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SYNOPSIS 

Amphiphilic graft polymers of vinyl ethers (VEs) (6)  where each branch consists of a 
hydrophilic polyalcohol and a hydrophobic poly (alkyl vinyl ether) segment were prepared 
on the basis of living cationic polymerization, and their properties and functions were 
compared with the corresponding amphiphilic star-shaped polymers. In toluene at  
-15"C, the HI/Zn12-initiated living block polymer 2 of an ester-containing VE 
( CH2 = CHOCH2CH20COCH3) and isobutyl VE (IBVE) was terminated with the diethyl 
2-(viny1oxy)ethylmalonate anion [ 3; eC(COOEt)2CH2CH20CH=CH2] (2/3 = 1 / 2  
mole ratio) to give a macromonomer (4 ) ,  H [ CH2CH ( OCH2CH20COCH3)],- 
[CH2CH(Oz13u)],,-C(COOEt)2CH2CH20CH=CH2 ( m  = 5, n = 15; a,, = 2600, Mw/  
M,, = 1.13,l.lO vinyl groups/chain). Subsequently, 4 was homopolymerizedwith HI/Zn12 
in toluene a t  - g ° C .  In 3 h, 85% of 4 was consumed and a graft polymer ( 5 )  was obtained 
[aw = 15000, DP, (for 4) = 61. The apparent aw (10,900) of 5 by size-exclusion chro- 
matography (SEC) is smaller than that by light scattering as well as that (18,300) by SEC 
of the corresponding linear polymer with the almost same molecular weight, indicating the 
formation of a multi-branched structure. Hydrolysis of the pendant esters in 5 gave the 
amphiphilic graft polymer 6 where each branch consists of a hydrophilic polyalcohol and 
a hydrophobic poly (IBVE) segment. The graft polymer 6 was found to interact specifically 
with small organic molecules (guests) with polar functional groups, and 6 differed in sol- 
ubility and host-guest interaction from the corresponding star-shaped polymer. 0 1993 John 
Wiley & Sons, Inc. 
Keywords: graft polymer star-shaped polymer living polymerization cationic poly- 
merization amphiphilic polymer host-guest interaction 

INTRODUCTION 

Living polymerization permits the synthesis of not 
only linear polymers with well-defined structures but 
also polymers with controlled three-dimensional 
shapes, which are usually attained by multi- 
branched structures. Such topologically controlled 
polymers are classified star-shaped, dendritic, and 
graft polymers, etc., depending on how the branches 
or arms are placed in the polymeric structure. 

* For Part VI, see Reference 4. 
To whom all correspondence should be addressed. 
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On the basis of living cationic polymerization, for 
example, we have recently synthesized three types 
of amphiphilic star-shaped polymers of vinyl ethers 
with hydroxyl or carboxyl groups: star-shaped block 
copolymers; 3,4 hetero-arm star polymers; and core- 
functionalized star polymers.6 All these star poly- 
mers have been obtained via linking reactions of 
linear living polymers mediated by bifunctional vinyl 
corn pound^.^-^ The functionalized star poly (vinyl 
ether) s were found to possess properties and func- 
tions ( like selective host-guest interaction with 
small molecules7) that differed from those of the 
corresponding linear block  polymer^.^-^ In general, 
an important factor that affects the properties of 
star polymers is the number of arms per molecule.' 

2513 
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Although the relationship of the arm number with 
synthetic conditions is empirically it is 
difficult to strictly predetermine the arm number, 
because it is statistically controlled in the linking 
reaction of living polymers with bifunctional mono- 
mers?” 

Another method for the synthesis of multi- 
branched polymers is the homo- or copolymerization 
of a macromonomer into a graft polymer.” In the 
course of our series of studies on star-shaped am- 
phiphilic polymers, 3-8 we became interested in the 
synthesis of “amphiphilic” graft polymers with a 
predetermined number of arms (branches) via living 
cationic polymerization of macromonomers. Al- 
though a number of macromonomers have been pre- 
pared, there are no examples of polymerization of 
“block” macromonomers, lo which consist of more 
than two different segments. 

Herein we directed our study to the synthesis of 
amphiphilic graft polymers with a controlled branch 
number. As shown in Scheme 1,2-acetoxyethyl vinyl 
ether ( AcOVE; CH2 = CHOCH2CH20COCH3) and 
isobutyl vinyl ether ( IBVE ) are sequentially poly- 
merized with the hydrogen iodidelzinc iodide (HI/  
Zn12) initiating system. The resultant living block 
polymer 2 is terminated with diethyl 2-(viny- 
loxy) ethylmalonate (VOEM) anion 3 in toluene at 
-15°C to give a macromonomer 4, which bears a 
cationically polymerizable vinyl ether terminal.” 
The subsequent homopolymerization of 4 with HI/ 
Zn12 in toluene at  -15°C affords a graft polymer 5. 
Alkaline hydrolysis of the ester groups in 5 then 
leads to the amphiphilic graft polymer 6 where each 
branch consists of a hydrophilic polyalcohol [ poly (2- 

hydroxyethyl vinyl ether) : poly ( HOVE) ] and a hy- 
drophobic poly (IBVE) segment. 

Such amphiphilic graft polymers may have the 
almost uniform number of branches, provided that 
living polymerization of 4 is available. In addition, 
unlike the various types of the star-shaped polymers 
previously r e p ~ r t e d , ~ - ~  graft polymer 5 has no hy- 
drophobic microgel core that may possess some di- 
mensions. Therefore, the amphiphilic graft polymers 
are expected to possess properties and functions dif- 
fering from those of the corresponding star block 
amphiphiles. In this study, we examined ( i )  the 
synthesis of amphiphilic graft polymers 6 with the 
controlled number of branches and (ii) their solu- 
bility characteristics and host-guest interaction with 
small organic molecules, relative to those of the cor- 
responding amphiphilic star-shaped and linear block 
polymers. 

RESULTS AND DISCUSSION 

Synthesis of Macromonomer 4 

Macromonomer 4 was prepared by terminating the 
HI /Zn12-initiated living block polymer 2 with 
VOEM anion 3 in toluene at  -15°C (Scheme 1, see 
Experimental section). In a typical example, the 
first-stage polymerization of AcOVE ( [ AcOVElo 
= 0.05M, [HI], = 10 mA4, [Zn12]0 = 0.5 mM) 
reached 100% conversion in 35 min to give a living 
polymer with a narrow molecular weight distrib- 
ution (MWD) [MW/Mn < 1.1, Fig. 1 ( A ) ] .  The sub- 
sequent polymerization of IBVE ( AcOVEIIBVE 
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lo‘ 5x10’ l o s  MW(PS1) - 
20  25 EV(ml) 

Figure 1. MWD of the products obtained in the syn- 
thesis of graft polymer 5 at -15°C in toluene (Scheme 
1 ) : (A)  starting living poly ( AcOVE) 1, [ AcOVE],, = 0.05 
M,  [HI],, = 10 mM, [ZnI2Io = 0.50 mM, monomer con- 
version = 100%; ( B )  linear living block polymers 2 
(quenched with methanol), AcOVE/IBVE mole ratio = 5/ 
15; ( C  ) macromonomer 4 obtained from the end-capping 
reaction of 2 with sodio malonic ester anion 3, [ 310/ [ 21, 
= 2.0; ( D )  graft polymer 5 obtained from the polymer- 
ization of 4 with HI/Zn12, [4Io  = 16 mM, [HI], = 2.0 
mM, [ ZnI2Io = 1.0 mM. 

= 5/15 mole ratio, completed in 6 min) led to 
AcOVE-IBVE block polymer 2 [ M w / a n  = 1.12, Fig. 
1 ( B )  1. Then, the living end of polymer 2 was al- 
lowed to react with the anion 3 ) 2 equiv to the living 
ends, to give a product [Fig. 1 ( C  ) 3 whose h;r, and 
MWD are very similar to the polymer 2 quenched 
with methanol [see Fig. l ( B ) ] .  The nearly same 
MWDs indicate that the quenching with 3 is rapid 
and quantitative, and that no vinyl ether group of 
3 reacted with the living growing ends of 2. 

Figure 2 (A) shows the ‘H-NMR spectrum of the 
quenching product [see Fig. 1 ( C  ) ] thus obtained. 
The spectrum exhibits the absorptions assignable 
to the terminal vinyl protons (peaks d and f )  , in 
addition to those of the AcOVE and the IBVE units 
(peaks a, c, and e )  ) and was fully consistent with 
the macromonomer structure 4 (Scheme 1). The 
segment composition and the number (r?,) of the 
vinyl terminal per polymer chain were determined 
from the ‘H-NMR peak intensity ratios of the ace- 
toxy methyl protons (peak b )  of the AcOVE units 
to the methyl protons (peak a )  of the IBVE units 
and to the vinyl protons (peak f )  of the terminal 
VOEM units, respectively. The m, of the 
poly ( AcOVE) segment was taken to be 5, which was 

calculated from AcOVE/HI feed ratio. The observed 
segment composition was 5115.4, in good agreement 
with the calculated ratio (5 /  15). The end function- 
ality Fn was 1.10, showing the attachment of nearly 
one vinyl ether group per chain. Thus, “block” ma- 
cromonomer 4 ,  which consists of poly ( AcOVE) and 
poly ( IBVE ) segments, was quantitatively obtained 
via the reaction of living block polymer 2 with 3. 
- Macromonomers 4 with a longer chain (e.g., total 
DP, = 40, AcOVE/IBVE = 10/30) were also ob- 
tained in a similar manner. 

Cationic Polymerization of Macromonomer 4 

Macromonomer 4 (AcOVE/IBVE = m / n  = 10/30, 
[4], = 16 m M )  was homopolymerized with boron 
trifluoride etherate ( BF30Et2, 10 mM) l2 and the 
HI/Zn12 (2.0/5.0 mM) initiating system at  -15°C 

n3c‘ ’cn3 
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Figure 2. ’H-NMR spectra in CDC13 a t  25°C: (A)  
macromonomer 4 ,  ( B ) precursor graft polymer 5 from 
sample A after polymerization, ( C )  amphipklic graft 
polymer 6 from sample ( B )  after hydrolysis. DP, of arm 
chains is as indicated. 
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in toluene. After a sufficiently long reaction time, l3 

both polymerizations led to soluble products con- 
taining polymers of clearly higher molecular weight 
relative to 4 [Figs. 3 ( A )  and ( B ) 1 .  These polymers 
are likely graft polymers of 4, but they were accom- 
panied by a large amount of unreacted 4 (indicated 
by the arrow in each SEC curve, see Fig. 3 ) .  The 
conversions of 4 were determined from the integra- 
tion of the MWD curve, and they were 35-45% for 
both initiators. Thus, the cationic homopolymeriza- 
tion of 4 turned out to be possible but not quanti- 
tative under these conditions. 

The factors that render the polymerization of 4 
not highly efficient may be the steric hindrance of 
the main chain and/or the polar nature of the pen- 
dant ester groups of the AcOVE units in 4; the latter 
can complex ZnIz to reduce its effective concentra- 
tion. Thus, we examined the effects of these two 
factors on the yield of graft polymers. 

To examine the steric effect on the polymeriza- 
tion, we herein employed two poly ( IBVE) -based 
macromonomers 7, whose degree (m,) of poly- 
merization was 10 or 38. As shown in Figure 4, the 
shorter the chain length of the poly (IBVE) chain, 
the higher the yield of the graft polymer (A > B )  
from 7. When the m, was 10, the macromonomer 
7 was almost completely consumed in 1 h [Fig. 4 
( A )  1.  Furthermore, the MWD of the product was 
unimodal and apparently narrow (aw/a, = 1.10). 

We next examined the polymerization of two 
samples of 4 that differed in segment composition. 
On the basis of the results for the steric effect, the 
total m, of the two samples was set 20, where the 
DP, for the AcOVE segment was 5 and 10 (4a and 
- 

A BF30Et2 

i" r'* 
2x104 10' 3 x 1 0 ~  MW(PSI) 

I I 
2 0  25  EV(mI) 

Figure 3. MWD of the products obtained from the 
homopolymerization of macromonomer 4 a t  -15°C in 
toluene (Scheme 1 ) ;  [4], = 16 mM. Initiator: (A)  
BF30Et2, 10 mM; ( B )  HI/Zn12, 2.0 m M  ([ZnI2lo = 5.0 
m M )  . The arrow, attached to each MWD curve, indicates 
the unreacted macromonomer 4.  

10' 5x103 l o 3  MW(PS1)104 5x103 l o 3  

25  
- I l l  I I 

21 25 EV(ml) 21  

Figure 4. MWD of the products obtained in the homo- 
polymerization of poly (IBVE) -based macrOmonomer 7 
[ (A)  and ( B ) ] or macromonomer 4 (total DP, = 20) with 
the varying number of the AcOVE units [ (C) and ( D ) ]  
at  - 1 c C  in toluene; [ 7 or 41, = 16 mM, [ HI], = 2.0 
mM. DP, for IBVEand [ ZnIplo: (A)  10,2.0 mM; ( B )  38, 
4.0 mM. Segment DP, for AcOVE and [ ZnI2lo: (C)  5,l.O 
mM; ( D )  10,2.0 mM. The arrow, attached to each MWD 
curve, indicates the unreacted macromonomer 4 or 7 .  

4b, respectively). Depending on the segment com- 
position, the amount of ZnIz was varied (1.0 and 2.0 
m M  for 4a and 4b, respectively), namely, the more 
ZnIa for the macromonomer with a longer AcOVE 
segment. Although the two macromonomers had the 
same total m,, the yield of the graft polymer was 
clearly higher with 4a [Fig. 4, (C) > ( D )  1. In gen- 
eral, the larger amount of AcOVE units retards its 
polymerization, because the ester group of AcOVE 
may complex ZnIz to reduce its effective concentra- 
tion. Both the retardation and the steric effect ren- 
der 4b much less reactive to induce termination or 
chain transfer reactions and eventually lead to the 
lower yield of 5 with the longer poly ( AcOVE) seg- 
ment. 

Arnphiphilic Graft Polymers 6 

Precursor Graft Polymers 5 

According to the results described in the preceding 
section, both the total m, and the AcOVE segment 
DP, of macromonomer 4 should be relatively low 
to achieve its successful homopolymerization. Thus, 
for the synthesis of amphiphilic graft polymer 6 (and 
its precursor 5,  Scheme 1 ) , we selected 4 with total m, = 20 and AcOVE/IBVE segment m, ratio 
= 5/15. In toluene at -15OC, the macromonomer 4 
was homopolymerized with HI/ZnIz ( [ 410 = 16 mM, 
[ HIl0 = 2.0 mM, [ZnIZlo = 1.0 mM).  In 3 h, 85% 
of 4 was consumed and higher molecular weight 
polymers were obtained [Fig. 1 ( D  ) 1. The product 
was completely soluble in common organic solvents 

- 
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(toluene, chloroform, etc.) . For subsequent experi- 
ments, the unreacted 4 was removed from the sam- 
ple by preparative SEC [see Fig. 1 ( D )  where the 
SEC curve in broken line indicates the excluded 
macromonomer fraction] . The weight-average mo- 
lecular weight (aw) of this fractionated graft poly- 
mer (by light scattering) was 15,000, and the ap- 
parent MWD by SEC was narrow (MW/M,, = 1.16). 
The DP, for 4,  calculated on the basis of Mu, was 
6.3, which was close to the calculated value ( =  6.8) 
based on the [4],/[HI], ratio and the conversion 
of 4. These results support that 4 is polymerized 
with HI/Zn12 in a living fashion to give the graft 
polymer 5 with the controlled number of branches. 

Figure 2 ( B )  shows the 'H-NMR spectrum of the 
graft polymer 5 obtained from 4. After the poly- 
merization of 4,  the peaks [ d and f: Fig. 2 (A) ] due 
to the vinyl groups completely disappeared, whereas 
all other signals of the AcOVE and the IBVE units 
remained unchanged [peaks a, c, and e: Fig. 2 ( B  ) 1. 
Thus, the precursor graft polymer 5 was obtained. 

Hydrolysis of Pendant Esters 

The pendant ester groups of the AcOVE units of 
the graft polymer 5 were hydrolyzed into hydroxyl 
functions in 1,4-dioxane under basic conditions 
(Scheme 1, see Experimental section) to give am- 
phiphilic graft polymer 6.  

Figures 2 ( B )  and ( C )  compare the 'H-NMR 
spectra of the precursor graft polymer (5) and its 
hydrolysis product ( 6) ,  respectively. After the hy- 
drolysis, the absorption of the pendant acetoxy 
groups [c, 2.1 ppm: Fig. 2 ( B ) ]  completely disap- 
peared; and signal e [4.2 ppm: Fig. 2 ( B ) ] ,  due to 
the methylene protons adjacent to the ester group, 
shifted upfield as peak g and became indistinguish- 
able from that of the methine proton adjacent to 
the ether oxygen [Fig. 2 ( C ) 1. In contrast to these, 
all other signals of the poly (IBVE) units (a, 0.9 
ppm) remained unchanged upon hydrolysis. A small 
peak at 4.2 ppm is assignable to the methylene pro- 
tons of the VOEM units [ Fig. 2 ( C )  ] .'* These spec- 
tral observations show the complete hydrolysis of 
the pendant acetoxy groups and the formation of 
the amphiphilic form 6 .  

Craft vs. Star Block Polymers 

Both graft and star-shaped polymers are multi- 
branched macromolecules but differ in structure 
from each other, and hence difference in properties 
and functions would be expected between them. We 
therefore compared the graft polymers 5 (precursor) 

and 6 (amphiphile) with the corresponding star 
block polymers3 in terms of molecular weight, sol- 
ubility, and host-guest interaction. 

Molecular Weight 

Figure 5 compares the MWD curves of samples of 
the graft ( 5 ,  6 branches/molecule) and the star 
block (8 ,  7 arms/molecule) precursor polymers be- 
fore hydrolysis. For both samples, the m,, for the 
poly ( AcOVE) and the poly ( IBVE) segments were 
5 and 15, respectively. The peak molecular weight 
of 5 [Fig. 5 ( B  ) ] was slightly smaller than that of 
8 [Fig. 5 (C)  1, indicating that 5 may possess smaller 
hydrodynamic volume than 8. Such difference most 
likely stems from a microgel core of a bifunctional 
vinyl ether.3 

Table I lists the Mw values (by light scattering 
and SEC ) and the branch (or arm) numbers ( f ) per 
molecule (see Experimental section). Both A?w val- 
ues of 5 and 8 by SEC were smaller than the cor- 
responding values by light scattering as well as that 
of the corresponding linear polymer formally with 
the same total numbers of repeat units (AcOVE/ 
IBVE = 30/90 mole ratio) per molecule as that of 
the graft polymer 5 [ AcOVE/IBVE = (5/  15) X 6 
arms = 30/90]. This also supports the formation 
of a multi-branched structure like 5 and 8 that is 
more compact l5 than the linear counterpart with 
the same molecular weight. The Mw of 5 (by light 

5x104 l o 4  5x10' MW(PS1) 
I 

20 d5 EV(ml) 

Figure 5. MWD of (A) linear block polymer 4, ( B )  
star block polymer 8, and (C)  precursor graft polymer 5. 
Reaction conditions (in toluene at -15°C): (A) [AcOVEIo 
= 0.30 M ,  [HI], = 10 mM, [ZnIzIo = 0.5 mM, AcOVE/ 
IBVE mole ratio = 30/90; (B) [AcOVE]o = 0.05M, [HI], 
= 10 mM, [ ZnIZlO = 0.5 mM, AcOEV/IBVE mole ratio 
= 5/15, [divinyl etherIo/[2] = 2.0; (C)  [4], = 16 mM, 
[HI], = 2.0 mM, [ZnIzIo = 1.0 mM. 
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Table I. 
Light Scattering and SEC" 

The Weight-Average Molecular Weight (uw) of Graft Polymer 5 and Star-Shaped Block Polymer 8 by 

- 
DP, (obsd)b Mw x 

Code Shape mln LS SEC Mu (core) x f' 

4 linear 30/102 - 1.83 

8 star 5/15.5 per a rm 1.93 1.25 
5 graft 5/15.4 per branch 1.50 1.09 

- 
0 
4.9 

- 
6 
7 

a Reaction conditions: with HI/ZnIz in toluene at -15OC. [HI], and [ZnIzlo: (4 and 8) 10 mM, 0.5 mM, (6) 2.0 mh4, 1.0 mM. In the 

The observed segment compositions of the branch (arm), determined by 'H-NMR (see text); the calculated values are 5/15 for 6 

LS, by light scattering; SEC, by size-exclusion chromatography. 
See Reference 8. 
The number of branches (arms) per molecule; see Experimental section. 

synthesis of 8: [divinyl ether], = 20 mM, r = [divinyl ether],/[HI], = 2.0; see Reference 3. 

and 8, and 30/90 for 4. 

scattering) was smaller than that of the star block 
polymer 8 ,  and the difference was very similar to 
the calculated (core ) value for the microgel core 
of 8 (Table I). 

Solubility Characteristics 

Table I1 summarizes the solubility characteristics 
of both graft (6) and star block (9) amphiphilic 
polymers. For both samples, the m, for the 
poly ( HOVE) and the poly (IBVE) segments were 5 
and 15, respectively. The ester-containing precursors 
(5  and 8 ) ,  irrespective of their structure, were sol- 
uble in hexane, toluene, and chloroform but insol- 
uble in methanol. 

Both 6 ( sample B ) and 9 ( C ) clearly differ in 
solubility from the corresponding linear polymer 10 
( A ) .  Sample A is soluble in hexane, toluene, chlo- 
roform, and methanol, whereas both 6 and 9 are 
insoluble in hexane. Placing polar hydroxyl groups 
in the outer region of the molecule rendered 6 and 
9 insoluble in a nonpolar solvent like hexane. 

The graft polymer 6 ( B ) is insoluble in methanol 
where the star block counterpart 9 ( C )  is soluble. 
In a polar solvent, the arms of 9 may be located 
radially enough for hydrophilic segments to sur- 
round the hydrophobic poly( IBVE) segments and 
the central core. On the other hand, the graft poly- 
mer 6 may differ in conformation from the star 
polymer 9 due to the lack of a central core; in other 
words, the arms of 6 can hardly be extend radially 
as those of 9 do. The hydrophobic segments of 6 
are not well "shielded" from the polar solvent, and 
thus 6 becomes insoluble in methanol. 

Host-Guest Interaction of Amphiphilic Graft 
Polymers 6 with Small Organic Molecules 

Quite recently, we have found the selective host- 
guest interaction of the amphiphilic star-shaped 
poly (vinyl ether) s with small organic molecules 
carrying a particular functional In this study, 
we examined the host-guest interaction between 
amphiphilic graft polymer 6 (host) and benzoic acid 

Table 11. 
and Related Polymers" 

Solubility of Amphiphilic Graft Polymer 6 

Solvent 
Polymer 

Code Structureb Hexane Toluene CHC13 CH30H 

X 0 0 X 

9 (HOVE)5-(IBVE)15-(core) x 0 0 0 

"(0) soluble; (x) insoluble; at room temperature, ca. 3 wt %. 
bThe segment compositions are the calculated values before hydrolysis. The 

number ( f )  of branches (arms) per molecule: (6) 6, (9) 7. 
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( 11) or n-pentylbenzene ( 12) in CDC13 at  30°C. 
The occurrence of the host-guest interaction was 
evaluated from the changes in the 13C-NMR spin- 
lattice relaxation time (T,) 16,17 of the aromatic car- 
bons of 11 and 12 in the absence or presence of 6 
( [guest] = 0.30M). Table I11 summarizes the T1 for 
the asterisked carbon of 11 or 12 in the presence 
of the graft (6) ,  the corresponding star (9) ,  and 
linear (10) polymers. For all polymers, their con- 
centrations were set so as to give the hydroxyl groups 
0.5 equiv to the guest ( [guest] / [OH in the polymer] 
= 2.0) .7 Table I11 also lists the characterization data 
of the polymers [the observed m, ( m / n )  and the 
arm number ( f ) per molecule]. 

The amphiphilic graft polymer 6 turned out to 
be effective as a host polymer and lowered the T1 of 
11 by 50%. It gave the lower T1 value (1.90 s)  than 
the linear polymer 10 (2.18 s).  This trend dem- 
onstrates that, for efficient interactions, the host 
polymers need a branched or multi-armed structure 
which would lead to a higher accumulation of polar 
hydroxyl groups per molecule. Thus, the larger 
amount of the hydroxyl groups may facilitate the 
interaction with the guest and may capture more 
guest molecules. As seen in Table 111, however, the 
star polymer 9 was inferior to the graft polymer 6 
as well as to the linear polymer 10. The central core 
may be so large for these short arm chains that the 
accumulation of the hydroxyl groups is not high 

enough to afford an effective host-guest interaction. 
For example, the star amphiphile with the longer 
arm chains (total m, = 40, HOVE/IBVE = 10/ 
30 mole ratio) in fact gave the lower TI relative to 
the corresponding linear p ~ l y m e r . ~  

On the other hand, the T1 of 12 remained un- 
changed upon treating with 6,9 ,  and 10, irrespec- 
tive of the structure of the host polymers (Table 
11). These results show that for efficient interactions 
with 6,  guests need polar hydrophilic groups, such 
as carboxyl, that can be hydrogen-bonded to the hy- 
droxyl groups in 6,  as observed for the star-shaped 
 polymer^.^ 

With the star block polymers, the host-guest in- 
teraction exhibited a concentration dependence be- 
cause guest molecules are in an equilibrium between 
free and complexed  state^.^ Figure 6 plots the T1 
values of m-carbon in 11 as a function of the molar 
ratio ( [OH in polymer] /[guest] ) of the hydroxyl 
groups in 6 or 9 to the guest. The samples were 
prepared by the addition of varying doses of 11, 
while keeping the concentration of the hydroxyl 
groups in the polymer constant ( [OH in 6 or 91 
= 0.15M). 

Both interactions of 6 and 9 with 11 also showed 
concentration dependence (Fig. 6) .  Interestingly, 
upon increasing [OH in polymer] /[guest] ratio (by 
decreasing the guest concentration), the Tl de- 
creased more sharply in the presence of graft 6 than 

Table 111. TI Values of Benzoic Acid (11) or n-Pentylbenzene (12) 
in the Presence of Various Amphiphilic Poly(viny1 ethers)" 

COOH (CHACH3 
I I 

11 *@ * a 2  

EPn 
(obsd)b 

Polymer 
Code Structure mln 

no polymer 

10 (linear block) (HOVE),-(IBVE), 5115.4 

6 (graft) (HOVE),-(1BVEln-) 5115.4 

9 (star) (HOVE),-(IBVE),-(core) 5/15.5 

T,(s) 

f' 11 12 

3.84 4.81 

- 2.13 4.88 

6 1.90 4.44 

7 2.38 4.82 

"The TI values for the asterisked carbon of 11 or 12 in CDC1, at  30°C; 
[guestYIOH in polymer1 = 2.0. 

bThe segment compositions are the observed values before hydrolysis 
dete@ned by 'H-NMR see text and Reference 3. For 6 and 9, the m l n  values 
(in DP,) are for each branch or arm. 

bThe number of branches (arms) per molecule determined by light scattering. 
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0:  Star 
0:  Graft 

1 

t' 

1 2 
[OH in polymer~[benzolc acid] 

Figure 6. 13C-NMR spin-lattice relaxation times (T,) 
for the rn-carbons of benzoic acid ( 11 ) in the presence of 
graft (6) and star (9 )  amphiphilic polymers as a function 
of [OH in 6 or 91 / [ benzoic acid] in CDCl:, at 30°C: [OH 
in 6 or 91 = 0.15M. 

in the presence of star 9, and the difference in TI 
became much larger a t  a higher [OH in polymer] / 
[guest] ratio. The absence of the central core would 
lead to the higher accumulation of the hydroxyl 
groups per molecule, and hence the guest molecules' 
release from captivity may be suppressed. 

In conclusion, we demonstrated that, on the basis 
of the living cationic polymerization (Scheme 1 ) , 
the amphiphilic graft polymers (6) of vinyl ethers 
with the definite structure and the predetermined 
arm number can be synthesized, where each branch 
consists of a hydrophilic polyalcohol and a hydro- 
phobic poly( IBVE) segment. In terms of solubility 
and the host-guest interaction with small organic 
molecules, these polymers clearly differ from the 
corresponding star block and linear amphiphiles. 

EXPERIMENTAL 

Materials 

AcOVE l8 and VOEM l9 were prepared by the reac- 
tion of 2-chloroethyl vinyl ether with sodium acetate 
and sodio malonic ester, respectively. This monomer 
and commercial IBVE were purified by double dis- 
tillation over calcium hydride before use. The stock 
solution (ca. 200 mM) of VOEM anion 3 was ob- 
tained by treating VOEM with sodium hydride in a 
1,4-dioxane/toluene mixture [ l  : 1 (v /v) ]  as re- 
ported p r e v i o ~ s l y . ~ ~ ~ ' ~  The purity of all these ma- 
terials exceeded 99%. 

Anhydrous hydrogen iodide was obtained as an 
n-hexane solution by the dehydration of commercial 
hydroiodic acid (57 wt % ) using phosphorus pen- 
toxide." The solution was sealed in brown ampoules 
under dry nitrogen and stored in a freezer. Zinc io- 
dide ( Aldrich; purity > 99.99% ) was used as received; 
it was transferred to a flask in a nitrogen-filled dry- 

box and dissolved in dry and distilled diethyl ether 
just before use. Toluene (polymerization solvent) 
was washed by the usual methods" and distilled over 
calcium hydride at least twice before use. Diethyl 
ether (anhydrous, Wako Chemicals) was distilled 
over LiA1H4 before use. 

Synthesis of Macromonomer 4 

Sequential block copolymerization of AcOVE and 
IBVE was carried out with HI/ZnIz in toluene at 
-15°C under dry nitrogen in a baked flask equipped 
with a three-way stopcock.'' After the polymeriza- 
tion had reached ca. 100% conversion, a solution of 
3 (two-fold molar excess over the living end) in a 
1,4-dioxane/ toluene mixture was added. The reac- 
tion mixture was washed with 10% aqueous sodium 
thiosulfate solution and then with water, evaporated 
to dryness under reduced pressure at  room temper- 
ature, and vacuum dried overnight to give macro- 
monomer 4. 

Polymerization of Macromonomer 4 

Polymerization of macromonomer 4 was carried out 
with HI/Zn12 in toluene at  -15°C under dry nitro- 
gen in a baked flask equipped with a three-way stop- 
cock.20 The reactions were run under magnetically 
stirring for a sufficiently long time until the reaction 
mixtures turned light yellow, which was attributed 
to the decay reaction of the living end in the absence 
of monomers. The product polymers were recovered 
from the quenched reaction mixtures as mentioned 
in the previous section. 

Hydrolysis of Polymer 5 into Amphiphilic Form 6 

A sample of polymer 5 (0.6-1.0 g) was dissolved in 
1,4-dioxane (ca. 15 mL), and an aqueous solution 
of sodium hydroxide (5  equiv to the ester units in 
the polymer) was added. The mixture was magnet- 
ically stirred at room temperature for 2-3 days, and 
the solvent was removed by evaporation. The hy- 
drolyzed polymers were dissolved in chloroform and 
washed with water at least three times, and then 
the solvent was removed by evaporation. These pu- 
rified samples were finally vacuum dried overnight 
to give polymer 6. 

Polymer Characterization 

The weight-average molecular weight (aw) of the 
polymers was determined by small-angle laser light 
scattering in ethyl acetate at 25°C on an Otsuka 
Electronics SLS-6OOR photometer ( X = 633 nm, an- 
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gle = 30-150°, three-concentration measurements, 
c = 1 X 10-3-2 X lop3  g/mL). The refractive index 
increment ( d n / d c )  was measured in ethyl acetate 
at 25°C on an Otsuka Electronics DRM-1020 double 
beam differential refractometer ( A  = 633 nm, three- 
point measurements, c = 2 x 10-~-8 x 10-~ g/mL). 
The d n / d c  values of 4 (AcOVE/IBVE = 5/15) 
was 8.524 X mL/g. On the basis of the 
aW(graf t )  value, the number ( f )  of the branches 
was calculated from the following relation: 

f = Mw ( graft ) /Mw (branch ) 

where MW (branch) is the weight-average molecular 
weight of the repeat unit (identical with 3), which 
is assumed to be equal to the number-average mo- 
lecular weight [Gn (branch ) ] of 3, based on the feed 
ratio of AcOVE, IBVE, and HI.3 The arm number 
of the star-shaped block polymer 8 was calculated 
from the relation reported previ~usly.~ 

The Mw was also measured, relative to standard 
polystyrene samples, by size-exclusion chromatog- 
raphy in chloroform on a Jasco 880-PU chromato- 
graph equipped with polystyrene gel columns 
(Shodex K-802, K-803, and K-804) and ultraviolet/ 
refractive index dual detectors. The same chro- 
matograph was employed to determine the MWD 
and polydispersity ratio (Mw/M,,) of the polymers 
on the basis of a polystyrene calibration. 'H- and 
I3C-NMR spectra were recorded on a JEOL GSX- 
270 (270 MHz) spectrometer at 25°C. I3C-NMR 
spin-lattice relaxation times (T,) were obtained by 
the inversion recovery method at 30°C, as previously 
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