P . 7
university of :7’%//4
groningen ?',,g’z,, University Medical Center Groningen

i

University of Groningen

Chain elongation suppression of cyclic block copolymers in lamellar microphase-separated
bulk

Matsushita, Y.; lwata, H.; Asari, T.; Uchida, T.; ten Brinke, G.; Takano, A.

Published in:
Journal of Chemical Physics

DOI:
10.1063/1.1760514

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2004

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Matsushita, Y., lwata, H., Asari, T., Uchida, T., ten Brinke, G., & Takano, A. (2004). Chain elongation
suppression of cyclic block copolymers in lamellar microphase-separated bulk. Journal of Chemical
Physics, 121(2), 1129 - 1132. https://doi.org/10.1063/1.1760514

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1063/1.1760514
https://research.rug.nl/en/publications/680be7ff-9f3f-430c-94e0-1bc6bcbf8667
https://doi.org/10.1063/1.1760514

HTML AESTRACT * LINKEES

JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 2 8 JULY 2004

Chain elongation suppression of cyclic block copolymers in lamellar
microphase-separated bulk

Y. Matsushita, H. lwata, T. Asari, and T. Uchida
Department of Applied Chemistry, Graduate School of Engineering, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-8603, Japan

G. ten Brinke
Department of Polymer Chemistry, Nijenborgh 4, 9747 AG Groningen, The Netherlands

A. Takano
Department of Applied Chemistry, Graduate School of Engineering, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-8603, Japan

(Received 23 January 2004; accepted 19 April 2004

Chain elongation suppression of cyclic block copolymers in microphase-separated bulk was
determined quantitatively. Solvent-cast and annealed films are confirmed to show alternating
lamellar structure and their microdomain spadihncreases with increasing total molecular weight

M according to the relationship«M%%, which agrees quite consistently with the theoretically
predicted power law, i.eD M35, This result is in contrast to the well-established issue for linear
block copolymers, where the relationstip: M2 has been confirmed to hold both experimentally
and theoretically. This means that chain elongation of each component block is suppressed
considerably, owing to their looped conformation in strongly segregated bulk20@ American
Institute of Physics.[DOI: 10.1063/1.1760514

Block copolymers are fascinating research objectives irpolystyrenes with short poly(2-tert-butyl-butadiene se-
both the academic field and the application one, since theguence and proposed a novel method to prove the purity of
exhibit novel properties in condensed systems resultingyclic molecule’® while they also prepared polystyrene-
from forming self-organized periodic structures, calledblock-polyisoprene cyclic copolymers with three different
microphase-separated structures. compositions and determined the purity of cyclic molecules

Cyclic macromolecules have attracted many researcherficluded in the samples accuratéfy.
interest since they are conceived to be a kind of “model”  |inear block copolymer is known to be elongated con-
polymers with no chain ends, so that it may influence onsjgerably along the direction normal to microdomain inter-

several properties of polymers considerably. Historically.face hecause of strong interaction in between incompatible
theoretical works predicted the contracted chain conform polymer component®~27 In contrast to linear homologs

tion of cyclic molecules compared to linear homologs prior
to experimental work$-3 Later Douglas and Freed predicted
possible contraction in dilute solutions by applying renor-
malization group theory to cyclic moleculésyhile Cates

and Deutsch predicted suppression of chain dimension
cyclic molecule in bulle Furthermore, Marko predicted con-
traction of lamellar microdomain thickness for a ring-shape

chain elongation of cyclic block copolymers in bulk must be
suppressed because they have to adopt looped conformation,
their two junction points being tethered on the same micro-
o(ijomain interface. Magnitude of chain compression was cal-
culated by Markb following the approach of Leibléf as-
uming Gaussian chain correlation combined with random

block copolymef On the other hand, enormous efforts haVephase approximation in the strong segregation regime, where

been dedicated to preparation and characterization of cycli@ctally no chain contraction was predicted comparing do-
homopolymer moleculds'” and also of cyclic block main spacing ofAB cyclic copolymer with that ofABA

copolymers8-2t triblock copolymer molecule with the same molecular weight

Throughout these experimental studies, however, the d@&"d c_ompositiorf Lescanecet al. experimentally observed
rect evidence of cyclic structure was not shown:; moreover‘,joma'” contraction for two kinds of cyclic block copolymers
the purity of the cyclic molecules has not been determineds @ function ofyN, wherey is the Flory-Huggins interac-
quantitatively in most of the works. Among them, Ohtanition parameter and N denotes total degree of
etal. have proved the cyclic structure directly by using Polymerization'® Recently shrinkage of microdomain was
poly(2-vinylpyridine) with detectable junction point by py- also reported for cyclic polystyrene-block-polyisopréne
rolysis gas chromatography/mass spectroscopy and detend also for cyclic polystyrene-block-polybutadiéheo-
mined the ring fractiort® while Lee et al. determined the polymers; however, suppression of microdomain has not
fractions of cyclic polystyrenes precisely by liquid chroma- been quantitatively clarified yet. Therefore, molecular weight
tography at the critical condition methdd.Takanoetal.  dependence of the domain spacing of cyclic block copoly-
have reported on preparation and characterization of cyclimers was studied in comparison with the linear homologs to
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TABLE I. Molecular characteristics of linear and ring block copolymers.

M, X103 DP? M, /M, Purity (%) D (%) D (nm)
SII-5 315 378 1.07 50 14.4
SII-5 34.2 412 1.06 95 49 15.0
SIl-6 69.4 822 1.06 53 25.4
SIl-6 67.2 796 1.09 87 53 23.6
SII-7 101 1216 1.04 e 49 32.6
SIR-7 100 1184 1.04 79 53 28.9
SIl-8 175 2081 1.06 “e 52 46.4
SIR-8 186 2202 1.05 79 52 41.1

#Total degree of polymerization of samples calculated from molecular weights and volume fractions.

determine the degree of chain suppression exactly in thiscule, the total chain dimensiorshould be expressed as Eq.
work using well-characterized sampf&s. (1) (Ref. 30,

Cyclic block copolymers from polystyren(®) and poly- a2
: e . r=R:f/KT, 1)
isoprene(l) were prepared by two-step anionic polymeriza- g
tion of isoprene and styrene to produde -S triblock co-  where R, denotes radius of gyration of the molecule. The
polymers followed by capping both chain ends with reagent®lastic energy. per block polymer chain equalgimesr so
having diphenylethylene group. Some amount of linear tri-that Eq.(2) holds,
block copolymers were isolated as precursors to compare _ 2152
their structural feature with cyclic molecules later. Finally Fe=frokTri/R,. )
both ends were reacted with the aid of potassium naphthdnterfacial energyF; can be described as
lenide under extremely diluted condition, and cyclic mol- E —KTYN/r 3)
ecule obtained has been isolated by preparative size exclu- ' YR
sion chromatographySEQ as reported previousf? Four ~ where y is the surface tension in between two component
copolymers with different molecular weight were prepared;polymers and is assumed to be large enough to form
their code names ares() -1 through (SI).-IV. Number av-  microphase-separated structure since we are dealing with the
erage molecular weights 08().-1 and -1l were measured by system in the strong segregation regime. On the other hand,
membrane osmometry while those &lf-1ll and -IV were  chain dimension of cyclic molecule can be predicted a
determined by combining molecular weights of polystyrenefunction of N as
blocks with their mole fractions. The former were estimated R.xN25 (4)
by SEC chromatograms of polystyrene after decomposing 9
polyisoprene blocks by osonolysis, while latter were mea-

sured by'"NMR. Using the same SEC chromatograms, the Ca

purity of cyclic molecule was estimated, which comprised a) ¥y~ “

coupled polystyrene sequence decomposed from cyclic mol- ' J

ecule and small amount of short polystyrene blocks origi- ~——

nally on both chain ends of unreact&dS triblock copoly- .

mer whose molecular weight is half of the formér. LrTN

Molecular weights and compositions of linear triblock co- Sf/\-’ £\’

polymers, whose code names &S| through SISV, ‘\/\:_‘ ,' -

were separately determined. Molecular characteristics of four -

pair of samples are listed in Table |. From this table, we r

notice that all the samples have almost the same polystyrene D¢

volume fractiong, of around 0.5 and also that the purity of

cyclic molecules is not perfect but sufficiently high to dis- ,

cuss the structural feature of cyclic block copolymer mol- b) A[U\]'\y; Q\‘

ecule without affecting the results seriously. Ny e,
Films for morphological observation were cast very . AR

slowly from dilute solutions of tetrahydrofuran for four days, £ ¢ ~ "'\\, £

followed by heating for a week at 150 °C, which is high b N,

enough above glass transition temperature of polystyrene. . \‘, \\ ,'

Microphase-separated structures were observed by transmis- L E——

sion electron microscopy and by small angle x-ray scatter- - r

ing; the details of the experiments were reported Dy

previously??

. . . . . . FIG. 1. Schematic comparison of chain elongation of block polymers in
AS IS schematlcal!y ShO_Wn in Fig. 1, if small forées lamellar microdomain in betwee(@ a cyclic block copolymer andb) a
applied to two opposite points of a block copolymer mol- linear triblock copolymer.
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FIG. 2. Typical transmission electron micrographs from block copolymer 44 4.6 4.8 5.0 5.2 5.4
films. Samplega) (Sl)c-1il and (b) SIS II. log (M,)

FIG. 4. Double logarithmic plots of domain spacing and total molecular

. . L . _weights of block copolymers. Open circles are the experimental data for
Introducing the relationship in Ed4) into Eq.(2) and re cyclic block copolymers and the filled circles are for linear ones. The solid

placing domain spacinB., for cyclic block copolymer from  and the dotted lines are obtained by least square best fit to the data.
chain displacementbecauseé . should be proportional to

as shown in Fig. (b), total free energy of forming lamellar

structure can be described ignoring numerical prefactor as and the corresponding linear counterpart as a function of the

magnitude of the scattering vectqt= 4 sin 8/\), wherex
F/KT=DZ/N**+N/D,. (5) is the wavelength of x ray and¥2s the scattering angle. It is
obvious from this figure that the repeating distance $dr
cyclic molecule estimated by the top curve is shorter than
D N3®, (6)  that for aSIStriblock copolymer obtained from the bottom

The relationship in Eq(6) should be compared with that for ©N€- Measured domain spacibyg for cyclic copolymers to-
linear block copolymer, whose domain spacibg can be gether with those for linear counterpari3,, are listed in

Minimizing F with respect tdD., we have the relationship

expressed by Eq7), in the strong segregation regime, Table I. From this tgble one notiqes that the rziﬁ_g/De is
o3 0.89 for sample pair IV whosgN is about 210 since total
DN (7)  degree of polymerization is about 2100 apgarameter for

Cyclic block copolymers as well as the Correspondingpolystyrene—polyisoprene pair is 0.10 at room temperatture.
linear ones were confirmed to possess very periodic andghis result is consistent with the previously reported 8he,
qualitatively similar alternating lamellar structure from mor- Where the Dc/D, ratio is 0.91 for polystyrene-block-
phological observation as shown in Fig. 2. Figure 3 comPolydimethylsiloxane cyclic block copolymer witfN of
pares small-angle x-ray scatterif§AXS) diffraction pat- 260.

terns as an example obtained for one of the cyclic molecules _USing thisy value and the total degree of polymerization
in Table I, YN for (Sl)c was estimated to be ca. 40, this

value is large enough compared with theoretically predicted
critical value by Mark8 and Borsarl? independently for cy-
clic block copolymer molecules, ca. 18. Therefore, we can
safely assume that all the samples form two-phase structures
in the strong segregation regime.

Domain spacing values are plotted against total molecu-
H ¢ lar weights of the samples double logarithmically in Fig. 4

together with those of the linear molecules. It is clear that the

difference inD is getting larger with increasing molecular
weight and the exponerit of the following equation:

I fi i
MU
& f., Cyclig D=kM® ®)
. iy

e a—

L og{Intensity)
Sl =
N _
- J w

i 3 for cyclic molecules is determined to be 0,5%vhile that for
\ ) t 5 linear molecules is 0.8 The former value is quite consis-

\Avﬂ 4 l tent with the predicted one as shown in Ef), while the
Jr Linear latter agrees well with the well-known two-third power law

as is in Eq(7).2% This means that the chain dimension along
the direction perpendicular to lamellar microdomain inter-
face for a cyclic molecule is meaningfully smaller than that
of a linear triblock copolymer molecule with the same mo-
q/nnr lecular weight. This could be attributed to the fact that two
FIG. 3. Comparison of small angle x-ray scattering patterns. The top curvebloc,ks (,)f all the cyclic chains must have Ioop-t.ype Confor__
is for cyclic molecule and the bottom one is for a linear counterpart.Mation in lamellar phase and hence the elongation along this
Samplesa) (Sl)c-1V and (b) SIS IV. direction can be suppressed as predicted because of the teth-
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