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ABSTRACT: (4-Vinylbenzyl)polystyrene macromonomer (PSt, = 5.45 x 10°, My/M, = 1.05) was living-
anionically polymerized bgecBulLi to produce the (PSt) star polymer under high vacuum at room temperature.
Then, isoprene (Is) was sequentially copolymerized by (P$b)yield the (PS§1-s-(Pls) star block copolymer

M, = 6.3 x 10% M,/M, = 1.0;) having a narrow Pls composition distribution. Similarly, the (P4s(PSt)

star block copolymerM, = 10g x 10% M,/M, = 1.0;) was prepared using (4-vinylbenzyl)polyisoprene
macromonomer (PISMM,, = 5.1y x 10°, M,/M, = 1.05). The synthetic route by which the Plgarbanions
copolymerize PStM was found to be unsuitable for preparing {Btg)-(PSt). The resultant star polymers and

star block copolymers were characterized by a special analysis using a gel permeation chromatograph equipped
with a low-angle laser light-scattering detector. The living mechanism of the macromonomers polymerization
was discussed from the viewpoint of initiation efficiency. The asymmetric architecture of the resultant samples
was also discussed on the basis of the relationship between molecular weights and molecular dimensions using
a model of regular comb-shaped polymers. Two films of the-{&4r-(B); star block copolymers showed a clear
microphase-separated structure as observed by transmission electron microscopy. Their morphologies shifted to
the higher star polymer content side of the morphological transition line for linear block copolymers. This interesting
gap in the morphology between the star block copolymers and linear block copolymers was quantitatively explained
by a volume fraction and an asymmetric factor.

Introduction copolymers should form many more microphase-separated
structures than the corresponding ABC-type mikto-arm star
block copolymers.

In order to prepare the (f)star-(B)m.-star-(C), star block
copolymers in sufficient quantities, simpler, more general
synthetic routes than those reported thus far are needed. Anionic
living polymerization of macromonométs?® is one of the
synthetic routes expected to be useful for preparing the-(A)
star-(B)nrstar-(C), star block copolymers having a narrow
polymers, sophisticated synthetic routes might be required andmolepular ngght _distribution and a narrow composition d.is_
the final broducts yields might be small ’ tribution. Purification of macromonomers is one of the_, major

' ) problems encountered in their anionic living polymerization.

On the other hand, poly(macromonomer)s (abbreviated asyye previously prepared a particle-like purging reagent and
poly(A)p) can be prepared by radical polymerization of the showed that it was useful for purifying the macromonomers,
corresponding macromonomers, and they show unique physicalyng its effect was described elsewhtre.
properties, such as liquid crystallfhand anisotropic solution Before presenting the preparation of the (&)ar-(B)nr-star-
propertie$ that are different from th(_)se of linear polymers and (C) star block copolymers, the present paper describes the
star polymers. The molecular architecture of poly(4an be synthesis of the (A)star-(B); star block copolymers by anionic
considered identical to that of comblike polymers when the |iing polymerization of two macromonomers. Because initiation
degree of polymerization of the macromonomey 6 large:° efficiency is one of the most important characteristics of living
It has been known that the A arm chain of the{8far polymers  mechanisms, we consider this value at length in our present
extends _much father_ than the corresponding unperturbed pc_"y'preparation of (A}star-(B); star block copolymers. The asym-
mer chain of the A linear polymer. Furthermore, the A chain metric architecture of the (Ajstar-(B): is discussed on the basis
of poly(A)p, might extend much father than the corresponding of the relationship between molecular weight and molecular
A chain of the (A), star polymers whep > g because the A gimension. The microphase-separated structure of thestaj
comb chain in poly(A) becomes much more crowded near the (g), star block copolymers is also discussed from the viewpoint
grafting points than the A arm chain in (#)*° By combining of a volume fraction and an asymmetric factor that corresponds

these two effects, namely, an ABC-type mikto-arm star block {4 the ratio of the number of arms of A chains to the number of
copolymer and the presence of star polymers with many arms gy ms of B chains.

as in the case of poly(4)the (A)-star-(B)nr-star-(C), star block

Nonlinear block copolymers, such as mikto-arm star block
copolymers, block-graft copolymers? and rod-coil linear
block copolymers, exhibit unique microphase separation be-
havior because of their asymmetric architectuhe particular,
an ABC-type mikto-arm star block copolymer with three
mutually immiscible blocks can offer a great deal of design
flexibility for the formation of new types of microphase-
separated structurég. To prepare these nonlinear block co-

Experimental Section
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Table 1. Molecular Characteristics of Polystyrene Macromonomer Macromonomer/Bz
(PStM) and Polyisoprene Macromonomer (PIsM)

1U3Mna MW/Mna PPBNa ;“THF
macromonomers GPC and VPO GPC fcP Merei
errifield
PStM 5.4 1.03 1.00 et ?iﬁ?enylgexyl-
PisM 5.%° 1.04 0.95 O ithium /Bz

aDetermined by GPC using standard PSts, by GPC-LALLS, and by VPO.
b Coupling efficiency determined biyl,/M,NMR, ¢ Determined using!l, =
2.3 (M,8PO086 = 2 3/(7.8 x 109986 = 5.15 x 10°, where M,CPC was
determined by GPC using standard PSts.

S_O Na'

determined by titration with a standard HCI solution. Styrene (St),

isoprene (Is), and-methylstyrene were dried over calcium hydride

under a pressure of I®mmHg and purified with octylbenzophe-

none sodiuni?2 4-Vinylbenzyl chloride (4VBC) was prepared ©)

through a common method previously used by the present adthors. (d)
The resultant 4VBC was dried over calcium hydride several times

under a pressure of 1 mmHg.

(e)

The toluene and benzene used for polymerization and the D
n-heptane used for dilution of the initiator were dried with sodium @
metal, distilled in a vacuum with sodium metal, and then purified (b)

by distillation from a mixture of 1,1-diphenylhexyllithium (toluene  Figure 1. A glass reactor for purification of PStM and PlsM
and benzene) anatbutyllithium (n-heptane). The tetrahydrofuran  macromonomers using PPBNa. The symbols of-(a) are explained
(THF) used for preparation of the macromonomers was dried with in the text.

sodium metal, distilled in a vacuum with anthracene sodium, and

then purified by distillation from a mixture ofi--methylstyrene a benzophenone sodium complex «(BsH,—CO CgHsNar,
tetramer-sodium. PPBNa). PPBNa was prepared from a cross-linked polystyrene
Macromonomers. (4-Vinylbenzyl)polystyrene macromonomer  particle containing divinylbenzene (Merrifield rehR—CgHs) via
(PStM) was prepared as described previod&lysoprene was the following synthetic routes.
anionically polymerized bgecBuLi in toluene at room temperature
under a pressure of 1® mmHg, and a-methylstyrene (- _ —R— _
methylstyrene]§ecBuLi] = 2.5) was added to the solution at 50 R=CghHs + CeHsCOCI—~ R—CgH,~COGH, @
°C above the ceiling temperature@fmethylstyrene to change the
living end of polyisoprene (PIs) from isoprenyllithium temeth-
ylstyryllithium. The degree of end-functionalization was determined
by comparing relativéH NMR intensities between two GHjroups The PPBNa was found to have a sodium content of 8.1 wt %,
(0.85 ppm) of thesecbutyl initiator residue and a phenyl group and the metalation efficiency per one styrene unit was 67%. The
(7.15-7.30 ppm) of theo-methylstyrene residue. The degree of PPBNa was found to work as a purging reagent for the monomers
the end-functionalization was 1.5Then, the polymerization and macromonomers employed in the anionic living polymerization.
solution was kept at-78 °C and was changed to a mixture of The details of the preparation and purging characteristics of PPBNa
toluene/THF (1/1 v/v) by adding THF. Finally, a THF solution of have been reported elsewhéte.

R—C4H,~COGH; + Na— R—C4H,~CO CiHNa"  (2)

4VBC ([4VBC]/[secBuLi] = 2.5) was added to the polymerization The dried macromonomers were purified in a sealed glass
solution at—78 °C to prepare (4-vinylbenzyl)polyisoprene mac- apparatus (Figure 1) by a special procedure using PPBNa as follows.
romonomer (PIsM). The inside of the glass apparatus was washed with Bz solution of

The coupling efficiency ff) was determined by the following  1,1-diphenylhexyllithium, and the Bz solution was collected in an
two methods. (1)M,N\MR was determined from the ratio of the ampule (a) and then sealed off by flame. The PPBNa suspended in
relative '"H NMR intensities of polystyrene or polyisoprene to a THF was introduced into a glass reactor (b), the THF was distilled
CH,=C group (5.7 and 6.7 ppm) introduced into a chain end, and in an ampule (c) kept in liquid nitrogen, and the ampule was sealed
M, was determined by means of a gel permeation chromatographoff by flame. Then, the Bz solution of the macromonomers was
(GPC) equipped with a low-angle laser light-scattering (GPC- introduced into the reactor (b), and the suspended mixture was
LALLS) detector and/or by vapor pressure osmometry. ffalue stirred at room temperature for-30 h. The Bz solution of the
was determined bl,/MNMR, (2) Thef. value was also determined ~ macromonomer was then separated from the suspension by a glass
by comparing the relativéH NMR intensities between the two filter (d) and was introduced into an ampule (e). A part of the
CHs; groups (0.55-0.80 ppm) of thesecbutyl group at a chain resultant macromonomer was checked to see whether or not the
end and a Ck=C group introduced at the other chain éadhe macromonomer had become a poly(macromonomer) during puri-
two f; values were coincident with each other with an error of less fication. The resultant macromonomers were anionically poly-
than 1%. The molecular characteristics andff{lvalues of the PStM merized.
and PIsM macromonomers are described in Table 1. Polymerization. The (A), star polymers and (A)star-(B), star

Purification of the Macromonomers. The PStM and PIsM block copolymers were prepared using an anionic living polymer-
macromonomers were purified by the same method as follows. Theization technique. Polymerization was carried out in a sealed glass
macromonomers were dissolved in THF and precipitated in excessapparatus under a pressure of 4@nmHg. The polymerization
methanol to remove the 4VBC, which was not reacted with techniques were almost the same as those employed in previous
polystyryllithium and polyisoprenyr-methylstyryllithium. After studies conducted by the present autides.
drying under a high vacuum, each of the Bz solutions of the = Molecular Characterization. The number-average molecular
resultant macromonomers was introduced to an ampule with aweights M) of the two macromonomers were determined by vapor
break-seal, freeze-dried under a vacuum for 10 h, and sealed offpressure osmometry (VPO; model 117, Hitachi, Tokyo, Japan) in
by flame. The freeze-dried macromonomers were further dried Bz at 30°C and by means of a GPC (model CCPD, Tosoh Co.,
under a pressure of 1@ mmHg for 72 h, added to new Bz, and  Tokyo, Japan). Molecular characterization of all samples was carried
sealed off by flame. out in THF using a GPC equipped with a low-angle laser light-

A purging reagent for precisely purifying the macromonomers scattering (GPC-LALLS) detector (model LS-8000, Tosoh Co.) and
was prepared; this was a cross-linked polystyrene particle containingRI detector (RI-8010, Tosoh Co.). For the GPC measurements, four
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Table 2. Preparation of (A),-star-(B); Star Block Copolymers

polymers first monomer (g) second monomer (g) seeBuLi (1074 mol) polym time (h) Bz (mL) 103Mk

(PSty1-s-(Pls) 2.8 2.5 1.4 60 70 (5.4)375 (1791
(PIsk.&s-(PSt) 0.70 1.4 0.75 17 30 (5.91.55(199)1
(PIsy-s-(PSt); 2.5 2.5 1.4 70 70 (176)1-5(5.45)3.2
aPStM and PIsM macromonomers were polymerized to prepare the, @ft)Pls) star polymers, respectively.

high-resolution columns (G2500H, G3000H, G400H, and GMH- ¥ 100

M, 7.8 mm x 60 cm; Tosoh Co.) were connected in a series. g 20
A special analysis was required to determigandM,, values 2 400000,

of the star block copolymers using GPC-LALESThis is because & 20

the star block copolymers have a molecular weight distribution and = O // ;\

a composition distribution (CD) among the different molecular | /’/ \\

weight and the same molecular weights. For this reason, we will ! "\

consider the molecular weight, the refractive index increment, and
the concentration of the star block copolymer at ttke elution
volume asM;j, (dn/dc);;, andCij, respectively. That is, a molecular
weight distribution can be represented by the subscrigpnd the

CD can be represented by the subsgrifithus, the refractive index
(RI) intensity ) and the LALLS intensity KI°) of the
corresponding Rl and LALLS chromatograms of the block copoly-
mers at thdth elution volume can be described as follows.

HY = kg ) (dn/dc); G (3)
]

H® = ks Y [(dn/dc); '™ C;, 4)
J

As a first approximation, one can assume tiigt= M; because
the polymer chains havinlyl;; appeared at the sanith elution
volume. As reported by the present authors elsewherétHtS
values determined usindi; = M; were found to be equal to the
Mn°SM values determined by membrane osmometry for linear and
star block copolymer& The relation ofM;; = M; is an assumption
but was found to be used for determinikig-A--S of the star block
copolymers having sharp composition distributions in THF as a
good solvent for PSt and PlIs. Therefdw; in eq 4 can be changed
to M; and moved outside of the summation)f By this treatment,
whena=bin eq 3 andc = din eq 4,a%c = b%d can hold. From
the a¥c = b%d, eq 5 can be derived as follows:

[S (dvdo), G, )
[ e HE ,z i

ks (HR)? [(dr/do). 1°C;.
Jz ) )

©)

With the relation ofy;Ci; = C; in mind, the two summations in eq
5 can be changed as follow$:;(dn/dc);;Ci; = Cil{dn/dc); ;0= Ci-
(dn/dc); and ¥;[(dn/dc); ]2G;; = Gidn/dc);;]?0= Ci[(dr/dc)]?,
wherell.Cmeans the average of the corresponding refractive index
increments. The corresponding equationdvpthus become
M; = [(ke) Tl (H (H))C, 6)

By substitutingM; in M, = YHX/3 (HR/M;) andM,, = SHMI/S
HF', the corresponding values dl,-AL'S and M,ALLS were
calculatec??

On the other hand, the PIs weight fraction of (RStar-(PlIs)
star block copolymers at théh elution volume of the GPC
chromatogram can be determined“as

Rl _ LRI uv
Is__ epstHi — K pgH;

(€psi— 6Pls)HiRI + (kglls_ kEISQHiUV

@)

whereH? andH"" are the Rl intensity and UV intensity, amgk;
ks, €pis andkhys are instrumental constants that were previously

| | | | | | |
28 29 30 31 32 33 34

Elution Volume / ml

Figure 2. GPC chromatograms of (Ps8tar polymers and (PSSt
s-(Pls) star block copolymer. The final product was purified by repeated
dissolution-reprecepitation, and the resultant GPC chromatogram of
(PSty.-s-(Pls) is also shown as a broken curve.

27

determined by the GPC measurements of PSt and Pls using a UV
detector (UV-8011, Tosoh Co.) and an RI detector.

Transmission Electron Microscopy. Star block copolymers
were cast from 5% w/w THF solution into thin films 6f0.5 mm
thickness by gradually evaporating solvent af@5THF is a good
solvent for the two constituent polymers. The resultant films were
completely dried under a reduced pressure of:I@mHg at 40
°C. The films were stained with a fixing reagent of osmium
tetraoxide (Os@), embedded in a resin, and cut into ultrathin
sections by an ultramicrotome. The morphology of these sections
was examined using a Hitachi type H-7500 transmission electron
microscope.

Results and Discussion

Preparation of Star Block Copolymers of (A)-star-(B):.
In this section, the first approach is discussed, namely, the
polymerization of macromonomers followed by copolymeriza-
tion of the corresponding monomers. The two synthetic routes
using PStM and PIsM macromonomers are as follows, and the
polymerization conditions are shown in Table 2.

NPStM+ s-BuLi — (PSt),” ®)
(PSt),” + Is — (PSt)-star-(Pls), ©)

nPIsM + s-BuLi — (PIs),” (10)
(PIs),” + St— (Pls),-star-(PSt) (11)

In eqg 8, when the Bz solution of PStM was introduced into
the heptane solution of theBulLi initiator, the polymerization
solution changed for a few seconds from colorless to red, a
characteristic color of carbanions. The solutions maintained a
red color during the homopolymerization of PStM. As shown
in Figure 2, with an increase in polymerization time from 0.4
to 4.6 h, the GPC peak strength of PStM decreased, and at the
same time, the GPC peaks of the corresponding (P
polymers shifted to the highéi, sides and their peak strength
increased. As shown in Table 3, thd, values of (PS})
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Table 3. Molecular Characteristics of (PSt) Star Polymers* and (PSth-s-(Pls); Star Block Copolymer?

10-4M, Mu/My, WPIg96e
polymers t (h) GPC LALLS GPC LALLSP arms yield/% PStM fd Mn SwiPls
(PSt.~ 0.4 1.6 2.5 1.1 1.2 47 81 0.62
(PSths 1.4 1.3 3.1p 1.5 1.6 5.8 95 0.60
(PStk.o 3.0 1.% 3.2 1.1 1.1 5.9 97 0.60
(PSth4 46 1.% 3.3 1.1 1.1 6.1 100 0.60
(PSth.r-s-(Pls)’ 60 4% 6.3 1.05 1.04 1009 1.00 48 50

aPrepared bygecBulLi in Bz at room temperature under a pressure oféI@mHg.? A special analysis using GPC equipped with low-angle laser light
scattering® ¢ The degree of polymerization of the (PS$tar polymers? Initiation efficiency determined bl/M,. € Pls contents determined by,P's/
MpPlock and by GPC using UV and RI detectofdd, = (5.45 x 10° g molY) x 6.1; + (3.0s x 10* g mol) = 6.3 x 10* g molL. 9 Determined for the
second monomer of Is.

£ 100 using St of 1.49 g and PIsM of 0.70 g. The Pls composition
z 80 distribution against the elution volume was found to be narrow,
§ 60 2T . )

£ 400, as shown in Figure 3. We succeeded in preparing a dRIs)

§ 20 | ~©0000000 star-(PSt) star block copolymer having a narrow molecular
5 o weight distribution and a narrow composition distribution using

the PIsM macromonomer.

Preparation of Star Block Copolymers of (B)-star-(A)n.
In this section, the second approach is discussed, namely, the
polymerization of the monomers followed by copolymerization
of the corresponding macromonomers. Two synthetic routes
using PStM and PIsM macromonomers were as follows, and
the polymerization conditions are shown in Table 2.

(PIs), ,-s-(PSt),

23 24 25 26 27 28 29 30 31 32 Is + s-BuLi — (PlIs),~ (12)
Elution Volume / ml
Figure 3. GPC chromatograms of (Pjs¥tar polymers and (Plsy (Pls),” + nPStM— (PIs),-star-(PSt), (13)

s-(PSt) star block copolymer. The final product was purified by
repeated dissolutieareprecepitation, and the resultant GPC chromato-

gram of (PIsy&s-(PSt) is also shown as a broken curve. St+ s-BuLi — (PSt) (14)
increased linearly with an increase in the (RStelds, and (PSt)”~ + nPIsM— (PSt)-star-(PIs), (15)
finally, the number of arms for the (Pg8tar polymer reached

6.1 as calculated by the ratio bf, of (PSt), to theM,, of PStM, In eq 12, Pls was prepared ts/BulLi using a common

assuming a PStM consumption of 100%. /M, values technique, and then Bz solution of PStM was added to the Pls
are close to 1.1. These behaviors suggest that the polymerizatiorpolymerization solution, as shown in eq 13. The polymerization
of the PStM macromonomer is “living”. solution gradually changed from colorless to red. The solutions
When Is was introduced into the (P&t) polymerization maintained a red color during the copolymerization. As shown
solution, the solution gradually changed to yellow. A GPC peak in Figure 4, the GPC peak strength of Pls decreased, and a new
of (PSt).-star-(PIs) appeared at the high&, side at an Is GPC peak appeared at a highéy side that corresponded to
consumption of 100%. The Pls weight fraction of the resultant the (Pls)-star-(PSt), star block copolymer. Because some of
(PSt).i-star-(Pls), star block copolymer was calculated to be the Pls carbanions were deactivated by impurities contained
48% by means of the ratibl, of PIsM, of (PSt)-star-(Pls) in the PStM solution, the final product contained a mixture of
and to be 50% by the ratip;(H'w"9/3;H in eq 7, whichis  (Pls)-star-(PSt) and Pls. All of the PStM molecules for which
close to the feed ratio of 47% that was calculated using Is of GPC peak appeared at an elution volume of 31.5 mL were
2.5 g and PStM of 2.8g. The PIs composition distribution  polymerized to produce (Plsytar-(PSt), in 100% yield. As
against the elution volume was found to be narrow, as shown shown in Table 5, it takes 30 min for the PStM macromonomer
in Figure 2. We succeeded in preparing a (P&star-(Pls) to be initiated by the Piscarbanions, and th, values of the
star block copolymer having a narrow molecular weight resultant (Pls}star-(PSt), increase with an increase in polymer
distribution and a narrow composition distribution by anionic yields. TheM,/M, value of 1.1 for the final product is larger

living polymerization of the PStM macromonomer. than that of 1.9 for the PIs.
By a process of eq 10 similar to that described in eq 8, the  Attention should be directed to the Pls composition distribu-
PIsM macromonomer was anionically polymerizedsBulL.i tion of the resultant (Plg)star-(PSt), star block copolymer. As

to produce (Plg)star polymers. As shown in Figure 3 and Table shown in Figure 4, the Pls contents are not constant among the
4, theM, values of (Pls)increased linearly with an increase in  elution volume but decrease with a decrease in the elution
the (Pls) yields, and finally, the number of arms for the (RIs) volume; namely, the higher thil, of (Pls)-star-(PSt), the

star polymer reached 6.6, as calculated using the ratio of thelower the Pls contents.

M, of (PIs) to the M, of PIsM assuming a 100% PIsM The copolymerization would be inhomogeneously performed
consumption. Thévl,/M, values were close to 1.04. When St  with a tapered copolymerization rate. This copolymerization is
was introduced into the (Pls) polymerization solution, a GPC  not a typical case in which a macromolecular initiator reacts
peak of (Plsyestar-(PSt) appeared at the highst, side. The with an other monomer, but a special case in which the Pls
PIs weight fraction of the resultant (Pdg)star-(PSt) star block macromolecular initiator reacts with the PStM macromonomer.
copolymer was calculated to be 32% by thkigs and to be It should take a long time for the Plscarbanions to initiate
30% by eq 7, close to the feed ratio of 32% that was calculated PStM due to the repulsive interaction between Pls chains and
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Table 4. Molecular Characteristics of (Pls), Star Polymerst and (PIs),-s-(PSt); Star Block Copolymer?

10-*Mj My/Mp WPIS0/6e
polymers t(h) GPC LALLS GPC LALLS arms yield/% PIsM f,d Mn swh's
(Plsk.o 0.2 13 1.5 1.05 1.05 3.0 45 0.28
(Plsks 0.4 1.8 2.8 1.1 1.05 55 84 0.28
(Pls)k.2 1.1 2.0 3.2 1.1 1.05 6.2 93 0.28
(PIsks 45 2.0 3.4 1.4 1.0 6.6 99 0.27
(Plsk.es-(PStY' 17 6.5 10 1.05 1.0 1007 1.00 32 30

aPrepared byseeBulLi in Bz at room temperature under a pressure of1®@mHg.? A special analysis using GPC equipped with low-angle laser
light-scattering?® ©The degree of polymerization of the (Ristar polymers? Initiation efficiency determined byl/Mn. € PIs contents determined by
MpP'MpPleck and by GPC using UV and RI detectofdd, = (5.19 x 10° g mol?) x 6.6 + (7.3 x 10* g molY) = 10g x 10* g molL. 9 Determined for

the second monomer of St.

100
80
60
40
20 1o le) O (@] o

0

oOOOO

PIs content / %

1
26 27
Elution Volume / ml

Figure 4. GPC chromatograms of Pls and (Ris)PSt); star block
copolymer. The final product was purified by repeated dissolution
reprecepitation, and the resultant GPC chromatogram ofi{8(8)St)1

is also shown as a broken curve.

PStM chains. In contrast, it should require a short period of
time for the (Plsy-star-(PSt),” carbanions to propagate PStM
due to the weaker repulsive interaction between (Fi&)r-
(PSt),” and PStM. The copolymerization rate should be
accelerated by the PSt content of the growing (P&
(PSt),~; namely, inhomogeneous copolymerization was per-
formed. Therefore, the final product of (Plstar-(PSt), has a

The important fact is that this synthetic route is not suitable for
preparing the (Plg)star-(PSt), star block copolymers having a
narrow Pls composition distribution. Similarly, the synthetic
route of (15) would not be suitable for preparing the (RSt)
star-(PIs), star block copolymers having a narrow molecular
weight distribution and a narrow Pls composition distribution.
Therefore, the details of the synthetic route of (15) are not
described in the present paper.

Initiation Efficiency. The initiation efficiency ) can be
determined using the rati®l/My, whereMy is calculated by
the amounts of monomer and initiator. Thés one of the most
important characteristics when discussing a living mecha-
nism1827When thef| value is kept to 1.0 in a polymer yield of
0—100%, the polymerization is performed by the living mech-
anism. However, even if the polymerization is performed by
the living mechanism, it is common for thievalue to be less
than 1.0 because (i) some of the initiators are deactivated by
impurities contained in the polymerization solution at the initial
stage of polymerization or (ii) some of the initiators are
deactivated by the glass surface of the ampule when the initiators
are kept in a refrigerator for a long time before polymerization.
It is important that even if thg value is less than 1.0, livingness
should keep thé value constant in a polymer yield of100%.

As shown in Tables 3 and 4, the synthetic routes of (9) for
Is polymerization, (11) for the St one, and (12) for the Is one
show f; values of 1.00. These results indicate that their

broad molecular weight distribution and also shows higher PIs polymerizations are carried out by a living mechanism, as

contents at its lowel,, sides and lower Pls contents at its higher
M sides.

expected for an ideal anionic living polymerization. On the other
hand, the synthetic route (8) of PStM polymerization shéws

As the reviewer of the present paper pointed out, another values of 0.62-0.60 for polymerization times of 0-44.6 h. The

approach is possible: namely, a slow initiation reactivity of
(Plsy"Li* to PStM in eq 13 rather than that of (PSQ)i* to
PIsM having a styryl group in eq 15. It is well-known that the
addition of St monomer to Pt&i™ is slower than that of St to

synthetic route (10) of PIsM polymerization shofysalues of
0.28-0.27 for 0.2-4.5 h. The synthetic route (13) of PStM
polymerization shows; values of 0.35-0.32 for 0.5-150 h.
These three results also indicate the living mechanism for

PStLit, and hence the process described by eq 13 can beanionic polymerization of PStM and PIsSM macromonomers in

regarded as polymerization with slow initiation. However, we
had also known that th#,/M, values of PSblockPls and

Bz by s-BulLi.
Next, to further clarify the livingness of the macromonomers,

PlsblockPSt block copolymers are probably the same as that we will discuss the difference in thdé values of their

of PSt, and their values are less thans20The sequence of
addition of Is and St monomers is not a dominant factor in
affecting theM,,/M,, values of the resultant block copolymers,
even though the anionic reactivity of Is is lower than that of St.
In contrast, theM,,/M,, values of PSAblock-PSt and PSblock
PSA were 1.9 and 1.2, respectively, where PSA is poly-
(secondary aminostyren®)When the anionic reactivity of SA

is much lower than that of St, the sequence of addition of SA
and St is capable of affecting tihd,/M, values. Therefore, the
slow initiation reactivity of PISLi* to the styryl group of PStM

polymerization. Since th§ value for polymerizing Is is 1.0
(Table 5), it was found that (ii) some of the initiators were not
deactivated by being kept in a refrigerator for a long time before
polymerization. The reason that thevalues were less than 1.0
is that (i) some of the initiators were deactivated by impurities
contained in the polymerization solution at an initial stage of
polymerization. Hence, purification of the macromonomers
using PPBNa should be discussed.

The f; values depend on the time of purging before poly-
merization and the amounts of initiator used in the polymeri-

in eq 13 does not seem to be a dominant factor of the zation, as shown in Figure 5. It is easily understood thafithe

inhomogeneous copolymerization of (Risjar-(PSt).

values increase with an increase in the purging time. However,

These would be perhaps the simple explanation to accountit is necessary to explain why thig values depend on the

for the preparation of the tapered polymers of (R&ar-(PSt).

amounts of initiator. The amount of impurities contained in the
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Table 5. Molecular Characteristics of PI$ and (PIsy-s-(PSt)? Star Block Copolymers

1074M, Mw/Mp wPIs /942
polymers t (h) GPC LALLS GPC LALLSP arms yield/% Is fid Mn sws
Pls 18 2.% 1.5 1.1 1.05 100 1.00
(Pls)-s-(PSt) 185 3
(PIs)-s-(PSth s 30 41 6.7 115 1.3 95 96 0.38 23 32
(Pls)-s-(PSt),9 88 4.2 7.4 1.13 1.1, 11 100 0.37 21 30

aPrepared byseeBuLi in Bz at room temperature under a pressure of1®@mHg.? A special analysis using GPC equipped with low-angle laser
light-scattering® ¢ The degree of polymerization of the (PS$tar polymers? Initiation efficiency determined byi/M,. € Pls contents determined by
MnP'MpPleck and by GPC using UV and RI detectof®etermined for the second monomer of PSENU, = (1.5 x 10* g mol™?) + (5.45 x 10° g mol?)

x 10g = 7.49 x 10* g molL.

Y

1.0F

15

| 10
. 5
) 10° [I] / mol

Figure 5. Initiation efficiency ) plotted against the purging timé (
using PPBNa and the amount of initiator ([I]): (a) (RSts..in Table
3, (b) (PIs)o-66in Table 4, (c) (Pls}ys-(PStys-11in Table 5, and (d)
(PSt} 7-12 star polymers using PStM reported elsewhére.

macromonomers before purification is proportional not only to

their weight but also to their surface area. In addition, some

1 0 | 1 1 ] 1 1
%‘% ®)
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Figure 6. Relationships betweev,**--S values determined by GPC-
LALLS and M,®PC values determined using standard PSts: (a)
(PSth7-61 and (PSH-s-(PIs) in Table 3, (b) (P19)o_6and (PIs)e

impurities had been attached to the surface inside of the ampuless (pSt) in Table 4, (c) (Plsys-(PSths-11in Table 5, and (d) (PS#)-12
in which the macromonomers were freeze-dried at the first stage star polymers using PStM reported elsewhére.

of the purification of the macromonomer. Therefore, fihalues
decrease with a decrease in the amounts of initft®his fact

is a fundamental answer to the question of why it is difficult to
polymerize the macromonomers havindavalue of 1.0. In
common polymerization of St and Is, monomers of-20 g
were polymerized; however, in the macromonomers’ polymer-
ization, macromonomer of-12 g were polymerized because
many difficulties arose in their synthesis. The larger-scale
polymerization shows the high&rvalues, even if the deactiva-
tion of the initiators occurred via the same mechanism.

Two molecular weights of all samples prepared in the present
study were simultaneously determined: one was the absolute
molecular weight M,“ALLS) determined by LALLS using a
special analysis, and the other was the polystyrene-reduced
molecular weight M.°P9 determined by a common GPC
technigue using standard polystyrenes. Whe*'S values were
plotted against theM,®F¢ values, as shown in Figure 6.
Schematic molecular structures were also inserted in the
corresponding plots. A linear broken line with a slope of 1.0

As shown in Figure 5, by the greater purging time and greater corresponds to the plots ;"' againstM,°P<for the linear

amounts of initiator, thd; values should reach 1.0 in Bz by
s-BuLi at room temperature for a nonpolar solvent system. As
we had discussed elsewhere, thevalues were 0.98 when
polymerizing PStM to prepare the star polymers in THF by
n-BuLi at —78 °C for a polar solvent systefi.The purging

PSt. The polymers that appear in the upper region above the
broken line have chain dimensions that are contracted rather
than chain dimensions of the linear PSt.

On the other hand, thé,°PC values correspond to the
dimensions of the polymers in THF as a result of the mechanism

reagent of PPBNa can deactivate the impurities in THF rather Of the GPC measurements. Hence, My % a/Mi A5 g5 ratios

than those in Bz because of a strong affinity of sodium
carbanions of PPBNa for THF rather than that for Bz. In
conclusion, the anionic living polymerization of the PStM and
PIsM macromonomers was confirmed by the fact thatas

constant despite the increase of the polymer yields when the

macromonomers were sufficiently purified with PPBNa as a
purging reagent.

Specific Dimensions of the (A) Star Polymers and (A)-
star-(B)1 Star Block Copolymers. Attention should be directed
to the molecular structure or a specific dimension of the, (A)
star polymers and (A)star-(B); star block copolymers in THF.

might correspond to the specific volumas®) of the samples
in THF:18.28

star _
v, =

GPC
s Mn

LALLS
sta/Mn

star (16)
In the case of linear PSt, linear Pls, and linear pelyéxyl
isocyanate)s (PHIC), thd,CPYM,-ALLS ratios were determined
by GPC-LALLS as 1.0, 0.8, and 1.9, respectivEly® The higher
value for the PHIC reflects the bulkiness of the rodlike
polymer2®

The v values of (A) and (A)-star-(B); are plotted against

For this purpose, light-scattering measurements must be per-the number of armsj. As compared with the constalt,®"Y

formed to determine the relationship betweédp and a mean-
square radius of gyratiof?[of the samples. Though a detailed
study will be carried out in the future, a brief discussion of a
specific dimension of the samples in THF follows.

Mp-ALLS values of linear PSt, PMMA, and PHIC polymers, the
v values decreased with an increase in the number of arms
(n) (Figure 7). This behavior reflects the structure of star
polymers. In the case of regular comb-shaped homopolymers
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Figure 7. Plots ofvs® against the number of arms)( (a) (PSt).7-6.1
and (PSSt 1-s-(PIs) in Table 3 and (b) (Plsh-66 and (P1s.&s-(PSt)

in Table 4. The calculategds.r curve of a regular star polymer is also
plotted in the figure.

at af state, a mean-square radius of gyrati®idoms, can be
derived (for largem) ag®:31

Fme=[1+ (1 — 2)™3n — 2)n(m/6) (17)
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curves. The observed curve of (Rl parallel to that of (PSt)
where this gap might attribute to the difference in #f& values
between 1.3 of Pls (ab = 1) and 1.0 of PSt. On the other
hand, the two observed curves are also different from the
calculated curve. These gaps are attributed to the fact that the
theoreticalvs®" value can be derived at@state and the fact
that the observeds? values can be determined in a good
solvent of THF. To achieve a quantitative fit between the three
curves, detailed experiments should be carried outtastate.

As shown in Figure 7, the observeg® values of the two
star block copolymers shifted from the corresponding curves
of the star polymers. In the case of (RStptar-(Pls), a Pls
chain has 5.6 times highai,, value than that of a PSt chain,
and this factor tends to increase thé®® value from that of
(PSty.1. The Pls chain exhibits the highegt® value than that
of the PSt chain due to the®® value of Pls is 1.3. Both factors
are positive and hence are responsible to a big gap indfe
value between the star polymers and star block copolymer. In
the case of (Plg)-star-(PSt), a PSt chain has 14 times higher
M, value than that of a Pls chain, and this factor tends to increase
the v value from that of (Pls);. The PSt chain exhibits the
lower v value than that of the Pls chain due to ¥ value
of PStis 1.0. Both factors are negative and hence are responsible
to a small gap in thes® value between the star polymers and

Therefore, for regular comb-shaped and linear polymers with Star block copolymer. The qualitative explanation mentioned

the samam andb at af state

eomb = 5 Lot B Ghear = [4 + (1 — 2)"%(3n — 2)in? <]18)

wherem andb are the degree of polymerization of the comb
chain and the bond length, respectivel$j.cor is the mean-
square radius of gyration for a linear polymer chain, arshd

n are the fraction of mass in the backbone and the number of

branches, respectively. The terrm(3 2)/n? is well-known to
be agsar value of a regular star polymer. Thgomp value

estimated from eq 18 may be considered as a measure o

branching.

In the case of the (PSt¥tar polymers] can be estimated as
0.019 & 104 g motY/(5450— 104) g mof?). From eq 18, the
JeombValue became equal to tlge,, value with an error of less
than 3.5% in a range of = 2—10. Therefore, th@compcan be
converted as followsgeomb = Gstar = [Fldtal [Flinear = v
pdinear =, star e topdinear = 1, wherevdnea'is a specific volume
of the linear PSt. In the case of the (RSt)ar-(PIs) star block
copolymers, th@siar biock Value was not derived in the form of

above might be correct; however, it is difficult to carry out
quantitative analysis of the:s® values of the star block
copolymers in the present paper. We are planning more
systematic measurements using dynamic and static light-
scattering techniques on the star block copolymers.

When plottingvs® againsin in Figure 7, the average numbers
of arms were used for (P§@nd (Pls). However, a distribution
in number of arms is very important to discuss solution
properties discussed in this section and also to discuss asym-
metric effect on the morphology formation in bulk discussed

1jn the next section. PStM and PIsM have molecular weight

distributions M,/M,, < 1.0y), and (PSt) and (Pls) have also
molecular weight distribution$vy/M,, < 1.1s). It seems difficult

to estimate the distribution in number of arms at the present
stage. We are planning to estimate the distribution in number
of arms using recent analytical technique such as MALDI-TOF
mass spectrometry for systematic solution properties of star
polymers and star block copolymers.

Morphology. Two (A),-star-(B)1 star block copolymers were
prepared in a 100% yield. However, the coupling efficiency of

an exact equation. As a first approximation, a Pls chain of PIsM macromonomer was not 100%. Further, when obtaining

(PSt)-star-(PIs) can be considered as a main chain, and the the precursors of the (A)star polymers in a process of
PSt arms can be considered as comb chains, although the comBacromonomer polymerization, the ampules of precursors were
chains (PSt chains) are different from a main chain (a Pls chain) S€@led off by flame. Even if the polymers adhering to the glass
and the comb chain points have a localized distribution on the Surface were washed with Bz, small amounts of polymers might
main chain. Hence, theof (PSt).-star-(Pls) can be estimated P& decomposed to produce impurities when sealing off by flame.
as 0.48 in the same manner as for the Pls weight fraction (3.0 A Small amount of the (Ay carbanions could have been
x 10% g mol® for M, of (PIsh/3.3, x 10* g mol-! for M, of deact!vated by these impurities. Therefore, the final product
(PSt)). From eq 18, th@oms Value became equal to thge, ~ SONtained (Axstar-(B) as a main product (more than 95 wt
value with an error of less than 9.6% for anvalue of more %), and contained (A)and A as byproducts (less than 5 wt
than 5. Therefore, thgsomscan be converted as followScoms %). Removal of (A) and A from the final product is necessary
= Gotar = [P/ Blihear = vS@pdinear = ystar Therefore, we to obtain (A)-star-(B);.

have In the case of (PS)-star-(Pls), 1-propanol (22 g) was added
to the cyclohexane solution (30 g) of the final product (1.1 g)
to precipitate (PSf)and PSt. (PSgy-star-(Pls) was obtained
from the solution in an 88% vyield. In the case of (Rks3tar-

The v value can be calculated as a functiomnofAs shown (PSt), 1-propanol (4 g) was added to the heptane solution (7
in Figure 7, the observeds? curve can be qualitatively  g) of the final product (1.0 g) to precipitate (PJg)star-(PSt).
explained by eq 19. However, there are gaps among the threg(Pls), and Pls exist in the solution. This procedure was done

v = (3n — 2)In? (19)
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(a) (PSt), ,-s-(PIs),

Figure 8. Transmission electron micrographs of (a) (R$8(Plsk
and (b) (Plsges-(PSt) star block copolymer films, which were cast
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Figure 9. Theoretical phase diagram of (a) (R3t3-(PIs) and (b)

(Pls) &-s-(PSt) star block copolymer films calculated by Milner, where
the bicontinuous phases are omitted due to being complicated. Symbols
represent the MS structures of $Splispheres of PSt), Cyd:(cylinders

of PSt), Lam (lamella), Cly (cylinders of A polymer), and Sph
(spheres of A polymer). Bold outlined symbols indicate the two samples
characterized in this study.

the higher star polymer (A arms) content side of the morpho-
logical transition line for the linear block copolymers expected
by Molau®

from the respective THF solutions and were subsequently stained with  The morphological behavior of (A)star-(B); may be ratio-

0OsQ,. White and black regions correspond to PSt and Pls phases
respectively.

twice to obtain (Plg)estar-(PSt) in a 74% yield. The purifica-
tion results were tested by GPC.

Thin films of each of the two samples of (P&bstar-(Pls)
and (Plsy e-star-(PSt) cast from their THF solutions were dried
under a vacuum at 40C for 2 days. To further promote the
formation of equilibrium morphologies, the films were annealed
at 70°C for 1 day. Figure 8 shows electron micrographs of the
two films. The black and white regions in the electron

micrographs correspond to the Pls phase and PSt phase

respectively. The two samples formed clear microphase-
separated (MS) structures.

The (PSty -star-(PIs) film has a Pls content of 48 wt %
(52 vol %). A linear block copolymer that has one composition
at 52 vol % is expected to form a lamellar structbitdowever,
the (PSt3 1-star-(PIs) film showed a spherical structure of Pls,
wherein PSt formed a continuous phase. A more detailed
explanation of Figure 8a is that hexagonally domain packing
manner can be conceived and furthermore three contrasts ca
be recognized. It is dangerous to assign the morphology of

Figure 8a as a spherical structure, and hence X-ray scattering

experiment that is in progress is required for the assignment.
However, bicontinuous phases in two-dimensional or three-

'nalized by considering of the film-casting process from a dilute
polymer solution. Since an MS structure will develop when the
concentration of the polymer solution attains a critical concen-
tration, the morphology should be determined by the apparent
volume fraction®2:33 The apparent volume fraction of (fAJo

(B); at the critical concentration should be much larger than
the corresponding real volume fraction. One of the reasons for
this is that the arm chain of the (A3tar polymer extends rather
more than the corresponding unperturbed polymer chain due
to the arm chains becoming crowded near the center of star
polymers. Therefore, the (Aptar-(B): star block copolymer

is believed to form a characteristic MS structure that is distinct
from that of the linear block copolymer.

The MS structures of block copolymers with nonlinear
architectures have been the focus of a considerable amount of
recent work. One of the representative works is a series of mikto-
arm star block copolymers (/8,)3*3>and model graft copoly-
merg2 prepared using anionic polymerization and controlled
chlorosilane chemistry. Gido and co-workers have reported that
rihe MS structures shifted to structures having higher volume

ractions of the higher arm number component, as compared
with the structures of linear block copolyméfs5This behavior
Is qualitatively similar to that observed in the present study.
Milner has quantitatively calculated a shift of the morphological

dimensional structures are omitted from the present discussiontr"’mSltlon lines as a function of a volume fraction of component

due to being complicated. As a simple discussion of the
morphological transition of the star block copolymers, we assign
the morphology of Figure 8a as a spherical structure.

The (PIs} e-star-(PSt) film contains Pls of 32 wt % (35 vol
%). A linear block copolymer that has one composition in an
amount of 35 vol % is expected to form a lamellar structure or
a cylinder structure of Pls. However, the (Rks$tar-(PSt) film
showed a lamellar structure or a cylinder structure of PSt. In
conclusion, the morphology of (Apstar-(B); tends to shift to

B (¢g) and a molecular asymmetry parameter3f-37

e = (W/na)(1a/1e)"" (20)
Here, na and ng are the numbers of arms of (fpstar-(B)n,
andl; = Vi/[$20= v/b2 V, and [520are the volume and the
mean-square radius of gyration of one arm of polymer
respectively, whiley; is the segmental volume arg is the
statistical segment length of componént
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(PSt) s-star-(Pls) and (Plsy estar-(PSt) can be considered
to be an asymmetric mikto-arm star block copolymer. Using
vpis = 0.132 nn¥ andbp;s = 0.68 nm for PIs, andps;= 0.176
nm?® and bps; = 0.69 nm for PSt, thelgdlps)2 of 0.878 is
calculated®® Hence, asymmetry parameters ofare 7.0 for
(PSt).-star-(PIs)y (na = 6.1, ng = 1.0) and 5.8 for (Plg)s
star-(PSt) (na = 6.6,ng = 1.0). Figure 9 shows the mapping
of the morphological results of the two samples onto the
theoretical phase diagram calculated by Milner. The shifts of

the MS structures from those of the corresponding linear block

copolymers are explained quantitatively by the asymmetric
factor.

Conclusion

We successfully produced (P&tstar-(Pls) and (Pls) ¢star-
(PSt) star block copolymers; namely, each of the PStM and
PIsM macromonomers that were purified by a PPBNa-purging
reagent under a pressure of #dnmHg was first anionically
polymerized by a living mechanism, and then each of the

corresponding monomers was sequentially copolymerized. In

contrast, the synthetic route by which the Plsarbanions
copolymerize PStM was found to be unsuitable for preparing
(Pls)-star-(PSt), having a narrow molecular weight distribution
and a narrow Pls composition distribution. The living mecha-
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