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ABSTRACT: The microphase separation in a supramolecular earmb block copolymer formed by the
stoichiometric complexation of an amphiphilic surfactant, dodecylbenzenesulfonic acid (DBSA), with the poly-
(2-vinylpyridine) (P2VP) blocks in a nonlinear heteroarm @@B2VP) star copolymer has been investigated.

The hierarchical structure in the ordered state and the relevantad@rder transitions (ODT) of the complex

have been revealed using small-angle X-ray scattering (SAXS). The results were compared with those obtained
previously for linear P®-P2VP(DBSA) and block-arm (PBP2VP}(PS}(DBSA) complexesiflacromolecules

2005 38, 10117] to illustrate the effect of block copolymer architecture on the self-assembly behavior of the
supramolecular combcoil complexes. The heteroarm (R®2VP)(DBSA) complex exhibited structure-within-
structure morphology in which the larger-scale PS cylindrical microdomains were embedded in the matrix consisting
of the smaller-scale lamellar mesophase organized by the P2VP(DBSA) comb blocks. As observed previously
for the linear PS-P2VP(DBSA) complex, the ODT temperatuiiefr) of the copolymer domain in the heteroarm
complex was appreciably higher than that of neat {fF2)VP); due to the strong interblock repulsion caused by

the increase in the polarity of P2VP blocks upon complexation with DBSA. Most interestingly, a significant
increase in th@opr of the smaller-scale lamellar mesophase was observed in the heteroarm complex compared
to that of its linear counterpart, and this was attributed to the lower entropy of transition due to the junction
constraint. The interdomain distance of the copolymer domains in the heteroarm complex was smaller than that
in the linear complex due to lower aggregation number of PS star arms in the cylindrical domains. However, the
corresponding interdomain distance was significantly larger than that in the block-arm complex due to different
type of intermolecular segregation occurring in the two kinds of star copolymers.

Introduction other functionalitie2?34 The self-organized domains at multi-
It is well-known that block copolymers self-organize into a ple length scales offer switchlike controls of material function-

series of long-range ordered nanostructures due to repulsion‘rj_‘l't'eslsby the relevant ordeisorder or orderorder transi-
between the covalently connected bloéks.Similar to block tions:

copolymers are polymers with comb-shaped architecture which  The self-assembly behavior of the supramolecular cemb
also exhibit the propensity to self-organize in a similar Way. coil complexes formed by the linear diblock copolymers is more
In comb-shaped polymers, the covalent or permanent bondingor less well understood. Recently, we have been interested in
between the backbone and the repulsive side chains may beexploring the microphase separation behavior in the supramo-
replaced by the physical bonding such as ionic bonds, hydrogenlecular comb-coil complexes where the block copolymer
bonds, and metal-mediated coordination bonds to form su- backbone has a nonlinear architectth&@he novel macromo-
pramolecules which may analogically self-organize to form lecular architectures in nonlinear block copolymers offer a
mesomorphic nanostructurg=! In a special case, if one of  promising way to modulate the free energy balance and thus
the blocks of a diblock copolymer is selectively complexed with the phase state of the block copolym#&s? Like linear diblock
amphiphilic molecules, the resulting supramolecular cextl copolymers, these polymeric species undergo microphase
diblock may exhibit hierarchical assembly at two length sciles, separation to form well-ordered structures. Hence, the different
namely, a larger-length-scale assembly due to the microphasearchitecture results naturally in much slower phase separation
separation between the comb and coil blocks and anotherkinetics and modification of the phase behav#®f%50 Thus,
shorter-length-scale ordering inside the comb block domains the block copolymer molecular architecture may also consider-
driven by the microphase separation between the backbone anably influence the phase state of the supramolecular eomb
the side chains. Such supramolecular cerobil complexes coil complexes.

have peen drawing sjgnificant intergst recerjtly due. to their In a previous study, we investigated the molecular architecture
potential use as functional materials in electrical, optical, and gffect on the microphase separation in the supramolecular
comb—coil complexes using a (ARJA)-type block-arm poly-
T National Tsing Hua University. o _ ' styreneblockpoly(2-vinylpyridine) (PSs-P2VP) with the P2VP
y ‘*."”St!:‘“e of Polymer Science and Engineering, National Taiwan piock complexed with an amphiphilic surfactant, dodecylben-
oy zenesulfonic acid (DBSA¥ Some remarkable differences in
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Figure 1. Schematic representation of the molecular architecture of
(@) (PS3(P2VP) heteroarm star diblock copolymer and (b) (BS)
(P2VP) heteroarm star diblock copolymer complexed with a surfactant.
The solid lines represent PS blocks, and the dashed lines represent P2VP
blocks. The surfactant was selectively bound to P2VP bock. The actual
number of arms in the star copolymer used in this study is more than
that shown in the figure.

between the block-arm complex and its linear counterpart were
observed. In the present study, we direct our attention to the
comb-coil complexes formed by a #8, heteroarm star

copolymer. As shown in Figure 1a, heteroarm star copolymers
are star-shaped molecules constituted of a central core bearin cight was obtained after the purification. However, it should be

arms of pure polymer A and pure polymer B. The Previous 4t that the standard separation techniques such as fractionation
studies have shown that, due to the chain crowding at the stargiq not necessarily result in product with monodisperse arm number
junction, the phase behavior and the domain spacing of neatfor star copolymer&52it has also been shown that the conventional
AnBp, heteroarm star copolymers differ considerably from those polymer characterization techniques including GPC were insuf-
of the linear AB diblock copolymer:38-40:44,46-50 ficient to establish the purity of the copolymers with complex

The system under study is the complex of sPBVR; architecturé@?®? Hence, we must indicate here that a slight
heteroarm star copolymer with DBSA. Our approach here is polydispersity in arm number could exist in our sample due to the
similar to that described in our previous wofiirst, we study ~ random character of polymerization of DVB forming the core of
the self-assembly of the neat %2V, heteroarm star copoly- the copolymer, such that the functionality of_ the copolymer given
mer. The molecular architecture effect on the microphase here correspanded to a mean value. According to Zhu &t edgst

. L . ; of the results reported in the literature regarding heteroarm stars
separation behavior in neat §2VF; will be compared with were derived from the polymers produced by similar synthetic

that of neat P®-P2VP and block-arm (PB-P2VP)X(PS) routes, and thus these materials most likely had similar polydis-

copolymer discussed in our previous work. Then we proceed persity in arm number. Nevertheless, because the peculiar phase
to study the microphase separation in the complex gPR8R; behavior reported here was governed by the junction constraint

with DBSA. We will show that hierarchical structures with two  associated with the star architecture and no quantitative analysis
distinct length scales were formed despite the architectural using arm number as a parameter was attempted, the polydispersity
complexity of the copolymer. Furthermore, the phase transition in arm number would not have any significant effect on the issues

behavior and the interdomain distance in the complex will be discussed in this work as long as the copolymer under study

compared with that reported in our previous work for linear POSSessed the heteroarm architecture.

- ) BP The copolymer obtained after the purification hadaof 51 870
PSb PZV.P(DBSA) and block-arm (PB-P2VPL(PSKDBSA) with a polydispersity index of 1.1, and the volume fractions of PS
comb—coil complexes.

in the neat copolymer and the stoichiometric complex were 0.50
. . and 0.20, respectively. The average number of arms in the heteroarm
Experimental Section star copolymer was 9.0; therefore, the copolymer was denoted as
Synthesis and Characterization of Neat Block Copolymers. PSP2VR;, and henceforth will be referred as HA. The detailed
The AB, type of PS-P2VP heteroarm star copolymer was molecular characteristics of HA along with that of the linear diblock
synthesized by the sequential anionic living polymerization similar (LA) and the block-arm (BA) copolymers investigated in our
to the P2VPblockpoly(tert-butyl acrylate) heteroarm star copoly-  previous work are given in Table 1.
mer reported in the literatuf®,as shown in Scheme 1. First some Complex Preparation. The HA star copolymer and DBSA were
living PS arms were synthesized usisgcbutyllithium as the first dissolved in THF separately to form clear solutions. The HA-
initiator. The reaction temperature was maintained 28 °C. These (DBSA) complex with binding fractiox = 1.0 was then prepared
PS arms were then joined together in the second step by reactingby combining appropriate quantity of the two solutions. The binding
the living PS chains with a small amount of divinylbenzene (DVB). fraction represented the average number of DBSA molecules bound
A star-shaped (Pg)as thus formed, bearing a number of active with a P2VP monomer unit. The solution was stirred for 24 h
sites at the DVB core which was equal to the number of the attachedfollowed by slowly evaporating the solvent at room temperature.
PS arms. In the third step, a second generation of P2VP arms grewThe samples were finally dried in a vacuum at°€0for 2 days to
from the cores on adding 2-vinylpyridine (2VP) to the reaction remove the residual solvent.
mixture. The living anionic polymerization was terminated by SAXS Measurements.SAXS measurements were performed
methanol, precipitated in hexane, and then filtered out to obtain using a Bruker Nanostar SAXS instrument. The X-ray source, a
the polymer product. The product was subsequently purified by 1.5 kW X-ray generator (Kristalloflex 760) equipped with a Cu
extraction using cyclohexanéeptane (v/v, 95/5) followed by  tube, was operated at 35 mA and 40 kV. The scattering intensity
fractionation by GPC to remove the unattached PS arms presentwas detected by a two-dimensional position-sensitive detector
due to accidental deactivation during the DVB polymerization. The (Bruker AXS) with 512x 512 channels. The area scattering pattern
presence of a single sharp peak in the GPC curve of the purified has been radially averaged to increase the photon coue:tB{J/

sample (cf. Supporting Information) indicated that a heteroarm
opolymer with fairly uniform arm number and controlled molecular
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Table 1. Molecular Characteristics of Polystyrene/Poly(2-vinylpyridine) Copolymers

samplé My? overall Myt PS-arm Myd PS-arm Myt P2VP-arm Muw/Mn Nf fpd fod
HA 51870 5750 5740 1.1 9.0 0.50 0.20
BA 55950 1150 3480 6760 1.3 4.9 0.41 0.14
LA 8790 4480 4310 1.1 0.51 0.20

a“HA” “BA”, and “LA” represent heteroarm, block-arm, and linear diblock copolymers, respectiVélyeight-average molecular weight of the whole
macromolecule¢ Weight-average molecular weight of PS block in a single diblock &iieight-average molecular weight of a free PS arm in the block-
arm star copolymer. The number of such arms in one macromolecule is the same as the number of diblccWeighs-average molecular weight of
P2VP block in a single diblock arniAverage functionality, i.e., average number of B82VP arms in the star copolymérOverall volume fraction of
PS in the neat copolymet.Overall volume fraction of PS in the copolymers after complexation with DBSA.

efficiency compared with the one-dimensional linear detector. The 10" X
intensity profile was output as the plot of the scattering intensity
(1) vs the scattering vecton,= 4x/A sin(@/2) (0 = scattering angle). 3
All scattering data were corrected by the empty beam scattering, 10"

the sensitivity of each pixel of the area detector, and thermal diffuse

scattering. Details regarding correction for thermal diffusion "

scattering have been described elsewBefemperature-dependent —~ 10
SAXS measurements were performed under vacuum to minimize =]
the thermal degradation of the sample. The sample was first 8 10"
equilibrated at the measuring temperature for 20 min followed by >
1 h data acquisition. "‘ﬁ
: 1010 L

Results and Discussion 9

Self-Assembly and ODT of the Neat Heteroarm Star = 10°

Copolymer. For the convenience of presentation, theF2/R,
heteroarm star copolymer is denoted by “HA”. Figure 2a,b
shows the temperature-dependent SAXS profiles of neat HA 10°
in the temperature range 2290°C. The SAXS profiles at low
temperatures showed a relatively sharp primary maximum at
0.45 nnt! and a weak second-order peak near 0.90 hm
indicating the formation of a lamellar morphology consisting q (nm'1)
of alternating PS and P2VP lamellae. This morphological 10°
structure was expected considering the composition of the HA
copolymer (i.e., the volume fraction of Pfgs~ 0.50). The 3
interlamellar distance at Z% calculated from Bragg’s equation 10" 33
(D = 27/gm, with gm being the position of the primary diffraction
peak) was 14.0 nm. As the temperature increased, the higher-
order peak gradually diminished, and the intensity of the primary
peak decreased along with a peak broadening. A sharp and
remarkable change in the scattering pattern was discernible at
180°C due to the occurrence of ODT. The broad peak observed
in the disordered statel (> 180 °C) was attributed to the
“correlation-hole” effect, which reflected the concentration
fluctuations of the copolymer segments in the disordered
statel-53

The abrupt change of the scattering pattern across the ODT
enabled the determination dbpr using the plots of (i) the
reciprocal of the maximum scattering intensity,(*) vs the
reciprocal of the absolute temperatufie) and (ii)) D vs T"%
A discontinuous change in these plots at a particular temperature 02 04 06 08 10 12 14 16 18 20
indicates the occurrence of ODT. Figure 3 presents the plots of
Im~tandD vs T~ for the HA copolymer. A significant drop in q (nm'1)
the intensity was observed on heating to 180which showed g e 2. Temperature-dependent SAXS intensity profiles of neat HA
that Topr of neat copolymer located near this temperature. diblock copolymer collected in-situ from (a) 25 to 180 and (b) 180
Moreover, the plot oD vs T~! also showed a sharp decrease to 290°C in a heating cycle.
as the temperature was raised to 280

In our previous article we had shown th—aﬁDT of a linear each A and B arm ConSiSting BF2 monomers, the ODT occurs
PSb-P2VP diblock copolymer, whose block molecular weights  at
and composition were equivalent to those of the present HA
copolymer, located at about 1335 Hence, theTopr of the (N)opr = 10.495 1)
HA copolymer was about 30C higher than that of the linear
diblock. Olvera de la Cruz and SancHemere the first to predict ~ for all values ofn (wherey is the Flory interaction parameter).
the position of ODT for AB, copolymer (assuming equal This means that th€opt should be identical for all symmetric
segmental lengths and volumes for A and B monomers) using A,B;, irrespective ofn. However, it had been shown recently
a mean-field theory. They found that for symmetrigBf, with that?* in contrast to the mean-field prediction, tAgpr of CDV
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Figure 3. Int andD vs T~ plot of neat HA diblock copolymer for q (nm'1)

Topr determination.

symmetric ABn heteroarm star copolymer was always higher
than that of the corresponding AB linear diblock, as was also
observed in the present study. The composition fluctuations,
which were not considered in the mean-field theory, became
important for the symmetric block copolymers near O3
After a standard fluctuation correction, the ODT of the sym-
metric diblock was found to occur at a higher valueydf (or

a lowerTopt) than that predicted by the mean-field the&ta
possible cause for the observed differenc&gpr between AB,

(n = 2) and linear AB diblock was the different strength of
composition fluctuations due to difference in molecular archi-
tecture. However, although the standard fluctuation correction
did predicted a difference ifiopr, it was still insufficient to
account for the experimental resutfsRecently, Buzza et &t
suggested that the large increasd gt arose from a combina-
tion of composition fluctuations and different degrees of non-
Gaussian stretching in the two systems at or regsr. The e ——
higher degree of chain stretching also led to a larger interlamellar 03 06 09 12 15 18 21 24 27 30
spacing in the heteroarm star copolymers compared to that in -1

the linear counterpart. The stretching of the polymer chains was q(nm™’)

most likely due to dissimilar interactions between clusters of Figure 4. Temperature-dependent SAXS intensity profiles of HA-
like monomers, though other mechanisms such as chain stiffen-gags(g) fgg‘ggggg};ﬂg‘% 23.'1'8%62@”?&2 fsrzgs(a)rgf?léoogg?ne d
ing and crowding effects near star branph point were not after cooling the sample from 280 %/o 2B is also incl%ded in (b).
precluded. Buzza et &.showed that the difference ifopr

observed in their system was consistent with the degree of chain
stretching observed experimentally. However, in the present
study we found that although tiiepr of HA was greater than
that of LA, the interlamellar distance of these two systems was | i/ Dua/Dia ~ NE@=23) decreases with decreasiNgnamely,

close. the difference in the interlamellar distance between heteroarm
It was rather unexpected that the domain spacings of HA andand linear block copolymers is expected to become more

LA were similar as the previous studies had predominantly insignificant at smalleN.

shown that interlamellar distance was larger in the heteroarm Hierarchical Structures and ODT of the Comb—Coil

star copolymers compared to the linear copolymers of equivalent Complexes.The phase behavior of the HA(DBSA) supramo-

block length?4464850 Grayer et af'® studied P§P2VPs het- lecular comb-coil complex was probed by SAXS. Figure 4a,b

eroarm copolymer and found that the dependence of the displays the temperature-dependent SAXS profiles of the HA-

interlamellar distance on block length deviated from M& (DBSA) complex. The SAXS profile at 25C showed a

scaling law (known for linear diblocks). In this case, the scattering maximum ag = 0.38 nnT! and a broad shoulder

interlamellar distance followedl# scaling law withu > 2/3. (marked by f = 1") at g = 0.69 nnt!. Another peak of strong

Nevertheless, the architecture effect on the domain spacing wasntensity was observed in the highregion atq = 2.07 nnt.

most significant in the region of intermediate arm length (with  The SAXS peaks in the low-region were associated with the

N ~ 400-500) and diminished at highed when the arms larger-scale structure due to microphase separation between PS

became sufficiently long to screen the effect of conformational and P2VP(DBSA) blocks (giving rise to copolymer domairEbV

Intensity (a.u.)

peculiarities at the interface. The similar interdomain distance
between HA and LA studied here might be due to the relatively
low molecular weight of the systenN(~ 70—80) because the
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On increasing the temperature the two Iqweaks became more T (OC)

intense. At 240°C the higher-order scattering peaks associated 304 227 127 60 13
with the long-range order of the copolymer domains became —_— -
visible (Figure 4b). The lattice scattering was even clearer in 350 @}
the SAXS profile of the 240C-annealed sample collected using
synchrotron radiation source (see Supporting Information). The
positions of the lattice peaks here closely followed the ratio of —_ 3009 -—
1:3Y2.412 indicating that the complex contained hexagonally S
packed PS cylinders in the P2VP(DBSA) matrix. The cylinder &
morphology was also confirmed by TEM for the as-cast complex N
(see Supporting Information). Hence, the copolymer domain e
morphology of HA(DBSA) complex was similar to that X
observed for LA(DBSA) complex reported in our previous )
work 35 £

The long-range order of the PS cylinders was not attained in ] —o— low-q peak |
the as-cast state since the corresponding SAXS profile only —e— high-q peak|
showed a broad scattering peak at 0.38 hfaorresponding to 100 T T T
the interdomain distance of 16.5 n#) (cf. Figure 4a). The 18 20 25 30 35
shoulder marked byi“= 1" was attributed to the first-order T1x 103 (K'1)
form factor maximum ¢,/=1). The average radius of the PS
cylinders deduced from the form factor peak position Ris T (°C
4.98hm=1 was 7.2 nm. As will be discussed in more detail later, 352 283 227 181 144 112 84 60 40 21
the interdomain distance and the cylinder radius in HA(DBSA) 2B
complex were smaller than those in the LA(DBSA) complex 1 (b)
but larger than those in the BA(DBSA) complex. The positional 22+
order of PS cylinders was enhanced on heating, and the 1
equilibrium hexagonal lattice was attained near 2@ On 214
heating to 260°C, the higher-order lattice peaks diminished, T

o
showing that the grain size of the hexagonally packed PS — 20
cylinders became smaller at this temperature due to thermal E |
agitation. As the temperature was further increased to°230 -1 9
the intensity of the primary scattering peak decreased ap- o
preciably. This large intensity drop was also demonstrated from
the I,~1 vs T2 plot in Figure 5a, where an abrupt change of
Im~* was clearly discerned between 260 and 280Since the ©
form factor peak still persisted at 28, the large drop in
intensity was not associated with the ODT that transformed the
system into a homogeneous melt. The intensity drop may 1 3 1
alternatively be attributed to the occurrence of a thermal T'x10 (K' )
fluctuation-driven lattice disordering of the PS domains. In other Figure 5. (a) In™* vs T~ plots for estimating the phase transitions of

words, PS cylinders exhibited short-range liquidlike order at the larger-scale structure formed by copolymer domains and the smaller-
280°C y ge scale structure formed by P2VP(DBSA) comb blocks in HA(DBSA)

complex. (b)D vs T~ plot for HA(DBSA) complex.D corresponds to
It should be noted that the peak broadening and the intensity Bragg’s spacing and the most p_rob_able spacing of Iarge_-scale structure
drop observed at elevated temperatures were not primarilyformed by the copolymer domains in the ordered and disordered state,

caused by thermal degradation. As can be seen in Figure 4b’respect|vely.
the SAXS profile obtained after cooling the sample from 290 ¢rogomains attained a disordered micelle structure before
to 25 °C indicated that the equilibrium hexagonally packed gntering a micelle-free homogeneous state. According to these
cylinder morphology was recovered. This thermal reversibility st,dies when a highly asymmetric block copolymer containing
showed that the sample was reasonably thermally stable evemycc.packed spheres was heated, it first underwent a lattice
at the highest temperature accessed in the SAXS eXperimemdisordering transition (LDT) at a temperature denoted fyt,
and the morphological transformation from hexagonally packed gjying rise to a disordered arrangement of spheres at thermal
cylinders to disordered cylinders upon heating was real. The gqilibrium. At further higher temperature a demicellization
insignificant effect of thermal degradation on the phase transition ansjtion (DMT) occurred alpwr where the micelles disap-
behavior of the complex was corroborated by the increase of peared and the system transformed into the micelle-free
the intensity of the higly peak corresponding to small-scale  omogeneous state. However, for symmetric or nearly sym-
structure in the complex (to be discussed latter) on cooling from metric diblock copolymers forming lamellae or cylindrical
290 to 25°C and also by the thermal reversibility of the  mjcrodomains, LDOT and DMT essentially degenerated into a
birefringent pattern asgouated with smaller-scale Iamellgr single transition. In this case, the long-range ordered micro-
mesophase observed in the temperature-dependent polarizegomains transformed directly into the homogeneous phase at
optical microscopy (POM) experiment (cf. Supporting Informa- 1. Two factors basically distinguished the two different
tion). situations described above: (i) the thermodynamic stability of
Hashimoto et a>~58 have done extensive studies on the phase the domain and (ii) the thermodynamic stability of the lattice.
transitions of neat block copolymers and their blends with In sphere-forming systems, domain stability overwhelmed the
homopolymers, where the system with spatially ordered mi- lattice stability; the lattice was thus more susceptible toélbev

—o—O—
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thermal agitation than the domain, such that the lattice disin- ¢ 140nm >
tegrated at a lower temperature than the micelles. However, in

lamellae-forming or cylinder-forming systems, the two factors
were nearly equally important. Thus, domains and lattices were
destroyed at nearly the same temperature.

However, the hexagonally packed PS cylinders in the present
HA(DBSA) complex did undergo a lattice disordering at 280
°C. In this case, the PS domains were highly stable because the
strong repulsion between the polar P2VP(DBSA) blocks and
the nonpolar PS blocks prevented the mixing of the two types
of block chains. On the other hand, the lattice stability might
not be as strong, since the P2VP(DBSA) matrix was fluidlike
and the intense thermal fluctuations in this phase may perturb
the ordered packing of the PS domains.

The micelle-free homogeneous state was not accessible for
the HA(DBSA) complex within the experimental temperature
range, showing that itSopt was higher than 290C. Hence,
the Topt Of the HA copolymer was raised by more than 2@
upon complexation with DBSA. A similar increasefpr was
also found for the LA(DBSA) complex in our previous stdely
and was attributed to the increased polarity of P2VP blocks on
complexation with DBSA because of the presence of an ionic
moiety.

Figure 5b displays the interdomain distance as a function of
T-1. A discontinuous change iD was observed at 260C,
which corresponded to a transition from the hexagonal lattice
to the disordered PS cylinder structui.in the disordered

cylinder phase was found to be larger than that in the orderedFigure 6. Schematic illustrations of the (a) lamellar morphology

; P P _formed in neat HA copolymer and (b) hierarchical structure formed in
state. Kim et al. had made a similar observation in a sphere HA(DBSA) complex where cylindrical microdomains of PS are

forming poIystyrenebIoc_k—poly(ethyleneeobut-l-_ene)block— embedded in the lamellar mesophase formed by P2VP(DBSA) comb
polystyrene (SEBS-8) triblock copolym#&tAccording to them, blocks.

the smallerD and the smaller radius of the spheres in the bcc

lattice compared with those in the disordered micelle state In the case of LA(DBSA) complex the ODT of the P2VP-
resulted from the constraint of the bcc lattice; namely, the (DBSA) lamellar domains occurred near 220;% however,
spheres in a regular bce phase were slightly collapsed compare_the stability of the lamellar me_sophas_e increased significantly
with those in the disordered state. This was also reported for ain the HA(DBSA) complex as it remained stable up to almost
polystyreneblock-polyisopreneslockpolystyrene (SIS) copoly- 280°C. It is noted that the binding mode of DBSA to P2VP in '
mer by Sakamoto et &%who attributed this increase bupon ~ Poth complexes was the same; hence, the observed behavior
the LDT to the broken symmetry. However, the increas®of ~ Must be due to the different architecture of the constituting
across the LDT in the present HA(DBSA) complex was very copolymerg. Let us understand why it is so by Iooklng at the
significant, so some other factors which are not clear at presentMorphological changes across the ODT, as illustrated in Figure

may also be responsible for the observed behavior. 7 for a simple linear combcoil complex. At lower temperatures
the complex shows hierarchical self-assembly where the do-

mains formed by the coil blocks pack in the matrix composing
of the smaller-scale ordered structure formed by the comb blocks
(). In this case, the backbone attached with the surfactant

Iamell_ar thJCttl;re é\’z"\';l; aDnt;erlameglegl désétsaf}_r;]ce of 3.0 nm) molecules may have to stretch significantly to allow the densely
organized by the ( ) comb blo e presence grafted surfactant molecules to pack to form a lamellar structure.

OL the Ia'mellarl]r mesopr)]hase was alﬁp ts)yp]E)prted by the POM\yhen the complex is heated to a particular temperature, the
observation showing the mesomorphic birefringent pattern (See g5 jer.scale structure is disrupted, and furthermore the weakly

Supporting Inform{ation). Hencg, the H.A(.DBSA) corboil bonded surfactants dissociate from the comb blocks (ll). The
complex self-organized into a cylinder-within-lamellae morphol- g, ta ctant molecules in this case act like a selective solvent for

ogy. The morphology of HA copolymer before and after ,,q of the blocks, and the originally highly stretched chains in
complexation with DBSA is schematically illustrated in Figure (I) can now relax, leading to an increase of the interfacial area
6a,b. of the copolymer domain formed by the coil blocks. Finally, at
As evidenced from Figures 4b and 5a, the P2VP(DBSA) further higher temperatures, the surfactant becomes a nonselec-
lamellar peak remained intense almost up to 260 The tive solvent and diffuses into the other domain, transforming
intensity of this peak decreased when the sample was heated tahe system into a homogeneous melt (lll). The HA(DBSA)
280°C, where the scattering peak superposed on a broad halocomplex is expected to exhibit a similar sequence of phase
This indicated disordering of some lamellar domains due to transition.
dissociation of hydrogen-bonded DBSA from the P2VP blg€ks. Considering the transition from | to Il as a first-order
However, a significant portion of the lamellar domains retained transition, then th&gpt of the smaller-scale lamellar mesophase
at the highest accessible temperature (i.e.,"Z90n the present is given by Topr = AH{/AS, with AH; and AS being the
study. enthalpy and entropy of transition, respectively. Since érbev

Complexation with

DBSA

(b)

We now turn to the temperature dependence of the figh-
scattering peak located at 2.07 ninThis peak was attributed
to the primary diffraction maximum from the smaller-scale
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111

Figure 7. Schematic illustration of the morphological transitions which
occur when a hierarchically organized supramolecular coooll
complex is heated. (I) At lower temperature the complex exhibits
microphase-separated structure at two distinct length scales. (II) As

the complex is heated to a particular temperature, the smaller-scale

structure formed by the comb blocks is disrupted. The interfacial area
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Figure 8. ComparativeD vs T~ plots of HA(DBSA), LA(DBSA),
and BA(DBSA) complex, whereD is the interdomain distance
corresponding to larger-scale copolymer domain structure.

in HA(DBSA) complex according to eq 2, which then caused
an increase ofopt for the smaller-scale lamellar mesophase.
Finally, it would be worthwhile to consider the effect of
molecular architecture on the copolymer domain spacing in the
comb—coil complexes. Figure 8 shows a comparative plot of
the interdomain distance of the large-scale copolymer domains
as a function of T~ for LA(DBSA), BA(DBSA), and HA-
(DBSA) complexesD in the HA(DBSA) complex was observed
to be smaller than that in the LA(DBSA) complex, but it was
significantly larger than that in the BA(DBSA) complex. The

of the larger-scale copolymer domain increases here because the coronamall interdomain distance in the HA(DBSA) complex com-

block chains originally bound with the surfactant molecules can relax
now. (lll) At further higher temperatures, the surfactant becomes a
nonselective solvent which makes the whole system homogeneous.

enthalpic term is almost same for both LA(DBSA) and HA-
(DBSA) complexes, the difference ifopt should stem from
the difference in the transition entropy. This could be explained
using the theoretical treatment given by Olvera de la Cruz and
Sanchez for explaining the difference in ODT between neat LA
and HA copolymers® The entropy of HA(DBSA) complex is
lower than that of LA(DBSA) complex in | because of the
additional constraints on the P®2VP junction point at the
interface; i.e., forming an RB2VR, star from nPSP2VP,
diblocks is entropically unfavorable. The structure in Il is also
affected by this junction constraint, and hence the HA(DBSA)
complex in Il also has a lower entropy than the LA(DBSA)
complex. Let us assume that joining two diblock chains from
2AB to A;B, together reduces the entropy in | kyIn V, and

Il by kg In Vy, with V; andV,; being the volume of the interfacial

region formed by the microphase separation between the two

blocks in the two states. Since disordering of the smaller-scale
structure from | to Il increases the area of the interfages

Vii. If A is the transition entropy per diblock chain in a linear
diblock complex, the transition entropy (per AB block chain)
in the A.B, complex to a first approximation would be

n— 1,V
n \/
The 1hfactor arose because the formation of giBAstar from

nA1B; reduces the number of copolymer molecules in the system
by a factor of 1h. Hence, the entropy of transition was lower

ASFA%—[ )

pared to LA(DBSA) was attributed to the lower aggregation
number of the PS blocks within the cylindrical microdomains
due to its particular architecture. It had been reported that
heteroarm star copolymers formed micelles with lower aggrega-
tion number in a selective solvefit52which might be due to
better saturation of the coreorona interface by the fewer
corona chains. Because of localization of the junction points at
the interface, the volume available to each arm was less than
the simple linear diblock.

The difference in the interdomain distance between the HA-
(DBSA) and BA(DBSA) complex was more striking since both
complexes have starlike structure. This interesting behavior may
be explained by considering the recent Monte Carlo simulation
results obtained by Chang et %lfor explaining the self-
assembly of star copolymers in selective solvents. According
to the simulation results for the spherical micelles, the block-
arm star copolymers tended to form unimolecular micelle
structure since the copolymer molecules always showed inter-
molecular repulsions, which made them rather difficult to form
multimolecular micelles. By contrast, the heteroarm star co-
polymer displayed Janus segregation, leading to intermolecular
attraction and hence the formation of multimolecular micelles.
Therefore, the aggregation number (per unit length of the
cylinder) of the PS blocks in the cylindrical microdomain of
HA(DBSA) complex was much higher than that in BA(DBSA),
as shown in Figure 9, thereby leading to a larger PS domain
size in the former. Furthermore, it can be easily shown that,
under a given cylinder volume fraction, the larger cylindrical
domain will result in a larger thickness of the corona surrounding
the microdomain. Hence, the coronal thickness in the BA-
(DBSA) complex was also smaller than that in the HA(DBSA)
complex. As shown in Figure 9a and discussed in detail inC?BR/
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cantly influenced the ordered-state morphology and ODT of
(PS)(P2VPY copolymer in both the neat and complex state.
The neat (PS§P2VP) copolymer exhibited a high8iopt than

neat PS-P2VP due to different strengths of composition
fluctuation associated with the difference in molecular archi-
tecture. Thélopr of the small-scale lamellar mesophase formed
by the P2VP(DBSA) comb blocks in (Psgp2VP);(DBSA)
complex was significantly higher than that observed for the
linear complex. This was attributed to the lower entropy of
transition in the heteroarm complex due to the junction
constraint. The interdomain spacing of the larger-scale copoly-
mer domains in the (P§P2VP)(DBSA) complex was smaller
than that observed in the linear complex due to lower association
number of the PS cylindrical microdomains because of chain
crowding at the interface. However, the interdomain spacing
was significantly larger compared to that in the block-arm
complex due to different molecular segregation mechanism in
the two star copolymers. We would like to note that although
a slight polydispersity in arm number was inevitably presentin
the heteroarm copolymer used in this study, our conclusions
were not influenced by this effect because the peculiar behavior
associated with the ODT and the interdomain distance revealed
here was governed by the junction constraint imposed by the
star architecture of the copolymer under study. Hence, the
conclusions drawn here held as long as the heteroarm archi-
tecture was present.
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previous worké the BA copolymer used in our study consisted
of several free PS chains apart from the rB2VP diblocks
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