2). Four monomer pairs were examined, each 
of which is a combination of an alkyl vinyl ether (IBVE 
or CEVE) and a functionalized version (AcOVE or 
SiVE). For the CEVE-AcOVE pair, two systems were 
examined (entries 1 and 3, Table 2) where the polym- 
erization sequence of the two monomers was reversed. 
Besides a run where the living block copolymer was 
treated with silyl enol ether 1 for polymer coupling, the 
products in each stage of the sequential polymerization 
were quenched with methanol and compared in terms 
of MWD in Figure 3. I t  should also be noted that, de- 
pending on the type of initiator, the ZnClz concentration 
was varied so as to obtain a practically acceptable 
polymerization rate. Specifically for one of the IBVE- 
AcOVE systems (entry 21, the zinc concentration was 
increased on addition of the second monomer, so that 
two-stage block copolymerizations might proceed 
smoothly to high conversions. 

The MWDs of the AB-block polymers (4) quenched 
with methanol are shown in Figures 3E-H, which are 
also compared with the living homopolymers in the first- 
stage polymerization (Figures 3A-D). Polymers E-H 
have narrow MWDs (see also Table 2) and appeared a t  
higher molecular weight than the corresponding first- 
stage homopolymers (3) (samples (A-D, respectively). 

The MWD analysis, shown in Figure 3 (A and E; C 
and G), also indicates that the block copolymerization 
of the CEVE-AcOVE pair is "reversible"; Le., the first 
monomer may be either CEVE or AcOVE. This is 
particularly important in the synthesis of the tet- 
raanned amphiphilic polymers, because the reversibility 
permits us to prepare two sister samples where the arm 
segments are identical in compositions (DPs) but dif- 
ferent in the placement of the hydrophilic and the 
hydrophobic parts (e.g., the polyalcoholic part may be 
inside or outside of the arms). 

For the AcOVE-IBVE pair, in contrast, such revers- 
ibility no longer holds, and the polymerization from 
IBVE to AcOVE was indeed successful (entry 2, Table 
2; Figures 3B and 3F), but the reverse sequence (AcOVE - IBVE) led to a mixture of an apparently block 
polymer and a homopolymer of AcOVE.1° The failure 
is probably due to the large reactivity difference between 
the two monomers (AcOVE << IBVE), for which the more 
reactive one should be polymerized first.1° 

Polymer samples E-H were characterized by lH 
NMR. For example, the spectra of the CEVE-AcOVE 
and the SiVE-IBVE block polymers are shown in 
Figures 4A and 5A, respectively. Both spectra have 
typical signals of the segments: (Figure 4A) the chlo- 
roethyl group, signals d and e; the acetoxy group, signals 
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Figure 4. lH NMR spectra (CDC13, room temperature) of the amphiphilic tetraarmed poly(viny1 ethers) by the coupling reaction 
of CEVE-AcOVE block living polymers 4a and tetrafunctional silyl enol ether 1 (cf. Scheme 2): (A) block polymer 4a quenched 
with ~ methanol; (B) tetraarmed polymer 5a; (C) amphiphilic tetraarmed poly(viny1 ether) by the deprotection of the acetoxy groups 
in 5a. 

g and h; (Figure 5A) the tert-butyldimethylsilyl groups, 
signals h-j; the isobutyl group, signal f. Both samples 
also showed the head methyl group, CH&H(OR)- - - 
(a-end, signal a), and the methoxy acetal group, 
Cy" CH2CH(OR2)0CH3 (wend, signals i or k), derived 
from the quenching with methanol.ll The ratios of the 
a-end to  the wend groups were close to  unity, as 
calculated from the NMR peak areas. Other AB-block 
polymers, AcOVE-CEVE and IBVE-AcOVE (entries 2 
and 3, Table 2), were also characterized by lH NMR. 
Therefore, the obtained polymers (Figures 3E-H) were 
identified as well-defined AB-block living polymers 4 
suitable for the coupling with tetrafunctional silyl enol 
ether 1. 
(b) Coupling Reactions with AB-Block Living 

Poly(viny1 ethers). Tetrafunctional silyl enol ether 1 
was allowed to react with the AB-block living poly(viny1 
ethers) 4. Thus, an enol ether solution in CH2C12 was 
added to  the unquenched living polymers 4, and the 
reaction mixture was kept at  -15 "C for 24 h with 
stirring to accomplish the quantitative coupling reaction 
as reported p r e v i ~ u s l y . ~ , ~  In the coupling reaction, the 
quantity of silyl enol ethers in 1 must be identical with 

that of the living end ([living polymer 43/[11= 4). Table 
3 and Figure 3 summarize the results. 

The MWDs of the coupling products are shoyn In 
Figures 31-L. The products have narrow MWDs (MJMn 
.e 1.1, Table 3) and eluted at  higher molecular weight 
than the o r i g i ~ a l  AB-block living polymers 4 (Figures 
3E-HI. The A$, (lH NMR) of the products are slightly 
higher than MJGPC) (polystyrene calibration); the 
difference supports the multiarmed structure of the 
products. When the second monomer was AcOVE, the 
yields of the coupling products were above 90% (entries 
1 and 2, Table 31, while the coupling products from the 
CEVE and IBVE living ends were obtained only in 70- 
80% yields (entries 3 and 4, Table 3). In these latter 
cases, despite the long coupling reaction time (24 h), 
unreacted living polymer 4 is seen in Figures 3K and 
3L. Then some of the star may not be the tetraarmed 
star. This may be due to  the effects of the long polymer 
chain4 or the mismatching of the polymerization and 
coupling reaction conditions. 

All of the coupling products, separated by preparative 
GPC when necessary, were identified by lH NMR. For 
example, Figures 4B and 5B show the spectra of the 
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Figure 5. 'H NMR spectra (CDC13, room temperature) of the amphiphilic tetraarmed poly(viny1 ethers) by the coupling reaction 
of SiVE-IBVE block living polymers 4d and tetrafunctional silyl enol ether 1 (cf. Scheme 2): (A) block polymer 4d quenched 
with methanol; (B) tetraarmed polymer Sd; ( C )  the amphiphilic tetraarmed poly(viny1 ether) by the deprotection of the tert- 
butyldimethylsilyl ether groups in 5d. 

Table 3. Coupling Reactions of --Block Living Poly(viny1 ethers) with Tetrafunctional Silyl Enol Ether (1)" 

- fin x 10-3 
i v d  yield DP,(R1/R2Ie Mw/Mn 

monomer 
R C  

entry6 code first(R1) second(R2) 'HNMR arm %, GPC 'HNMR 'HNMRf GPC GPC 
1 5a CEVE AcOVE 0.97 3.88 93 19.1/18.8 18.1 15.3 1.06 
2 5b IBVE AcOVE 0.96 3.84 91 16.9116.7 15.4 13.2 1.07 
3 5c AcOVE CEVE 0.92 3.68 80 17.5/16 .O 15.3 15.4 1.04 
4 5d SiVE IBVE 0.89 3.56 73 15.4119.7 17.2 15.0 1.04 

a Polymerization conditions are shown in Table 2. Coupling reaction conditions: [living polymer]/[_l] = 4.0; in CH2C12 at  -15 "C for 24 
h. For the samples fractiontted by preparative GPC from the products shown in Figure 31-L. Fn = (a-ecd CHs)/(phenyl groups of 
coupling agent), by 'H NMR; F,(theory) = 1.00; see also ref 12. The number of arms per polymer: N(arm) = F, x 4 (the number of silyl 
enol ethersper coupling agent). e DP, shows the degree of polymerization of the respective monomer segment in them-block arm 
polymer: DP, = (pendant functional group in the polymer chain)/(a-end CH3), by 'H NMR. ff in( lH NMR) = m(arm) x [DP,(R', 'H NMR) 
x (mol wt of 1st monomer) + E n ( R 2 ,  'H NMR) x (mol wt of 2nd monomer)] + (mol wt of the coupling agent). 

coupled products f rom the CEVE-AcOVE with the 
SiVE-IBVE pairs (Figures  31 and 3L, respectively). 
Before and after the coupling reactions with 1 (see 
Figures 4A and 4B or Figures 5A and 5B), the signals 

of the AB-block arm chains did not change in both 
spectra except for the polymer end. After the coupling, 
the signals of the coupling agent moiety appeared newly 
as signals i-1 in Figure 4B and k-n in Figure 5B. The 
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Table 4. Solubility of Amphiphilic 4-Arm Polymers (E-HI, Their Precursors (A-D), and Relevant Block Polymers 
(I and J) 

segment functiona solventb 
code polymer structure Rl(outer) R2(inner) n-hexane toluene CHC13 EtOH MeOH HzO 
A 4-arm CEVE AcOVE X 0 0 A X X 

B 4-arm AcOVE CEVE X 0 0 X X X 

C 4-arm IBVE AcOVE 0 0 0 0 A X 

D 4-arm SiVE IBVE 0 0 0 0 A X 

E 4-arm CEVE HOVE X 0 0 X X X 
F 4-arm HOVE CEVE X X A 0 0 0 
G 4-arm IBVE HOVE A 0 0 0 A A 
H 4-arm HOVE IBVE X A 0 0 0 A 
I block CEVE HOVE X 0 0 A 0 X 

J block IBVE HOVE 0 0 0 0 0 0 

a Code A-H, {[CH~CH(OR1)]n-[CH~CH(OR2)lfl}~-(core); code I and J, [CH2CH(OR1)ln-[CH~CH(OR2)ln; n - 20 (A-J). 0, soluble; A, 
swelling, x ,  insoluble; at  room temperature, ca. 1 wt %. 

ratios of the head methyl group (signal a) to  the phenyl 
group in the coupling agent were calculated by the area 
ratio of the corresponding signals.12 The product shown 
in Figure 4B gave a ratio close to  unity (entry 1, Table 
31, while the product in Figure 5B gave a ratio less than 
unity (entry 4) due to the bulkiness of the pendant 
functions (see above). In the case of other coupling 
products, the ratios are also close to unity (entries 2 and 
3). Therefore, the coupling products shown in Figures 
31-L were identified as tetraarmed polymers 5. 

(c) Amphiphilic Tetraarmed Star Poly(viny1 
ethers). To obtain the amphiphilic arm segments as 
shown in eq 1, the acetoxy or the silyl pendant groups 
in 5 were deprotected by alkaline hydrolysis13 and the 
desilylation with n-Bua+F-,14 respectively (see Experi- 
mental Section). 

In the alkaline hydrolysis of the acetoxy groups, for 
example, the CEVE-AcOVE polymer (5a) was treated 
with aqueous NaOH solution (5 equiv with respect to  
the ester function) in 1,Cdioxane at  room temperature. 
As can be seen in the lH NMR spectra before and after 
deprotection (Figures 4B and 4 0 ,  the methyl group 
(signal h, Figure 4B) of the acetyl moiety in 5a disap- 
peared, and the signal of the methylene protons neigh- 
boring the acetoxy group was shifted to higher magnetic 
field. Other AcOVE-based polymers (5b and 5c) were 
also deprotected completely. The chloroethyl, isobutyl, 
and phenyl groups of 5 remained unchanged during the 
deprotection. 

The tert-butyldimethylsilyl ether groups of the SiVE- 
IBVE arms in 5d were removed with F- anion. Thus, 
5d was allowed to react with n-Bu4N+F- (5 equiv with 
respect to the silyl ether function) in THF at room 
temperature. The lH NMR spectra (Figures 5B and 5C) 
show that the signals of the methyl group and the tert- 
butyl group disappeared completely (signals i and j, 
Figure 5B), but the isobutyl groups and the coupling 
agent moiety survived. 

These data demonstrate that the silyl enol ether 
coupling of living AB-block copolymers (Scheme 2) 
provided a series of amphiphilic tetraarmed poly(viny1 
ethers) (6) with controlled and uniform arm length and 
compositions. In these polymers, equally important, the 
hydrophilic poly(H0VE) segments may be placed either 
inside or outside of the arm moieties. 

Characteristics of the Amphiphilic Tetraarmed 
Polymers. The combination of the tetraarmed star 
structure and the amphiphilicity of the arms in the 
tetraarmed poly(viny1 ethers) (6) would lead to interest- 
ing characteristics, and this point was examined in 
relation to the precursor tetraarmed polymers (5) and 
the corresponding amphiphilic linear AB-block copoly- 
mers (4). 

(a) Solubility Characteristics. Table 4 shows the 
solubility of a series of the tetraarmed star polymers 
and the AB-block polymers. Samples A-D are the 
tetraarmed polymers (5) before deprotection, E-H are 
their amphiphilic forms (6) (e.g., E from A, F from B, 
etc.), and I and J are the corresponding amphiphilic 
linear AB-block polymers. In all these samples, the 
hydrophobic and the hydrophilic segments (or their 
protected forms) are nearly the same in length (DP, ca. 
20 each). Comparison may be made on a pair of 
polymers (e.g., B and F) before and after the deprotec- 
tion or on another pair (e.g., E and F) where the 
placement of two segments in the arm chains is re- 
versed. 

As seen for samples B and F, for example, the 
deprotection of the ester pendant groups (B) into the 
hydrophilic alcohol functions (F) transforms the origi- 
nally lipophilic polymer (B, soluble in toluene and 
chloroform) into a hydrophilic polymer (F, soluble in 
alcohols and water). However, this expected change is 
true only for the tetraarmed polymers with outer 
alcoholic segments (samples F and H). For the inner- 
alcohol version, such as E and G, their solubility 
characteristics are very similar to those of their pro- 
tected, less hydrophilic forms (A and C, respectively), 
and the corresponding linear block polymers (I and J) 
are also similar in solubility to  those inner-alcohol 
polymers. 

Thus, comparison of samples E and F clearly shows 
that reversing the placement of hydrophilic segments 
in the arms completely alters the solubility of these 
polymers, and the overall solubility is primarily deter- 
mined by the nature of the outer segments; namely, E 
with inner alcohols is soluble in less polar organic 
solvents, but F with outer alcohols is soluble in alcohols 
and water. These trends appear general, as has been 
observed for the multiarmed amphiphilic poly(viny1 
ethers) prepared by the multifunctional initiation2 and 
by the polymer linking  method^.^ 
(b) Solvent Effects on IH NMR Spectra. The 

solubility analysis (Table 4) shows that samples G and 
H are indeed amphiphilic, soluble both in polar and 
nonpolar solvents (ethanol and chloroform, respectively). 
In these solvents the two samples gave lH NMR spectra 
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Figure 6. 'H NMR spectra (room temperature) of the amphiphilic tetraarmed poly(viny1 ethers): (A and C) sample G in Table 
4; (B and D) sample H. Solvents: (A and B) chloroform-d: (C and D) ethanol-&. x and * in the spectra show the protons of 
chloroform and ethanol, respectively. 

that clearly depended on solvent polarity and on the 
location of the hydrophilic poly(H0VE) segments in the 
arms, which is the only structural difference between 
them. Figure 6 summarizes the results. 

For example, the peaks due to the poly(H0VE) 
segments (b and c for both G and H) are clearly sharper 
in ethanol than in chloroform (Figures 6A and 6B), and 
in the latter medium, they are sharper with the outer- 
alcohol version H than with the inner counterpart G 
(Figure 6B vs 6A). These spectral changes indicate that 
the hydrophilic poly(H0VE) segments assume a more 
extended conformation in ethanol and also that the 
extension is enhanced for sample H, because its hydro- 
philic arm segments would be solvated more readily. 

The signals of the core phenyl groups (a) are also 
affected by solvent polarity and arm structure. In 
ethanol, a polar solvent, the aromatic signals of polymer 
H are sharp (Figure 6D), whereas those of polymer G 
are broad and weak (Figure 6 0 ,  probably because the 
nonpolar poly(1BVE) segments shrink more in sample 
G than in H, rendering the core less mobile in the 
former. A similar trend can be seen in the spectra in 
chloroform (Figures 6A and 6B), but signal a with 
sample G is stronger than in methanol, because of a 
more extended form of the outer poly(1BVE) segments. 

Overall, the NMR signal shape and strength, or the 
relative mobility of the core and arms, appear to depend 
on the nature of the outer arm segments in relation to 
the solvent. 

Conclusion. The coupling reactions of AB-block 
living poly(viny1 ethers) 4 with tetrafunctional silyl enol 

ether 1 provided tetraarmed poly(viny1 ethers) 5 with 
AB-block arm chains in high yield (Scheme 2). The 
deprotections of the acetoxy or the silyl ether groups in 
5 led to amphiphilic tetraarmed star poly(viny1 ethers) 
(6) having well-defined arm chains, which showed the 
interesting behavior in solution. 

Experimental Section 
Materials. The following reagents were washed by the 

usual methods15 and distilled over calcium hydride (CaH2) at 
least twice before use: polymerization solvents (n-hexane and 
CH&12), monomers (IBVE, CEVE, AcOVE, and SiVE), and 
internal standards for GC (CC14 for IBVE, n-octane for CEVE, 
phenyl chloride for AcOVE, and 1,2,3,4-tetrahydronaphthalene 
for SiVE). AcOVE13 and SiVEI4 were prepared as reported. 
Diethyl ether (Dojin, anhydrous) as the solvent for ZnCl2 was 
distilled over lithium aluminum hydride before use. Zinc 
chloride (Aldrich, 1.0 M in diethyl ether) was used as received 
and diluted with the distilled diethyl ether to a given concen- 
tration. The HC1 adducts of IBVE,7 CEVE,16 and AcOVE17 (as 
initiators; 1.0 M stock solutions in n-hexane) and tetrafunc- 
tional silyl enol ether 1 (coupling agent, CHzClz s~lution)~ were 
prepared as reported. Tetra-n-butylammonium fluoride (Al- 
drich, 1.0 M THF solution) was used as received. 

Procedures. (a) Polymerization and Coupling Reac- 
tions. Synthesis of AB-block living cationic polymers 4 was 
carried out under dry nitrogen in a 50-mL baked flask 
equipped with a three-way stopcock with magnetic ~ t i r r i n g . ~ . ~  
For example (see Scheme 21, a mixture of CEVE (0.2 mL), 
n-octane (0.2 mL, internal standard for GC analysis), and CHn- 
Cl2 (7.6 mL) was cooled to -15 "C, and solutions of the CEVE- 
HC1 adduct (1.0 mL; 0.10 M in n-hexane) and ZnClz (1.0 mL; 
30 mM in diethyl ether) were added in order. Living polymer 
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3a (E, - 15; [living end] = 10 mM) was formed in nearly 
quantitative yield after 180 min. To the as-prepared solution 
of 3a was quickly added a mixture (1.0 mL) of AcOW (1.3 
mL), phenyl chloride (0.7 mL, internal standard for GC 
analysis), and CH2C12 (3.0 mL). AB-block living polymer 4a 
was formed in nearly quantitative yield after 105 min. Other 
AEbblock living polymers (4b-d, [living end] = 10 mM) were 
prepared similarly under the conditions shown in Table 2. 

To these solutions of AB-block living polymers 4 (10 mL) 
kept at -15 "C, the CHzClz solution of the coupling agent was 
quickly added a t  room temperature with vigorous stirring. The 
amount of the coupling agent (1, 0.60 mL of a 41.4 mM 
solution) was determined so as  to maintain the stoichiometry 
([living end] = [silyl enol ether group]) as  closely as  possible. 
The mixture was stirred a t  -15 "C for an  additional 24 h, 
washed three times with water (30 mL), evaporated to dryness 
under reduced pressure, and finally vacuum dried to give the 
coupled polymer. The samples for 'H NMR analysis and the 
deprotection were separated by preparative gel permeation 
chromatography (Shodex K2003; exclusion limit = 7 x lo4; 
2.5 cm i.d. x 30 cm). 

(b) Deprotection. The acetoxy groups in 5a-c were 
removed by alkaline hydrolysis a t  room temperature.13 For 
example, an  aqueous solution of sodium hydroxide (0.68 mL, 
2 N; 5 equiv with respect to the ester functions) was added to 
a mixture of 5a (78 mg; entry 1, Table 3) and 1,4-dioxane (6.0 
mL) with stirring. After 7 h, during which period the solution 
became cloudy, water (3.0 mL) was added to obtain a trans- 
parent solution. The mixture was stirred further for an  
additional 2 days. 

The tert-butyldimethylsilyl ether groups in 5d were removed 
by the F- anion a t  room temperature.14 Thus, n-Bu4N+F- (2.9 
mL, 1.0 M THF solution; 5 equiv with respect to the silyl 
group) was added to the mixture of 5d (110 mg; entry 4, Table 
3) and THF (7.0 mL) with stirring. The mixture was stirred 
for 5 h. 

After the deprotection, the solvents were removed under 
reduced pressure. The residues were dissolved in water or a 
water/l,4-dioxane mixture (1:l v/v), and the salts were re- 
moved by dialysis (Spec t r f lor  7, molecular weight cutoff ca. 
1000) for 3 days a t  room temperature.6 The amphiphilic 
tetraarmed poly(viny1 ethers) were finally obtained by evapo- 
rating the water and 1,4-dioxane. 

(c )  Polymer Characterization. Gel permeation chroma- 
tography was carried out in chloroform on a Jasco Trirotar-I1 
chromatograph equipped with polystyrene gel columns (Shodex 
K-802, K-803, and K-804; exclusion limit = 4 x lo5; 8.0 mm 
i d .  x 30 cm each) and refractive indedultravioletdual-mode 
detectors. The number-average molecular weight (M,) and the 
MWD of the polymers were determined on the basis of 
polystyrene standard samples. lH NMR spectra (270 MHz) 
were recorded on a JEOL GSX-270 spectrometer a t  room 
temperature. 
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