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ABSTRACT: The syndiotactic polypropyler@eckatactic polystyrene (sPB-aPS), a novel crystalline
amorphous stereoregular diblock copolymer, is prepared in two steps pHingthylstyrene-capped syndiotactic
polypropylene (pMS-capped sPP), which served as an end-functionalized prepolymer, can be successfully prepared
by conducting propylene polymerization in the presence-wfethylstyrene and hydrogen using }M¢Cp)(Flu)-

ZrCl, as the catalyst. Second, the resulting end-functionalized prepolymer is linked to polystyrene (aPS) to provide
the stereoregular crystalliramorphous diblock copolymer, sRPaPS, with a narrow range of molecular weight
distribution (MWD). The resulting stereoregular crystalliremorphous diblock copolymer, sRPaPS, is able

to self-organize into ordered nanopatterns in bulk as revealed by bright field transmission electron microscopy
analyses.

Introduction of stereoregular block copolymers. Evidently, new synthetic

Block copolymers are characterized by their chemical methods have to be develop(_ad for the preparations o_f stereo-
structures of combining two or more polymers that are joined regular block copolymers, which are able to self-organize into

from end to end. Because of these unique structures, blocknanopattems in self-assembly studies.
copolymers are able to self-organize, in bulk or in solvent, into

ordered nanopatterns. For amorphous diblock copolymers,
ordered phase morphologies originate largely from the tendency General Procedure. All reactions and manipulations were

of blocks to segregate. In contrast, crystalirmnorphous conducted under a nitrogen atmosphere using the standard Schlenk
diblock copolymers possess a more complicated phase behaviofine or drybox techniques. Solvents and common reagents were

due to the crystallization of the crystallizable block. Controlling ©Ptained commercially and were used either as received or purified
the crystallization process of crystallinamorphous block by distillation with sodium/benzophenone. Propylene (puri®.9%)

- and hydrogen (purity>99.9%) were obtained from Matheson and
copolzymers can lead to the formation of long-range nanopat- oo “ceq as receiveg-Methylstyrene (pMS; purity>97%),
terns? as commonly applied in modern devices. Recent stqdles N,N,N',N'-tetramethylenediamine (TMEDA; purity 99%), and
further reveal that the self-assembly of stereoregular crystalline methyl ethyl ketone (MEK; purity>99%), which were com-
amorphous diblock copolymers can result in the formation of mercially obtained from Aldrich, were dried over calcium hydride
unusual nanopatterhge.g., nanohelical structure) due to the and distilled under reduced pressure. The 2-butyllithium (12% in
stereo-interactions between stereoregular entities. Despite thisgyclohexane) was obtained from Lancaster and was used as
simultaneous investigations of stereo-interactions and crystal-received. The Mg (Cp)(Flu)ZrC} ° and 2-butyllithium/TMEDA®
lization behaviors in the molecular level by using stereoregular Were prepared by methods described in the literature. Methylalu-
crystalline-amorphous diblock copolymers have been quite Minoxane (MAO, 14% in toluene), which was purchased from
limited due to the difficulties in preparing stereoregular block Albemalrlle, was dried under vacuum to remove trimethylaluminum
copolymers, especially those which can be used in self-assembl TMA). ™ The resulting TMA-free MAO was diluted in toluene to

pd' y » €SP y . the desired concentration before use.
studies that dlsplay ordered m|crostruc_tures. . Synthesis op-Methylstyrene End-Capped Syndiotactic Polypro-
To date, the diblock copqu_mers used in se!f-assembly :;tL_Jdlespwene (pPMS-Capped sPP). Representative Experiment (for the
are mostlly'prepared bY |'V|n.9. polymerlgatlons (e.g., living  preparation of Sample Ain Table ). A 100 mL stainless steel
anionic? living free radicak living cationic? living group reactor, equipped with a magnetic stirrer, was allowed to dry at 80
transfer polymerizatioh,and living ring-opening metathesis  °C under vacuum. The reactor was cooled t&in an ice bath
polymerizatiof), as these polymerizations offer a direct linking and was then charged sequentially with 50 mL of toluene, 2.0 mL
method for connecting different blocks and provide perfect of pMS (15.1 mmol), 2.5 mmol of MAO (in toluene), and ZBol
controls in the chain propagation step to give block copolymers Of zirconium catalyst. After allowing the reactor to stir at® for
with a narrow range of molecular weight distribution (MWD). S Min, the reactor was charged with a premixed gas mixture
However, living polymerizations are typically unable to provide Containing 8 atm of propylene and 1.5 atm of hydrogen from a 5
: . : o L stainless steel reservoir to initiate the polymerization. As such,
effective stereoregularity controls in the polymerization of

lefins: th h | d hods for th h olymerization was conducted at°C@ for 1 h, and the polymeri-
o-olefins; thus, these commonly used methods for the syntheses, 4o, solution was then quenched with excess (ca. 15 mL) acidic

of block copolymers cannot be directly used for preparations methanol (1 N HCI solution in methanol), which led to the
deposition of the polymerization product as a white precipitate. After

*To whom the correspondence should be addressed: Tel 886-5-2720411isolation by filtration, the resulting polymer was purified by
ext 33460; Fax 886-5-2721206; e-mail chmjct@ccu.edu.tw. extracting it with boiling acetone in a Soxhlet extractor to remove
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Table 1. Preparations ofp-Methylstyrene-Capped Syndiotactic undergo the anionic coupling reaction. After overnight stirring of
Polypropylene by Me,C(Cp)(Flu)ZrCl /Methylaluminoxane (MAQ) the solution at room temperature, the polymer solution was
at Various Polymerization Conditions® quenched with excess methanol (20 mL), which resulted in the
pMS+- deposition of the polymer mixture as a white precipitate. The
SPP propylene pMS = H, = syndio- ~ M,°  PDF T,¢ cat resulting polymer mixture (containing pMS-capped sPP, ksPP-
sample (atm) (mmol) (atm) tacticity’ (%) (x10°) (My/M,) (°C) activity® aPS, and the excess aPS) was isolated after filtration and dried under
Ao' 8 0 15 92 59.1 297 145 2420 vacuum. The purification of sPB-aPS diblock was completed in
Ay 8 376 15 92 320 258 143 1860 two steps. First, the excess polystyrene (soluble in boiling acetone)
Az 8 753 15 196 233 142 1230 was removed by extracting it with boiling acetone in a Soxhlet
As' 8 151 15 92 11.0 207 141 1060 . - )
A, 8 302 15 90 783 189 137 745 ex_tractor. The resulting acetone insoluble fraction was cqllecte_d,
By 8 151 1 112 218 141 974 dried, and allowed to undergo the second Soxhlet extraction with
B,f 8 151 3 112 207 141 1120 heptane to remove the unused pMS-capped sPP (soluble in heptane).
Bs' 8 151 6 92 11.0 212 140 1150 The resulting heptane insoluble fraction was collected and dried
G 4 376 15 245 246 142 846 under vacuum overnight to give 0.23 g of sBIPS as a white
ng j 1173"?3 ig 92 1‘;:? izgi igg 33?,58 solid. M, = 16 700,M,, = 21 500 by GPC (in 1,2,4-trichloroben-
Co' 4 302 15 62 182 136 554  Z€ne, at135C).
D:f 4 151 3 92 85 196 138 712 Polymer Analysis. The molecular weight and molecular weight
D,f 4 151 6 84 191 138 718 distribution were determined by means of high-temperature gel
EOZ g gm 115;_) %E; %i 2212 11191 3115.{% permeation chromatography (Waters 150-CALAC/GPC) with a
E;g 8 753 15 156 283 140 1970 refractive index (RI) detector and a set of U-Styragel HT columns
Ey0 8 151 15 92 256 139 1760 of 105, 1P, 10% and 10 pore sizes in series. The measurements
E,9 8 302 15 87 6.8 227 136 1440 were taken at 138C using 1,2,4-trichlorobenzene as solvent. PS
Fr9 8 151 1 94 254 139 1660 samples with narrow MWDs were used as the standards for
Fp9 8 151 3 9.0 243 138 1730 calibration. The standards were in the range of absolute molecular
(F;i g gi g 86 89 250 138 fgSO weight which is from 980 to 2 110 000, and tResquare of the
G;g 8 51 0 ~0 ideal calibrated line was limited to up to 0.999.

o . o All 1H (400 MHz) and*C NMR (100 MHz) spectra were
a Polymerization conditions: 50 mL of toluene nol of zirconium recorded on a Bruker AMX-400 NMR spectrometer. The-RBP

catalyst, 2.5 mmol of MAO, reaction time 1 h.® Syndiotacticity (rrrr) . .
was determined by3C NMR analyses¢ M, (number-average molecular samples were dissolved in 1,1,2,2-tetrach|0[)oethhms solvent,
and the recorded temperature was at-1180 °C.

weight), My, (weight-average molecular weight), and PDI (polydispersity,
Mw/M,) were determined by high-temperature GPC (solvent, trichloroben-  Bright field transmission electron microscopy (TEM) images
zene; temperature, 13€). 4Ty, (melting temperature) was determined by ~ were obtained using the masthickness contrast with a JEOL
DSC.¢ Catalyst activity= kg of PP/(mol of catalyst h).Polymerization TEM-1200x transmission electron microscope (at an accelerating
temperature= 0 °C. 9 Polymerization temperature 40 °C. voltage of 120 kV). Staining was accomplished by exposing the

samples to the vapor of a 4% aqueous Rs@lution for 30 min.
the atactic polypropylene. The resulting insoluble fraction of the P P °aq 3

polymer was dried under vacuum to provide the pMS-capped sPP : :
as an off-white powder. Yield: 2.12 g. The syndiotacticity (rrrr) is Results and Discussion

92% by*3C NMR (in 1,1,2,2-tetrachloroetharth; at 110°C). My In this report, we aim at developing a synthetic method for
= 11000M,, = 22 800 by GPC (in 1,2,4-trichlorobenzene, at 135 preparations of steroregular crystalin@morphous  diblock
©). copolymers, which are suitable for self-assembly studies.

Soxhlet Extraction of pMS-Capped sPP in MEK. On a

vacuum line, 1.50 g of the pMS-capped SRR, & 11 000,My, — Thereby, the stereoregular diblock copolymer not only need to

22 800) was placed in a Soxhlet extractor and was allowed to have, at least, one crystallizable stereoregular block but also

undergo Soxhlet extraction in boiling MEK (50 mL) under nitrogen need .to have a WeII—Qeflned chemical structgre (€.g., uniform
for 24 h. The resulting MEK solution was collected and was allowed chemical structure with narrow MWBJ. Evidently, these
to concentrate under vacuum to 15 mL. The resulting solution was requirements create synthetic problems and difficulties because
then charged with excess methanol (ca. 20 mL), which in turn a stereoregular polg-olefin block cannot be prepared directly
resulted in the deposition of the MEK soluble polymer as a white using the known living polymerization method. Recently,
precipitate. The resulting MEK soluble polymer was isolated by Marks'3 and Chunéf->demonstrated the successful preparations
filtration and dried under high vacuum to provide 0.82 g of the of tilizations of metallocene catalysts to induce the selective
lower molecular weight pMS-capped sPP. The syndiotacticity () chain transfer reactions to silanes, boranes pamethylstyrene
"\SABE(yggbgoﬁ NM?}'QO%’%Z'é'éeéra-ch'f?it?aﬁ’ atbllo C). . (pPMS) for providing the functional group end-capped stereo-
o W y (in 1,2,4-trichlorobenzene, a regular polyei-olefin, including functional group end-capped

135°C). . . . . .
Prep?aration of SPPb-aPS (2).0n a vacuum line, 0.50 g of the isotactic PP (iPP) and syndiotactic PS (sPS). Consequently, these

lower molecular weight pMS-capped SPRI,(= 8900, My, = enq-functionalized prepolymers were used for successful prepa-
14 800) was dissolved in 15 mL of boiling cyclohexane. The rations of stereoregular block copolymer by subsequent block
solution was then allowed to cool to room temperature and was copolymerization reactions. These results clearly indicate that
charged with the excess of 2-butyllithium/TMEDA (0.11 mmol in  the preparations of stereoregular block copolymers may inevi-
cyclohexane). The solution gradually turned into a light brown tably start from a functional group end-capped stereoregular
solution after the addltlon Of the 2-buty||ithium/TMEDA, indicating prepo|ymer since it requires a non”ving Stereospeciﬁc Cata|yst
the successful functionalization of the pMS-capped sPP. The g inquce the stereoregularity control during the preparation of
3?%?%@? jitérlrlmrleo(iigfara%mnwtrirggic:tsu;%;%rtzlﬁ?ﬁiznrgstgﬁeedxicnetsr?e()fthe stereoregular block. Although these synthetic routes provide
immediate formation of a light yellow solution. Volatiles were then useful synthetic tools for constructing stereoregular diblock
| copolymers, the stereoregular block copolymers prepared by

removed under vacuum (to remove the excess dimethylsily : )
dichloride) to provide the silyl chloride end-capped sPP. The these methods are not suitable for self-assembly studies because

resulting polymer was suspended in 15 mL of cyclohexane and Of their broad MWDs. Evidently, the successful preparations
was then charged with the excess amount (ca. 0.1 mmol) of freshly of a suitable stereogular block copolymer for self-assembly
prepared living anionic polystyrendg = 7400, M,, = 7800) to studies may depend on if the stereoregular block copolygﬁ\r/
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can be precisely prepared with uniform chemical structure and
narrow MWD. In this paper the preparation of the novel
stereoregular block copolymer (sPRPS), which can be used

in the self-assembly studies for displaying consistent nanopat- ®

terns, is reported. Our selection of sPP-based diblock copolymers cHy ()
stems from two considerations: the first is simply because sPP- /Lﬁg\wclmc\c
based diblock copolymers has never been prepared before, in ©
addition, sPP offers a low crystallization temperature for |
conducting crystallization behavior examinations and for con-

trolling the crystallizable phase during self-assembly studies.
The synthesis of sPB-aPS will start from our efforts to prepare
the pMS-capped sPP, which acts as the functional group end-
capped sPP prepolymer for constructing diblock copolymers.

Preparation of pMS-Capped sPP by Selective Chain
Transfer to pMS and Hydrogen.16-17 The preparation of the
pMS-capped sPP was conducted by using a syndiospecific
catalyst!® namely MeC[(Cp)(Flu)]ZrCk, for conducting the LL/
propylene polymerization in the presence of different concentra-
tions of pMS, at different pressures of hydrogen, and at different

polymerization temperatures. As shown in the comparison _.

- . . Figure 1. *H NMR spectrum (400 MHz) of a pMS-capped sPP sample
results Ilsted' in Table 1, the molecular weight of the pMS- (My = 1900 g/mol, prepared by conducting propylene polymerization
capped sPP is strongly dependent on the concentration of pMSin the presence qf-methylstyrene, hydrogen, and MCp)(Flu)ZrCh
(entries A—A4, C1—C4, and B—E,) added in the polymerization  catalyst at 60°C) (solvent, CDGJ; temperature 60C).

solution, but it shows only an insignificant influence by the o o o o
hydrogen pressure (entrieg-BBs, D1—D,, and R—F,). How- H;—OJ’—%——E’—J'L?ALLE‘{-CL—’—?-} bt % g,
ever, in the absence of;Hhe polymerization of propylene and 11 109 8 76 s 432l
the presence of pMS lead to a detrimental effect on catalyst
activity (entries G—Gy). These results clearly indicate that the
incorporation of pMS leads to the generation of a dormant
propagating chain, that the presence of hydrogen is essential yrrr
for completing the chain transfer reaction and to reactivate the _—

dormant active site (by hydrogen addition), and that the
T
i ﬁt ‘
|
% 20l 15

(B)
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N

T T T T T T T T T T
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syndiospecific catalyst, BE[(Cp)(Flu)]ZrCk, is able to induce 5
the selective chain transfer reaction to pMS anddiproduce hli
the pMS-capped sPP. As shown in Table 1, the syndiotacticity _ |
(rrrr)1° of the pMS-capped sPP is dependent on the polymeri- o™ 45 40 P p
zation temperature, but it shows only an insignificant influence

by the concentrations of pMS ang.H he molecular weight of o
the pMS-capped sPP is strongly dependent on propylene:
pressure (an increase' ildlp with an increasing_ propyler_le Figure 2. 3C NMR spectrum (100 MHz) of a pMS-capped sPP sample
pressure) and polymerization temperature (an increasdyin (Mn = 1900 g/mol, prepared by conducting propylene polymerization

with a reduc_:ing polymerization temperature). An increase.in in the presence gfmethylstyrene, hydrogen, and M@{Cp)(Fiu)ZrCh
the polymerization temperature leads to the MWD broadening catalyst at 60°C) (solvent, CDGJ, temperature 60C).

in the resulting pMS-capped sPP should be noted. These results
clearly indicate that a lower polymerization temperature, lower sorptions of the pMS end group, respectively. The triplet
propylene pressure, and a higher concentration of pMS are thecoupling pattern of benzylic proton absorpticaGH,—CH,—
more preferable polymerization conditions since these reaction CgH,—CHs) at 2.53 ppm directly indicates the following facts.
conditions lead to the generation of the pMS-capped sPP First, the pMS is situated at the chain end position as a terminal
prepolymer, which have the desired chemical structures, includ- group. Second, the incorporation of pMS is via a 2,1-insertion
ing a narrower MWD, lower molecular weight, and higher pathway. If the incorporation of pMS were by 1,2-insertion or
syndiotacticity to be used in the subsequent block copolymeriza- by copolymerization, the resulting benzylic proton absorption
tions for the preparation of the suitable sBaPS sample for  should appear as a much more complicated coupling pattern.
self-assembly studies. Figure 3 shows th&3C NMR spectrum (with an inset of the
End-Group Analyses of the pMS-Capped sPPEnd-group expanded upfield region and chemical shift assignments) of a
analyses provide the direct evidence for the successful preparalow molecular weight pMS-capped sPP samiV, & 1900,
tion of pMS-capped sPP. Figure 1 showstHeNMR spectrum Mw/M, = 1.62). The detailed®C chemical shift assignments
(with an inset of the expanded region and chemical shift are based on the structural information revealed in 242nd
assignments) of a low molecular weight sample of pMS-capped **C NMR (Figure 3) and*C (DEPT 135) NMR spectra (Figure
SPE0 (M, = 1900, M,/M,, = 1.62). As shown in Figure 1, in  4) and by comparison with prior NMR analyses of sPm
addition to three major peaks) (= 0.80, 1.01, and 1.58) addition to three strong absorptions€ 19.9, 27.6, and 46.4)
corresponding to Bz, CH,, and GH proton absorptions of the  corresponding td&CH; (rrrr), CH, and CH; absorptions of the
sPP backbone, there are three sets of weak chemical absorptionsPP backbone, the chain end structures have been fully identified
at 2.31, 2.53, and 7.08 ppm, which correspond to-ti@H,— (Figure 2). These NMR spectra clearly reveal that the pMS-
Ce¢Hs—CH3, —CH,—CgHsa—CHa3, and —CH,—CgHs—CHs ab- capped sPP has an aromatic chain en@Kl,—CH,—CgHs— CDV
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Figure 3. 2-D 'H (400 MHz) and*C (100 MHz) NMR of a pMS-
capped sPP sampléMif = 1900 g/mol, prepared by conducting
propylene polymerization in the presencepahethylstyrene, hydrogen,
and MeC(Cp)(Flu)ZrC} catalyst at 60C) (solvent, CDGJ; temperature
60 °C).
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Figure 4. 13C and®3C (DEPT 135) NMR spectra (100 MHz) of a
pMS-capped sPP samplisl{ = 1900 g/mol, prepared by conducting
propylene polymerization in the presencepahethylstyrene, hydrogen,
and MeC(Cp)(Flu)ZrC} catalyst at 60C) (solvent, CDGJ; temperature
60 °C).

CHa) which is generated in the chain-transfer reaction by the
2,1-insertion of pMS followed by hydrogen addition and an
aliphatic chain end-{CH,—CH,—CHjs) which is generated in
the chain-initiation reaction by hydride 1,2-insertion to propyl-
ene. Theses results clearly reveal that using®Ep)(Flu)]-
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Scheme 1
AN

H2+ pMS Catalyst /MAO

MSPPMCHZCHZ—QCH?)

(pMS-capped sPP)

pMS = ; Catalyst =

CH3

sec-BuLi/ TMEDA

o ®
N sPPMCHZCHZ—QCH2Li

\ DMSC

DMSC =

N sPPMCIIZCIIZ-QCHZSi(Me)ZCI

dimethylsilyldichloride

® 0

Li wwnaPSww  aPS = atactic polystyrene

-ﬂMsPPMCHZCH2—®CH2$i(Me)2 ~ngPSan
(sPP-b-aPS)

overcome this problem, the nucleophilic lithiated anion was
converted to an electrophilic functional group by reacting with
Me,SiCl, (DMSC); thus, the silyl chloride-capped sPP [sPP
CH,—CH,CgH4—CH,—Si(Me)Cl)] can be generated accord-
ingly and be used to couple with living anionic polystyrene,
which can be easily prepared with a predetermined chain length
and a narrow MWD by living anionic polymerization, to provide
the block copolymer. Consequently, sBRPS with a narrow
MWD aPS block can be precisely prepared. The detailed
synthetic route for preparations of sPP-based diblock copolymers
is illustrated in Scheme 1. In our preparation of the §FPS

(1), a sPP-pMS sample M, = 11 000, M/M,, = 2.07,
syndiotacticity® (rrrr) = 92%; entry A in Table 1] was treated
with 2-BuLi/TMEDA in cyclohexane at room temperature to
produce the highly reactive lithiated anion. Accordingly, the
generated lithiated anion was allowed to react with excess
DMSC to produce the silyl chloride end-capped sPP. After
removing the volatile DMSC under vacuum, the silyl chloride
end-capped sPP was charged with the excess of the freshly
prepared living anionic polystyrene for conducting coupling
reaction. The resulting polymer mixture was extracted first with
boiling acetone to remove the excess polystyrene. The acetone

ZrCl, as catalyst for the preparation of pMS-capped sPP not insoluble fraction was collected and allowed to undergo the
only facilitates the successful control in stereoregularity but also second Soxhlet extraction with heptane for removing the unused
give pMS-capped sPP with specific chain end structures becausepMS-capped sPP (soluble in heptane) to provide the pure sPP-
the pMS-capped sPP has been prepared by involving a clearb-aPS copolymet (M, = 18 500,M,/M, = 1.38). Proton NMR
chain-initiation reaction, a clean chain-termination reaction, and analyses of different fractions of extraction products can be

a syndiospecific chain-propagation reaction.
Preparations of Diblock Copolymers and Their Self-
Assembly StudiesThe terminal pMS of the pMS-capped sPP

found in the Supporting Information. Figure 5 compares the
GPC elution curves of the starting pMS-capped sRR €
11 000,M/M,, = 2.07) and polystyreneM, = 9800, My/M,

can be used as a reactive functional group for preparations of= 1.05) with the diblock copolymet (M, = 18 500,M\/M,, =
block copolymers, since it can be treated with strong bases to1.38). Interestingly, the resulting sRPaPS () has a relatively

provide the highly reactive lithiated anion (sPEH,—CH,—

CeH4s—CHali); thus, the lithiated anion can be used directly
for conducting anionic polymerizations for preparations of
diblock copolymers. However, living block copolymerization
by directly using the insoluble lithiated anion to conduct

narrower MWD M\/M, = 1.38) as compared to the starting
pMS-capped sPPM./M, = 2.07). Evidently, the coupling
between the broad MWD pMS-capped sPP and the narrow
MWD living aPS M,/M, = 1.05) results in averaging out the
MWD between the crystalline sPP block and the amorphous

heterogeneous copolymerization would result in the generationaPS block to give diblock copolymérwith a relatively narrow

of block copolymers with undesired broad MWBs.To

MWD. These results clearly indicate that using the synth&%cv
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Figure 5. GPC curve comparison between (A) atactic polystyrene (aPS, Figure 7. GPC curve comparison between (A) atactic polystyrene (aPS,
Mn = 9800 g/mol, Muw/Mn = 1.05), (B) p-methylistyrene-capped M, = 7400 g/mol, My/M, = 1.06), (B) p-methylstyrene-capped
syndiotactic polypropylene (pMS-capped sRR = 11 000 g/molM./ syndiotactic polypropylene (pMS-capped s®R,= 8900 g/mol,M,/
Mn = 2.07), and (C) syndiotactic polypropyleidackatactic polysty- M, = 1.66), and (C) syndiotactic polypropyletdnckatactic polysty-
rene [sPR-aPS (), My = 18 500 g/mol,Mw/M, = 1.38) (solvent rene [sPFs-aPS @), M, = 16 700 g/mol,M,/M, = 1.29) (solvent
trichlorobenzene; temperature 135). trichlorobenzene; temperature 135).
; structures is due to the fact that the starting pMS-capped sPP
e AR . . has a broad range of molecular weight distributitv, (M, =
' 2.07); thus, copolymetd is unable to self-organize into a
consistent nanopattern, since it does not have a uniform block
length in the sPP block for providing uniform domain sizes and
morphological boundarie'.
Fortunately, a narrower MWD pMS-capped sPP can be
obtained by conducting Soxhlet extraction of the original pMS-
Pl e capped sPP in various solveAtdor example, Soxhlet extrac-
e : tion of the pMS-capped sPP sampM,(= 11 000,M/M, =
: 2.07; entry A of Table 1) in MEK provides a lower molecular
weight pMS-capped sPP sample with a narrower range of MWD
(M, = 8900,M/M,, = 1.66, rrrr= 82%) in the MEK soluble
fraction. Although we can isolate different pMS-capped sPP
samples by subsequent extraction of the MEK insoluble fraction
using different solvents (e.g., THF, cyclohexane, heptane, etc.),
we typically use the sample isolated in the MEK soluble fraction
because it has a narrower MWD and a higher solubility in
common organic solvents for conducting subsequent reactions.
Thus, by using this narrower MWD pMS-capped sPP sample
e T NN PR cresiae as the starting material to conduct block copolymerization by
o — e - following the synthetic procedures elucidated in Scheme 1, we
e ohons PR S B iAot have successiul prepared SBRPS 9 (Vo = 16 700,/
are for aPS and spPI%/ rgspectively. The morphology is mainly lamellar, Mn - 1.29). Figure & compares the GPC elution curves of the
but unidentified morphology is also found as shown in the marked Starting pMS-capped sPRMg = 8900, My/M, = 1.66) and
circle. polystyrene I, = 7400,M,,/M, = 1.06) with2. The successful
preparation o2 can be further elucidated by NMR analyses.

methods (as illustrated in Scheme 1) can result in the successfuFigure 7 compares thgl NMR spectra of the pMS-capped sPP
preparations of stereoregular diblock copolymers which have with 2. As in Figure 7b, new resonances at chemical shifts
narrower MWDs. Although diblock block copolyméthas the between 6.3 and 7.2 ppm and between 1.4 and 1.9 correspond
narrow MWD, the self-assembly df (prepared by solution  to the aromatic and aliphatic protons of the PS block; mean-
casting to provide a thin film which was sectioned by ultra- while, new resonances at chemical shift around 0.05 ppm
microtome at room temperature and examined by TEM) results correspond to the methyl protons of the dimethylsilane linkage
in the formation of inconsistent morphologies. As shown in [—Si(CH3),—]. Figure 8 shows the TEM image of nanopatterns
Figure 6, the TEM image shows the formation of the lamellar formed by the self-assembly of diblock copolynimn bulk.
morphology as the major microstructure, but inconsistent Unlike 1, diblock copolymer2 successfully self-organizes into
morphologies are also present as shown in the area of the marke@ consistent lamellar structure as revealed by the TEM image
circle. We believe that the formation of inconsistent micro- (small-angle X-ray studies on the crystallization behavior ofétgv
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Figure 8. *H NMR spectra (400 MHz) of (Ap-methylstyrene-capped syndiotactic polypropylene (pMS-capped\$PR,8900 g/mol,My/M, =
1.66) and (B) syndiotactic polypropyletdackatactic polystyrene [sPB-aPS ), M, = 16 700 g/molM./M, = 1.29) (solvent, €D,Cl,; temperature
110°C).
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Table 2. Syntheses and Self-Assembly Studies of Syndiotactic M, = 1.33), a broad MWD pMS-capped sPP sampg &
Polypropyleneblock-Atactic Polystyrene (sPPb-aPS) Diblock 8500,Mw/Mp = 1.96; entry Q of Table 1) was used to conduct
Copolymers with Different Volume Fractions® the coupling reaction with living anionic polystyrensl{ =
sPPb- pMSc-sPP aPSM,  block M, volume 17 600,My/M;, = 1.03). In contrast, in the preparation4tM
aPS Mn (PDI)P (PDI) (PDI) fraction (sPP) morphology =20 ZOOWM 7|V| =1 2)8) a narrower I\/IW% pFI)\/IS-cappéd ;PP
- 2y IVIiw n— 4 )
y 1000 g-gg)) o 8'82; s ((igg)) 958 jamelr (M, = 6400,M,/M, = 1.30), which was isolated from the MEK
3 8500(1.96) 17600 (1.03) 25400 (1.33)  0.35 cylindrical  Soluble fraction of B, was used to conduct the coupling reaction

4 6400 (1.30) 12900 (1.03) 20200 (1.08) 0.35 cylindrical  with living anionic polystyreneNl, = 12 900,M,,/M,, = 1.03).
asPPb-aPS samples were prepared by the method illustrated in SchemeAlthOUgh bthS. and4 have been. prepared by identical methods,
1.5M, (number-average molecular weight),, (weight-average molecular both have similar volume fractions in the sPP and aPS blocks
weight), and PDI (polydispersityM/Mn) were determined by high- and both have narrow MWDs; they display different nanopat-
temperature GPC (solvent, trichlorobenzene; temperature;dB5 Mor- terns in the self-organized microphase separation. Thus, self-

phologies of the self-organized nanopatterns were determined by TEM. assembly of sPB-aPS 4 leads to the formation of the
continuous cylindrical morphology as revealed by TEM analy-
ses. In contrast, diblock copolym@&monly displays inconsistent
microstructures (as shown in the Supporting Information).
Consequently, we prove that the stereoregular crystatline
amorphous diblock copolymer, sRPaPS, prepared by using
metallocene catalyst to induce the stereoregularity control, is
able to self-organize into ordered nanopatterns if the copolymer
is precisely prepared to have a uniform chemical structure and
narrow MWDs in both the crystalline sPP and the amorphous
aPS blocks.

sPP block of copolyme@ can be found in the Supporting
Information). We have to point out that both copolymé@nd
2 were prepared by similar reaction procedures; they were even
prepared from the same pMS-capped sPP sampie Table
1). The detailed structural differences between copolyniers
and 2 are summarized in Table 2. As shown in Table 2, the
most prominent difference betwednand 2 is that diblock
copolymer 1 was directly prepared from a broad MWD
metallocene-mediated reaction producg)(fand in contrast,
diblock copolyme® was prepared from a narrower MWD pMS-
capped sPP sample which was isolated from the MEK soluble
fraction of As. These results clearly reveal that a narrow MWD
block copolymer (e.g., diblock copolymé&j may not be good Our results demonstrate that the JE(Cp)(Flu)ZrC}] catalyst
enough for displaying consistent nanopatterns because it requiresnduces the syndiospecific propylene polymerization as well as
each block within the block copolymer to have uniform chemical the selective chain transfer reaction to pMS and hydrogen, and
structures and narrow MWDs to display consistent nanopatterns.this leads to the successful preparation of the pMS-capped sPP
In other words, we need to ensure that each individual block of as an end-functionalized prepolymer. The pMS functional group
the block copolymer has been precisely prepared (uniform of the prepolymer can undergo subsequent deprotonation and
chemical structures and narrow MWDSs) if the resulting block silylation reactions to produce the silyl chloride-end capped sPP.
copolymer will be used in self-assembly studies. Consequently, coupling the silyl chloride end-capped sPP with
The importance of precisely preparing the diblock copolymer living anionic polystyrene produces the novel sPP-based diblock
with both a narrow MWD sPP block and a narrow MWD aPS copolymer (sPB-aPS). Although the sPB-aPS prepared by
block can be further demonstrated in our effort to prepare sPP-the method described in this report typically shows a narrow
b-aPS B8) and @), which were designed and synthesized to have range of molecular weight distribution, it may not be suitable
lower volume fractions (i.e., 35%) in the sPP blocks for for self-assembly studies because the sPP block of the diblock
displaying cylindrical morphology. The detailed structural copolymer was prepared using a nonliving metallocene catalyst
information on copolymer8 and4 are summarized in Table 2.  that typically leads to the generation of the sPP prepolymer with
In the preparation of diblock copolym&r(M, = 25 400,M,,/ a broad range of molecular weight distribution. To obtai&sv
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Figure 9. TEM micrograph of Ru@stained syndiotactic polypropyl-
eneblockatactic polystyrene [sPB-aPS R)]: dark and white domains
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