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ABSTRACT: Rubbery-glassy block copolymer dispersions are an attractive solution for toughening rigid
thermoplastics like polystyrene without affecting optical transparency. An interesting facet of the copolymers
used is molecular disorder, artificially introduced during anionic synthesis through composition gradients along
the copolymer chain and/or blending and partial coupling of different copolymers. In particular, this level of
disorder is apparently a key to achieve the desired PS/copolymer blend morphologies and properties in short
processing times. In this work, we investigate the role of these “synthesis imperfections” on self-assembly of
styrene-rich asymmetric gradient triblock copolymers, denotedG1S2, where Bare pure polystyrene blocks

and G is a gradient copolymer of styrene and butadiene. Kinetic modeling of conversion data is used to predict
gradient composition profiles for the anionic copolymerization conditions used. Self-assembly, dynamic viscoelastic
behavior, and experimentally determined mesoscopic composition profiles across microdomains are discussed in
light of the particular copolymer structure.

I. Introduction contact energy minimization. The distance from the ODT is
quantified by the degree of segregatigh, wherey is the
dimensionless FloryHuggins segmental interaction parameter
scaling as 0. At high values ofyN, well-defined microdomains

of almost pure A and pure B are separated by narrow interfaces.
At intermediate and weak segregation strength, closer to the

Since the discovery of living anionic polymerization, scientific
and technological interest in block copolymers as useful
nanostructured plastics has kept increadidgtyrene/diene di-
and triblock copolymers, such as SB or SBS, were among the
first systems studied, and their triblocks are commonly used as . ; o !
thermoplastic elastomers, in adhesives and bitumen formulations,ODT’ the_ mterface_ becomgs W'qer and composition profiles
or as toughening additives. They are prepared by sequentialacross microdomains are sinusoidal.
additions and polymerization of separate styrene and diene A second class of technologically important but less studied
monomer batches. The relevant architectural and molecularcopolymers is gradient copolymers, also known as tapered block
parameters that govern self-assembly and phase behavior ar€opolymers. These can be linear or star copolymers whose
the overall degree of polymerizatidy, the respective length ~ composition varies gradually along the chain from A-rich at
of each block, and the most probable microstructure of diene one end to B-rich at the other end and can be described by a
monomers under the synthesis conditions used. The phaselistribution function'® Gradient distributions spontaneously
behavior of these copolymers roughly follows theoretical form in many living polymerization processes where two
predictions of model AB and ABA di- and triblocRswith a monomeric species with different reactivities are simultaneously
disordered state at high temperature and for low enduight introduced in a reactor. Such a “one pot” batch synthesis is fast
lower temperature, the net repulsion between A and B forces and economic and therefore constitutes a large fraction of the
stretching of the blocks in opposite directions and formation of block copolymer market in applications where an optimal
separate A-rich and B-rich microdomains. This microphase balance between optical and mechanical properties is achieved
separation transitiofi,often referred to as the order/disorder for a minimum price. Although seldom quantified, the resulting
transition or ODT, yields one of the following nanostructures molecular disorder along the copolymer chain is thought to be
depending on composition: lamellae for similar volume frac- responsible for outstanding properties difficult to achieve in
tions of A and B, the double-gyroid over a narrow composition model sequential block copolymeis:16
range adjacent to the lamellar phase, and hexagonally packed Gradient copolymers have lately gained a lot a interest from
cylinders (Hex) or bee spheres, for increasingly disparate volume polymer scientistd”!8Theoretical models are starting to emerge
fractions. Besides composition, molecular architecture and block that predict whether or not microphase separation can be
sequence, as in multiblock, star, branched, or combed copoly-expected and what type of morphology will form as a function
mers, further affects phase behavior and equilibrium morph- of gradient composition distributiod: 2 These copolymers are
ologies®*° The most stable morphology is always dictated by |ess prone to microphase separation than analogous AB diblocks
a competition between conformational entropy changes and of similar N and global compositios and the disordered state

occupies a large area of the phase diagram. Self-assembled
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phase independent of overall composition and for extreme levels P
of segregation, while other morphologies are possible for /
continuous but nonlinear distribution functiotfsSinusoidal
composition profiles across microdomains as well as broad
interfaces reminiscent of weakly segregated block copolymers
are always predicted even at high segregation strefgth.

Kraus et aP?23first prepared model SB gradient copolymers
by a one-pot anionic synthesis in cyclohexane and reported their s, -mﬁm s:
visco-elastic behavior. Shortly after, Tsukahara €fat.and AR
Gronski and co-workef8 reported the self-assembly and 0 20 40 60
dynamic rheological behavior of similar®f5and SB*linear _ _ Time (min) o
gradient or gradient-block copolymers of various architectures. E}'/%‘:;‘Z slié E}:’Os'itgf S"; re::%‘\’/\’lstei;“ dﬁg;";‘éut’iem fgsr t\,'\’/ﬁ;"‘éoasﬁggo"’t‘g'evtg’;te'c
Neat gradient copQI_ymerS were found to ¢splay a smglg Yel taken just before and during the copolymerization (second) step.
broad glass transition temperatufig despite microdomain
formation. In contrast, gradient/block copolymers with a gradient
sequence linked to a more or less pure second block always
displayed twoTy's. The weak contrast of TEM micrographs
for stained gradient copolymers was attributed to substantial
mixing of monomers within microdomains. This was confirmed

Treactor (°C)

and dynamic (under strong shear) self-assembly of these gradient
copolymers is explained in light of their structure. An asym-
metric triblock with a pure B middle block, SIBB—S2, is also
studied to separate the role of the gradient middle block from
h ) that of architectural asymmetry. Modeling microdomain periods
by small-angle X-ray scattering (SAX8)nd modeling of the  yotermined by SAXS is used to elucidate possible block
dynamic mechanical response as a function of temperétéfe.  5rangements in these asymmetric triblocks. A simple method
These studies also suggested that inserting a gradient sectiof;sed on the Kerner composite equatfarombined with the
between pure S and B blocks is a very efficient way to modify Gorgon Taylor expressih is further proposed to extract
interfacial width ar_wd potentially mechanical properties of block mesoscopic composition profiles across microdomains from
copolymers. Gradient/block copolymers OJ the A/B—B type dynamic mechanical data. These illustrate well the effect of the
have indeed received special attentibre® The gradient of  gradient middle block on self-assembly. The link between these
statistical middle block decreases domain spacing and mcompat-prof”eS and tensile behavior of these copolymers and their

ibility, and increases interfacial width considerably. More nanostructured blends with polystyrene will be presented in a
recently, in a seminal series of papers recently reviewed by the companion paper.

authors®® Michler and co-workers studied self-assembly and
tensile properties of SBS triblock and (SB}ar copolymers of Il. Experimental Section
various chemical structures, often with gradient or statistical
soft blocks and asymmetric S blocks. The exact composition

profl_les and molecular archltepture of cop_olymers W_'th gradient a laboratory-scale adiabatic reactor. Monomers and solvents were
sections were not known, which makes interpretation of some ,riied on activated alumina columns to remove stabilizing agents
results delicate. Still, a striking observation has been made that,5q polar moieties. Cyclohexane mixed with-850 ppm of

at fixed N and total®s, gradient middle blocks strongly shift  tetrahydrofuran (THF) was loaded first in a double-jacket stainless-
copolymer morphologies. Hence, the authors reported lamellar steel reactor equipped with a mechanical stirring arm. The reactor
phases at only 26 %6 B for lineaf! and sta#? gradient block was brought to the starting temperatig; and a first batch of
copolymers with asymmetric S blocks. This change in morphol- styrene monomers was added under nitrogen. The desired amount
ogy was accompanied by large changes in tensile behaviorof initiator (seebutyllithium, sBuLi) was incorporated with a dry
compared with architecturally symmetric block copolymers of @nd clean glass syringe and polymerization of S1 blocks started to
sameN and compositiort? But the effect of a gradient section proceed. This homopolymerization is accompanied by a temperature

t licitl ted f that of th | hit rise which stabilizes after 10 min once all styrene monomers have
was not explicitly separated from that of the complex architeC- e consumed, as indicated by a first plateau on the typical reactor

The S}G—S2 gradient block copolymers studied here were
prepared by a two step living anionic synthesis in cyclohexane in

tural asymmetry. temperature plot shown in Figure 1. A first aliquot was then taken
In this work, we further elucidate the role of gradient sections to characterize the S1 block, and a mixed batch of cold styrene
in linear gradient triblock copolymers of the SG—S2 type, and butadiene monomers was added for the copolymerization

where S1 and S2 are short and long styrene blocks, respectively(Second) step. Under the synthesis conditions used here, butadiene
and G is a gradient copolymer of S and B evolving from B-rich reacts first along with a few styrene units incorporated in a statistical
to S-rich along the chain. These copolymers are prepared by afashion. Temperature rises linearly and aliquots, indicated by arrows

L9 hesis: af first h | .7 “on theT profile of Figure 1, were taken at fixed time intervals to
two step anionic synthesis: after a first homopolymerization ¢ 1o, conversion and the evolution of copolymer composition.

S1, a second copolymerization step yields the gradient and finalonce all B monomers have reacted, a sudden temperature rise
block S2. Ideally, one should be able to specifically tailor indicates homopolymerization of the terminal block S2. Several
properties of such gradient block copolymer by slight modifica- syntheses were performed, all at a fixed composition, but with
tions of synthesis conditions. The chemical kinetics leading to varying amounts of THF. Two will be discussed here. Aliquots
this kind of copolymers is indeed understéd# and can be extracted ]‘rom the reactor were terminated by a phenol derivative.
modeled provided reactivity ratissbetween different monomer ~ The solutions were used as is for SEC analysis and absolute
species are known. Unfortunately, this is seldom the case aSmole.cular weights were determlned based on an eX|slt|ng calibration
they vary with synthesis conditions. Here, the Markov (terminal) for high molecular weight S-rich SB copolyme¥sfor HH NMR,

del i dto d ib . tal ion dat aliquots were precipitated in methanol, dried and dissolved in
MOodel IS used 1o describe experimental Conversion data Overye iarated chloroform (CD@)l This technique not only yields the

time for the copolymerization step and determine the shape of gjop4| fraction of styrenés (in mol %) that has been incorporated

the gradient composition profile under the synthesis conditions in the copolymer over time, but also how much of these styrene
used. Exact molecular structure and the resulting triblock units were incorporated in a statistical fashion. Indeed, H atoms in
architectural asymmetry are also quantified. Near equilibrium ortho position on the benzene ring of S units adjacent to another S
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unit present a distinct chemical shift from protons onitietaand
paraposition3® This is not the case for BSB triads and their fraction,
referred to as the statistical styrene fractiy.is easily deduced.
Proton NMR also gives the butadiene microstructure, namely the
ratio of 1,2- to 1,4-butadiene units, which lies around 0.15 for all
copolymers. Unfortunately, the monomer mixture composition was
not directly accessible from NMR. For low number-average
molecular weightsM,, the SEC calibration used is also not
sufficiently accurate to follow conversion. Here, conversion was
instead estimated from the fraction of statistical styrene units
determined by NMR, as will be explained in section III.1.

Two purely blocky analogues of the gradient copolymers
described above, with same overdland styrene volume fraction
&g, were also studied. The first one is an asymmetric triblock S1
B—S2 with a pure B middle block and prepared in three steps: a
first homopolymerization of S1, a second homopolymerization of
all B monomers, and a third homopolymerization of a correspond-
ingly longer S2. This copolymer will help separate the effect of a
gradient middle block from the asymmetry between S1 and S2.
The symmetric analogue of this copolymer, denotedS S, with
the same B middle block but outer S blocks of equal length, was
graciously supplied by Total Petrochemicals. Two polystyrene
homopolymers of controlled molecular weights and polydispersity
were also prepared by bulk radical polymerization controlled with
the nitroxideN-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpro-
pyl)-N-oxyl, denoted DEPN? The synthesis protocole was identical
to that described elsewhere for butyl acrylate (BA) homopolymers
and acrylic copolymer® A long PS sample oM, = 110 kg/mol
and polydispersity index PD¥ 1.37 was used as a reference for
dynamic mechanical analysis and modeling of copolymer moduli
with temperature. A short PS (PS22, = 22 kg/mol, PDI= 1.24)
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on all copolymers using a Rheometric Scientific ARES rheometer.
Copolymer disks melt pressed at 17G were placed between
parallel plates 25 mm in diameter separated by a 0.5 mm gap.
Copolymers were subjected to a 1% in amplitude oscillatory shear
deformation which was verified to lie in the linear regime. Dynamic
storage G') and loss G'') moduli were determined isothermally
as a function of frequency (0.4 w < 100 rad/s), and temperature
was varied from 150 to 258C in 10°C increments. Linear visco-
elastic behavior of the copolymers was also recorded at lower
temperatures up to the glass transition of polystyrene on a DMA
2980 Dynamic Mechanical Analyzer from TA Instruments. Rect-
angular barsL. x | = 20 mm x 5 mm, were machined out of
solvent cast or extruded and pressed films and placed in a sample
holder operated in tension. They were cooled-t25 °C and
subjected to a 0.1% in amplitude sinusoidal tensile deformation at
a frequency of 1 Hz. The evolution of storag€)(and loss E'")
Young moduli was recorded upon heating to P&at 2°C/min.

Ty's of the microphases were taken at the maxima ofdagiven

by the ratio of loss to storage modulus, whérés the phase lag
between the imposed oscillatory deformation and the dynamic
response of the material.

I1l. Results and Discussion

IIl.1. Gradient Composition Profile. Anionic copolymer-
ization of S and B in nonpolar hydrocarbon solvents such as
cyclohexane or benzene yields a strong composition gradient
sincers = ksdksg is much smaller thang = kgg/kss, wherek;
are the usual homo- and cross-propagation reaction corftafits.

A competition is thus set between monomer reactivity and
concentration, and chains evolve from B-rich to S-rich with

was also prepared, to be used in blends with copolymers and probeconversion. In polar solvents and at low temperature, the

robustness of their equilibrium morphologies.

Combined TEM and SAXS were used to investigate bulk self-
assembled morphologies of the copolymers both under static
conditions close to thermodynamic equilibrium and after extrusion
in a laboratory-scale microcompounder. Solvent cast films, ca. 300
um thick, were obtained by slow evaporation (over 2 weeks) of 5
wt % solutions of copolymers in toluene. The obtained films were
dried under vacuum at 60C and annealed for 2 days at 180.

To prevent thermal degradation, samples were allowed to cool
slowly to 100°C before breaking the vacuum. Copolymer melt
extrusion was performed at 18C on a 5 cm capacity DACA
twin-screw microcompounder equipped with a recirculation valve.

opposite holds, and S can be more reactive than B. For this
system, it is thus possible to tune monomer reactivity and the
resulting copolymer composition profile by playing with
monomer mixture composition, reaction temperature and the
ratio of nonpolar to polar speciéy42.44-46

The simplest kinetic model taking cross-propagation effects
into account is the first order Markov terminal modglit
assumes that reactivity of a growing chain is only a function of
the last monomer unit incorporated. Here, we further consider
that propagation reactions are irreversible and that the growing
chains are living due to the absence of chain transfer and chain

Three grams of copolymer were introduced in the closed micro- termination reactions. Finally, initiation is much faster than

compounder and sheared for 3 min at a screw rotating speed of 60propagation and the assumption of high molar mass copolymer

rpm. The recirculation valve was then opened and the copolymer molecules is sufficient. Under these conditions, integrating a

melt was extruded through a cylindrical die with a diameter of 1.85 mass balance for each monomer type vyields the following

mm. relation between molar conversign and the molar fractions
Transmission electron microscopy (TEM) was performed on Xs andxg (=1 — Xs) in the reacting monomer mixturé:

ultrathin sections, ca. 50 nm thick, cut with a diamond knife at

—100 °C on a Leica Ultracut cryo-microtome. Sections were M xTalx0 [ — x*1°
collected on 400 mesh copper grids and exposed to Osmium p=1-— uz 1|28 = B 1)
tetroxide (OsQ@) vapors for 45 min. Transmission electron micro- [M]° Xg X(s) Xg — X*

graphs were obtained on a JEOL 100CX TEM operated at 100 kV.

For extruded samples, sections were cut both perpendicular and L
parallel to the extrusion direction. where M] and [M]° are the current and initial (total) monomer

SAXS was performed at room-temperature using a Gu K concentrations (in moI/L)Oa, b,oc and x* are functions ofrs
radiation. Solvent cast films were tested as is, while extruded strands@Ndr's given by eq 2 and et xg are initial fractions of S and

were first pressed at 17T on a Carver hydraulic press to obtain B in the comonomer feed.
ca. 0.3 mm-thick films. Transmitted scattered intensity was collected

on a LPS55 linear detector from INEL. The samptietector rs g (L—rgg)

distance was 1.3 m, resulting igagange from 0.008 to 0.09 A&. a= , b= , C=—F7 7 —,

A volume of ~0.4 mn? was sampled by the beam and isotropy at (1-r9 (1—rg) (1—rg9(1—rg)

this scale was verified. Scattered intensity was corrected for blank 1-ry
background scattering and will be given in arbitrary units as a X =——(2)
function of wave vectory = (47/A) sin 0, where @ is half the (2—rg—rg)

scattering angle andl is the wave length of 1.54 A

The stability of the ordered state even up to high temperatures  Likewise, the average styrene fractidg of the growing
used for melt processing was verified by dynamic rheological testing copolymer chains is given by
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0_(1-— extracted average values are thus not directly applicable to other
Xs — (1= p)Xs >
fo=——-—"7""— 3) monomer feed compositions. Yet they can be used to calculate
P the instantaneous copolymer composition for this particular

while the instantaneous, or local, styrene fraction at conversion SYNthesis using eq 4. The results are shown in Figure 2b where
p is given by the copolymerization equatiéhs4 fs,inst_ls plotted along withfs, fs,sta_l andfs,u._Th_e latter is the
fraction of SSS, SSB and BSS triads and is giverigdhy fs stat

ofg Xg(rsXs + Xg) The fraction of statistical styrene is obtained by integrating the
fsins= fs pa_p = 5 (4) probability productpes*pse, wherepes = (Xs)/(rgxg + Xs) is
s + 2XgXg + rgXg the probability of forming a BS dyad amuks = (xg)/(rsxs +

xg) is the probability of forming an SB dyad:
This fraction gives the probability of having an S or B monomer 2 P y g y

at each position along the chain, and thus the gradient composi- 1

_1 pp
tion profile. Equations 44 indicate thats, rg and the initial for= B fp:o (Pgs x Psp) dp (8)
monomer feed composition completely determine the final shape

of this profile. Experimental determination & andp for a The profiles of Figure 2b give the exact molecular structure of

given synthesis can be used to determine reactivity ratios usingthe gradient copolymer: initially rich in B~90 mol %), it

eq 1. This information was not directly accessible experimentally siowly and then abruptly evolves toward the pure block S2.
but could be inferred fromiH NMR data on aliquots using the  The profiles of Figure 2b also validate the hypothesis that all
measured fraction of statistical styrene unRssii(the mole  styrene is originally added under the form of BSB triads during
fraction of BSB triads for the whole copolymer chain). On the copolymerization. Other triads, given By, only form above
basis of previous S/B copolymerization studies performed under 559 conversion. At about 67% conversion, 99.9% B has reacted
similar conditions, it can indeed be assumed that all S monomersand this is defined as the beginning of the pure block S2. The
incorporated in the first stages of the copolymerization step are resulting block lengthM, s is reported in Table 1 for two
statistical. In pure cyclohexane and for similar monomer feed different syntheses, along with the final copolymer molecular
compositions, nonstatistical styrene units only start to appearweight and PS end block asymmetry= (S1)/(S1+ S2). The

at 50% conversiof? In this case, we can write at lower global styrene and statistical styrene fractions listed in Table 1

conversions of the copolymerization step: are those determined byH NMR and include S1. The
F characteristics of the two nongradient symmetrie B5-S) and
S.stat__ Nsprs (5) asymmetric (S+B—S2) triblocks are also given.

Fs  Nggst Ng; [11.2. Near-Equilibrium Self-Assembly. Solvent cast and
annealed films of the copolymers listed in Table 1 were all
where Fs and Fs st are the total fractions of styrene and transparent and nanostructured. Typical morphologies observed
statistical styrene units accessible from NMR, which take into by TEM are shown in Figure 3 for S1G—S2, SE-B—S2, and
account the gradient second block as well as the first block S1. S—-B—S stained with OsO4. B-rich microdomains thus appear
The number of moles of S incorporated during S1 homo- dark while S microdomains are light. As expected based on its
polymerization,nsy, is known, and the number of moles of composition and molecular weight-8—S forms cylindrical
styrene reacted at tinteof the copolymerization step, denoted B microdomains hexagonally packed in an S matrix (Figure
Ns p/s is thus easily determined from eq 5. Likewisgg/s, the 3c). This observation is confirmed by the SAXS intensity profile
amount of B monomers reacted at times readily available:  obtained on the same film at room temperature and shown under
the corresponding TEM micrograph (Figure 3f). Diffraction
n _ E x (n +ng) (6) peaks at indicated multiples gf are compatible with hexagonal
BBIS T Fg SBiS TS order. The distance between cylinder lay&s= 27/q* is
reported in Table 2. The average distance between cylinders is
Monomer conversion, free monomer mixture composition, and g= (2/\/§)D = 37nm. Note that all copolymer samples were
average copolymer composition, now defined for the copolym- treated as isotropic distributions of structured grains and peak

erization step of the synthesis only, are then given by positionsq* reported in Table 2 were thus determined after
0 applying the Lorrentz correction.
_ Nspist N gs . — Nseis™ Nses = Ns /s S—B—S is the only copolymer presenting an interface curved
=  Xg =

0 _ ST n +n toward B, the minority component. Despite their majority of
Ness — Mers SBIS B’B(/% styrene, S+tG—S2, SE-G—S2b (data not shown), and S1
B—S2 adopt a lamellar morphology, as evidenced by the TEM

whereng,B,S nng,S, andng s are the styrene, butadiene and total micrographs (a and b) and corresponding scattering profiles (d
number of moles initially present in the comonomer feed and and e) displaying peaks at integer multiplegjbfPeak positions
Ng;s = Nsg/s + Negis. Figure 2 gives a typical evolution d§ obtained after the Lorrentz correction and corresponding lamellar
and xs with conversion for the copolymerizations performed spacings are listed in Table 2. These roughly coincide with those
here. These data points can be fit with eg31up to maximum measured on TEM micrographs. Since the two gradient copoly-
conversions of 50% to extract average reactivity ratios. A least- mers S+G—S2 and S+ G—S2b displayed very similar be-
square fitting procedure yieldg = 0.04 andrg = 8.88 for the havior, only the first one will be further discussed.

particular case illustrated in Figure 2a. In pure cyclohexane, Based on composition, a lamellar morphology with flat
Johnson et al. determined and rg values of 0.04 and 26, interfaces for S+G—S2 and S+B—S2 is surprising at first.
respectively’® The average values determined here are compat- Similar results were reported by Michler and co-workers for
ible with these results as well as the expected role of THF, star and linear SBS gradient block copolym&r&Asymmetry
known to decreases/rs. Note, however, that reactivity ratios  of the outer styrene blocks (S& S2) is partially responsible
are a function of temperature, which is not fixed under the for it and its importance can be quantified. Asymmetric triblock
adiabatic reaction conditions of the present syntheses. Thecopolymers (without gradient) have indeed been treated theo-

0 0
Nseist Negss
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Figure 2. (a) Average copolymer compositidgand free monomer mixture compositizggas a function of conversiomfor the copolymerization
step of SEG—S2. Symbols indicate experimental data points while the full curves are least-square fitssiesmiys values of 0.04 and 8.88,
respectively. (b) Gradient composition profile given by the evolution of the instantaneous molar fraction of &fytesith conversion (left axis).
The right axis gives the average styrene fractiig)) (he fraction of BSB triads st: and the fraction of block styrerfep. All concentrations refer
to the copolymerization step only and do not take into account the first block S1.

Table 1. Molecular Structure of Gradient and Nongradient Triblock and not®s = 70%. Under these condition%N ~ 26,7 =
Copolymers 0.25 and 50 vol % outer blocks), theory also predicts a lamellar
F? Fssuf @ M° PDl Mnysz 7 morphology?

S1-G—-S2 058 011 071 121 104 46 025 It is important to further elucidate the most plausible

S1-G-S2b 059 0.13 0.72 116 1.04 42 0.25  arrangement of individual blocks (S1, S2, G, or B) within the

S1-B-S2 058 O 071 112 108 70 015 Jamellar phases of these asymmetric triblocks. This will have

SB=S 062 0 074 130 134 50 050  jmportant consequences on the mechanical properties, to be
aTotal molar fractions of S units and BSB triads determinedHb}MR discussed in a companion paper. One possibility is that S1, if

(these include S1yOverall styrene volume fraction calculated with mass  short enough, is partially dragged into B-rich microdomains.
densities for PS and PB of 1.05 and 0.95 g/lcms, respectiééplecular  Thig can occur for a critical asymmetry and, in the extreme
weights are in kg/mol and were determined by SEC using an internal L
calibration, or were calculatedk, s;) from the gradient composition profiles ~ cas€ of very short S1, the asymmetric triblock can even behave
determined in section I11.1 as an equivalent dibloc¥, here (S+B)—S2 or (SE+G)—S2.
The lamellar period of these pseudo-diblocks can be calculated
retically 81 For an asymmetryr = 0.15 and a segregation according t&°
strengthyN = 40, self-consistent field calculations predict a
shift of the stability domain of the lamellar phase toward higher D.= 4 [3)13 Nz/3 1/6 (10)
fractions of the outer block®a. Lamellae can form up t@a AB Jé 72
= 73 vol %, against 65 vol % for symmetric triblocks or
equivalent diblocks. The segregation strength of B+S2 can wherea is an average statistical segment length defined as the
be calculated using the interaction paramgtgr= 6.59 x 103 geometric mean adis = 0.67 nm andhg = 0.63 nn¥! andN is
+ 13.61T determined by Sakurai et #.and lies around 57 at  the total number of segments. The appropriatparameter
373 K, the T of PS below which morphologies are frozen upon between (S%B) or (S1-G) and S2 blocks is computed
slow cooling. Since the effect of asymmetry is predicted to according to eq 9, whengs is the fraction of styrene units in
increase with segregation strendfta lamellar morphology can  these pseudo-first blocks. This yields a lamellar pefiag of
be explained for StB—S2. 45 to 50 nm, much higher than the SAXS-based lamellar periods
For SE-G—-S2, the presence of a gradient middle block reported in Table 2. This block arrangement with S1 blocks
should decrease segregation strength. A first and very roughmixed into B microdomains is thus not compatible with
approximation of this decrease can be obtained by treating theexperiments. Instead, S1 blocks will more likely self-assemble
gradient middle block G as a statistical block containigg = in a bidisperse brush with S2 blocks. The molecular origin of
(FsN — Ns1 — Ns2/(N — Ns1 — Nsp) styrene units, wherbls: the lamellar phases observed is then essentially similar to the
andNs; are the degrees of polymerization of pure S blocks and co—surfactant effect in binary blends of diblock copolymers
N is the total degree of polymerization given in Table 2. A Flory- with short and long A block® 55 In fact, it is interesting to
type analysis predicts an effective interaction paramgtgr  treat the asymmetric triblocks as such binary blends of long (1)
between this statistical block and pure styrene blocks givéh by and short (s) diblocks obtained by cutting the triblock chain at
the center of its middle block. The lamellar period of such binary
= (1 — XS’G)Z Xse 9) blend has been adapted from Birshtein et?ady Court and
Hashimoto and can be calculated accordirfi§ to

The resulting segregation strength of-83—S2 at 373 K is 313
given in Table 2. Besides its lowg; asymmetry is also less D= i( ) aN?3 1/6f(n) s (11)
pronounced for S¥tG—S2 (higherr) since S2 is shorter. At 70 N
vol % S, theory predicts a cylindrical phase. However, the
volume fraction of styrene outer blocks to be considered here where
is considerably lower thabs, a lot of styrene units being
statistically incorporated in the gradient middle block. Let us fn)=1+ n|3(N|/NS = 1))(1+ n(N/Ng — 1))t (12)
assume that only pure styrene blocks constitute the white (hard)
lamellar microdomains of these gradient triblock copolymers  In our case, the proportion of long chains= 0.5 and the
(dynamic mechanical data, presented in section lll.4, indeed average chain length id = (N, + Ng)/2 whereN, = /(N +
indicates that all copolymers comprise pure PS microdomains). Ns2 — Ns3) andNs = ¥/o(N + Ns; — Nsp) are readily calculated
The correct composition to be considered is #igs; s, ~ 50%, from the data given in Table 1. The statistical segment length
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Figure 3. TEM micrographs (ac) and room-temperature SAXS profiles(f) of solvent cast and annealed films of -S&—S2 (a, d), S+B—S2
(b, €) and SB—S (c, f) with molecular structures schematically represented on top of the micrographs.

Table 2. Experimental and Theoretical Interdomain Distances

morphology g* (A1) Dsaxs? (nm) yett NP Dag®(nm) Disd(nm) N T
S1-G—S2 lam 0.0175 36 29 46 32 1447 0.25
S1-G—S2b lam 0.0182 34.5 26 44 31 1388 0.25
S1-B—S2 lam 0.0173 36 57 49 37 1350 0.15
S—-B-S cyl 0.0197 32 65 1533 0.50

2 Interdomain spacings2g* corresponding to the lamellar period or the distance between planes of cylilidegregation strength at 373 Ky with
%¥SB = 6.59*10-3+13.6/T. ¢ Theoretical lamellar periods of equivalent diblocks where S1 mixes with G drTBeoretical lamellar periods of binary
blends of | (long) and s (short) diblocks obtained by cutting-6%+S2 or S:-B—S2 at the center of the middle block.

a is the same as above. The thus calculated periodicities area lamellar morphology for S1G—S2 despite the addition of
given in Table 2 for each lamellar copolymer. They are in much 15 wt % PS. The robustness of this lamellar phase, already
better agreement with SAXS data, confirming that S1 and S2 reported by Adhikari et al. for similar triblocks with random
blocks self-assemble within the same microdomains. Shortinstead of gradient middle blockg,is consistent with the
blocks are expected to localize close to the interface and longstiffening effect of gradient or statistical interfaces ir-g&/
ones at the center, and this is precisely the co-surfactant effectB)s—B block copolymerg® The effective volume fraction of
that flattens the interface despite a majority of styrene blocks. pure styrene blocks (St S2) of only 50% for S+ G—G2 also
From a mechanical standpoint, this block arrangement is explains the increased stability of its lamellar phase.
essential since it allows bridging configurations of the copolymer  [11.3. Gradient Copolymers Self-Assembly under Shear.
chains and far superior mechanical resistance compared toThe morphologies presented above formed under conditions as
diblocks. This fixes limitations on how short S1 can be. close as possible to thermodynamic equilibrium, i.e., very slow
To then discriminate between SG—S2 and S+B—S2 and solvent evaporation from a dilute solution followed by prolonged
further elucidate the role of the gradient section on near- annealing in the molten state and subsequent slow cooling. It
equilibrium self-assembly, small amounts of short polystyrene is important to specify that all copolymers remained microphase
homopolymer chains were blended with these triblocks. To this separated throughout this process, since no ODT could be
end, 85 wt % triblock was co-dissolved with 15 wt % PS22 detected by dynamic rheological testing up to 28D For
(Mn = 22 kg/mol, PDI= 1.24) in toluene (5 wt % solution).  example, data for S1G—S2, not shown here, indicated a low-
Transparent films of these blends were cast and annealed agrequency power low behavior @' andG" scaling asv?® at
described for pure copolymers. Figure 4 shows micrographs of all temperatures. At 180C, the temperature of annealing and
two blends of S+G—S2 (left) and S+B—S2 (right) with 15 melt processing, all copolymers are thus expected to be
wt % PS22. The right micrograph reveals a perforated lamellar microphase separated.
morphology for S+B—S2 swollen with PS chains. This Morphologies are strongly affected by the complex flow fields
morphology has been observed between the lamellar and gyroiddeveloped in laboratory-scale microcompounders that mimic
phases of diblocké and blend¥ and is believed to be large-scale extruders. After 3 min of melt-mixing at 180
metastable. Here, it suggests that neatB+S2 is not far from followed by extrusion through the exit die, all copolymers
the lamellar/cylinder stability boarder, as predicted by SCF present ill-defined microphase separated morphologies lacking
calculations'® In contrast, the left micrograph of Figure 4 reveals long-range order. This is illustrated in Figure 5. Left micrographs
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Figure 4. TEM micrographs of solvent cast and annealed blends of 15 wt % PS22 with (a) 85 wt+%-2 and (b) 85 wt % SiB—S2.

Figure 5. TEM micrographs of StG—S2, SEB—S2 and S B—S extruded from the melt at 18TC. Sections cut perpendicular (left) and
parallel (right) to the extrusion direction are shown.

were obtained on cross sections cut perpendicular to theindependent of shearing time, suggesting a stationary state within
extrusion direction, while the right ones were obtained on cross the extruder. The same morphologies are obtained independent
sections cut parallel to this direction. Both directions reveal of the initial block copolymer state. Both copolymer crumbs
roughly equivalent ill-defined cocontinuous morphologies remi- directly obtained from precipitation of the reaction mixture or
niscent of quenched composition fluctuations. SAXS profiles highly ordered solvent cast films adopt the morphologies shown
of these extruded samples, shown in Figure 6, also suggest an Figure 5 after extrusion. The complex flow field which
poorly ordered yet microphase separated state. Compared taombines shearing and elongational forces apparently destroys
solvent cast films, first-order peaks are indeed broader, but atthe periodic lamellar or cylindrical arrangement of micro-
least one higher order reflection or a broad shoulder character-domains, and might even provoke their full dissolution within
istic of liquid-like ordering is still visible. This result is the extruder. Reversible shear-induced disordering of block
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Figure 6. Room-temperature SAXS intensity profiles of solvent cast T(°C)
films (SC) and extruded strands (ext) of indicated copolymers. Figure 8. Dynamic storage modulu& (top) and tan (bottom) for

indicated extruded and pressed copolymers and PS reference PS100.

copolymers has indeed been reported for certain types of
multiblock copolymers and at high shear rates compatible with reference PS100. All copolymers present a higmicrophase
those developed during extrusiet®® Whether the poorly softening aroundy,,,~ 110°C, close to the pure PS reference.
ordered morphologies of Figure 5 represent the actual copolymerThis confirms the hypothesis that hard microdomains contain
state during extrusion or the early stages of microphase pure PS blocks. The copolymers also present a secondJow-
separation and morphology recovery upon exiting the die could microphase softening at a variable temperaflyg, between
not be verified in the context of this study. This would require —90 and—40 °C, depending on molecular structure. Based on
in situ measurements of scattering profiles. The extruded strandsthe butadiene microstructure determined ¥y NMR, the
are quenched in air and become rigid (beldyw9 in a few theoretical Ty of pure butadiene microdomains calculated
tens of seconds. Clearly, the periodic arrangement of micro- according to the GorderTaylor equatioff lies around—90
domains does not have time to reconstruct in those short times.°C 5122 S—B—S and S+B—S2, with low Ty's of about—85
But it does so upon annealing the strands for a few hours at °C, should thus comprise almost pure butadiene microdomains.
180°C, as illustrated in Figure 7 for SIG—S2. Gradient block copolymers have a highky,, of about—40

From a practical standpoint, the poorly ordered morphologies °C. This indicates substantial mixing of S and B monomers in
of Figure 5 and 7b are very important. Processing cycles of soft microdomains, consistent with previous results on similar
block copolymers for common film applications are indeed short copolymers4¢2 The progressive modulus drop betweBy,,
and involve extrusion through a die followed by fast cooling. and Ty, indicates softening of interfacial material which, as
Actual morphologies used in these applications should more expected, is more important for SG—S2. Despite their
likely resemble those of Figure 5 than slow solvent cast different molecular architectures, SB—S2 and S B-S
morphologies. The low strain thermomechanical behavior of present very similar evolutions of modulus and éaThe only
these extruded copolymers and its modeling are presented innoticeable difference is the earlier onset of modulus drop for
the next section. A companion paper will focus on their high S1-B—S2 when approachin@y.g This might be related to the
strain tensile properties, pure and blended with polystyrene. lower temperature motion of short S1 blocks in the asymmetric

111.4. Molecular and Mesoscopic Composition Profiles. copolymer. It is important to note that similar evolutions of
Linear dynamic mechanical behavior of the extruded copolymers modulus and the same soft and hard microphases were recorded
was measured in tension as a function of temperature fré@5 for solvent cast films, but with more pronounced modulus drops

to +150°C. The evolution oE’ and tand are plotted in Figure at Ty, for the two lamellar copolymers. Long-range order would
8 for gradient and nongradient triblocks as well as the PS thus be most affected by extrusion followed by rapid cooling,

200 nm

Figure 7. Self-assembly of S1G—S2 (a) solvent cast and annealed, (b) extruded at’C88nd air cooled, and (c) annealed at £80for 48 h
after extrusion.
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Figure 9. (a) Local styrene volume fractiapS as a function of cumulative soft phase fracttbrdetermined from at least two independent DMA
experiments for indicated copolymers. (b) Local styrene volume fraction as a function of normalized distance across one lamellar period D for
S1-G—S2 and S+B—S2 assuming a local planar geometry of the interface.

while the nature itself of microdomains and interfaces is only polymer with a smalEy compared tdEy, eq 13 simplifies to

slightly altered. In the following analysis, only extruded samples

are considered. - 179 (14)
Modeling dynamic modulus data with an appropriate com- © 1+ 0d) m

posite equation can be used to quantify volume fractions and )

composition of soft and hard microphases and interfaces in these 1 his form of Kerner's model was used to relate the copolymer

copolymers5.25The copolymer modulus at a given temperature Mechanical properties to the volume fraction of soft inclusions

is indeed related to the volume fraction of soft (mobile) at€ach temperature according to

copolymer blocks at this temperature. This ratio is further E —E
affected by the geometry and size of soft microdomains and p=—m_"C (15)
their orientation with respect to the external applied stress. En+ ok

Several models try to quantify this link between modulus and . .
dispersions of soft inclusions of a given geometry. The simplest Where Ec and En are given the experimentally measured

is the Kerner model which considers spherical dispersions of COPolymer and pure PS moduli values, respectively. Each
noninteracting soft inclusions in a hard matrix. Isotropic in incremental shell softening betwe@randT + AT, with volume

nature, it does not apply to lamellar or cylindrical block A®(T) = ®(T + AT) — @(T), is a mixture of S and B
copolymers, for which more complex expressions have beenMonomers with theoreticaly equal toT. The local weight
used?® Extruded samples, which present a nearly isotropic fraction of styrenevs(T) of thls_ shell can be evaluated according
distribution of soft and hard microdomains lacking long-range @ the Gordor-Taylor equatiori®
order, might follow this expression. T—T

To model the temperature dependence of their elastic M= Ors (16)
modulus, these copolymers were thus considered to be composed s KTg .~ D+ (T—Tg)
of rubbery spherical cores softening at a temperaflyg,
surrounded by interfacial shells with a gradient composition where Ty, and T, are glass transitions of pure PS and PB,
richer in PS as it is farther from the core and softening over a respectively,K = ABpdABre, and ABps and AfBpg are the
range of temperatures. These are dispersed in a hard matrixdifferences in thermal expansion between the glassy and liquid
softening afTy,,.. At each temperature betwe@p,, andTg,,., states of PS and PB respectivélyThis composition is then
a portion of the interface becomes mobile, consequently converted to a local PS volume fractigi(T) using density
increasing the volume fraction of soft phase. Assuming that the dataS! This analysis has a physical meaning as long\@xT)
softened phaseT§ < T) has a single modulugy, and thatthe  is greater or equal to zero. Since negative values where often
hard phaseTg > T) has a single modulugy, it is possible to obtained above 95C, this was set as the highest temperature
calculate the fraction of softened material at each temperatureat which the model could be applied. Beyond°@; ¢s and ®
using the Kerner model. This model assumes that there is goodwere set to one since it corresponds to the onset of the glass
adhesion between particles and matrix and that Poisson’s ratiotransition of pure PS.
vc of the composite material (here the copolymer) is equal to  Plotting ¢s(T) as a function of cumulative(T) then yields
that of the matrix materiaby,. The elastic modulus of the  volumetric composition profiles across microdomains which are

copolymerE; is then given by shown in Figure 9a for each copolymer. These are average
profiles obtained from at least two independent DMA experi-
E _ (1 - P)E, + fla+ P)Ey (13) ments for each copolymer. The resulting standard deviation on

E, (1+a®)E,+af(l— D)E, ®(T) is plotted every four data points. These profiles give the
evolution of local styrene volume fraction when traveling from
whereEy, is the matrix (PS) modulusp is the volume fraction the heart of a soft microdomain to the matrix. They nicely
of soft phaseky its modulus and = (2(4 — 5vy))/((7 — Svm)) illustrate the effect of a gradient middle block on soft phase
andp = ((1 + vm))/((1 + vg)), vq being Poisson’s ratio of the  and interfaces in these copolymers. First, they confirm that self-

rubbery dispersed phase. Provided the dispersed phase is a sofissembled gradient copolymers do not contain pure B micro-
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domains but soft microdomains mixed with S. The soft phase IV. Conclusions
of S1-G—S2 contains as much as 40 vol % S, and therefore
occupies a much higher fraction of the material. Pure PS
microdomains are consequently smaller. The progression from

butadiene-rich to styrene-rich compositions is also very smooth After homopolymerization of S1, a copolymerization (second)
and gradual compared to Fhe blocky analogues$1S2 and step yields a strong gradient originally rich in B and terminated
S—B-S, revealing broad |nterface§. On.the other handT Sl by a pure block S2. The asymmetry between S1 and S2 and
B—S2 and S-B—S present almost identical sharp interfacial yne gradient composition profiles were quantified by modeling
prpflles, as expepted from thelr similar evqlunons of modullus conversion data with a Markov model. Equilibrium self-
(Figure 8). As discussed earlier, the main and reproducible jssemply is strongly affected by this particular molecular
difference occurs prior g, where short S1 blocks localized gy cture. Asymmetry is responsible for a shift of the phase
close to the interface tend to smooth the interfacial profile. diagram toward PS-rich compositions, in agreement with theory.
Provided a very local lamellar arrangement (local planar Hence, lamellae form at 70 vol % PS, instead of cylinders.
geometry of the interface) can still be assumed for 61S2 Modeling of SAXS lamellar periods suggests that this lamellar
and S-B—S2 after extrusion, the cumulative volume fraction phase is not accompanied by substantial pull out of short S1
of soft phasaDb(T) of Figure 9a is equivalent to the normalized blocks into B microdomains. Instead, S1 blocks more likely
distance from the center of a soft microdomain to the center of self-assemble in a bidisperse brush with S2 blocks, and bridging

Asymmetric gradient triblock copolymers of butadiene and
styrene, denoted SIG—S2, were prepared by a two-step
anionic copolymerization in cyclohexane in presence of THF.

the adjacent hard microdomain (half a microdomain period).
The y-axis still gives the local volume fraction of styrene at
each position. Combining two of these profiles yields the
mesoscopic composition profiles across one lamellar pdiod
shown in Figure 9b for S1G—S2 and S+ B—S2. Compared

configuration of the triblock should thus be possible. The
molecular origin of the lamellar phases of these asymmetric
triblocks is then essentially similar to the-esurfactant effect

in binary blends of diblock copolymers with short and long A

blocks. The gradient middle block further shifts morphology

to its nongradient analogue, the gradient copolymer displays aboundaries toward S-rich compositions by swelling B micro-

smooth composition profile with broad interfaces reminiscent
of weakly segregated block copolymers. Soft (B-rich) micro-
domains also occupy a higher fraction of the material.

The validity of the present analysis and the composition
profiles of Figure 9 can be tested by calculating the global
styrene fraction they predict according to

D= P, A, + (1= Dy (17)
where each volume incremeni®; is multiplied by its local
styrene contenps; and summed over all temperatures up to 95
°C. The remaining pure styrene fraction softening @t is (1

— dgs). Equation 17 yields 70, 66, and 711 S for S
G—S2, SEB—-S2, and SB-S, respectively. These are in
reasonable agreement with thé NMR compositions listed in
Table 1. The volume fraction of soft microdomains at room
temperature can also be estimated fromdhaxis value ats

= 0.78 (T = 25°C) in Figure 9a. S+*G—S2, S:-B—S2 and
S—B—S would then contain 58, 40, and 38 vol % soft phase,

domains with statistical styrene units incorporated during
copolymerization. Highly robust lamellae thus form at 70 vol
% S.

The strong elongational and shear flow fields developed
during extrusion destroy this equilibrium self-assembly. After
melt processing, gradient triblocks and their blocky analogues
all present poorly ordered isotropic morphologies. Yet, the nature
of the microphases and interface detected by DMA is hardly
changed. All copolymers present a pure PS microphase and a
soft microphase with variabl&g. A simple method based on
the Kerner model combined with the Gordehaylor equation
was used to describe dynamic tensile moduli of these extruded
copolymers. This analysis yields the volume fraction of soft
phase and its styrene content as a function of temperature.
Mesoscopic composition profiles across microdomains could
then be built, which clearly demonstrate the role of the gradient
on the interface and soft microdomain volume fractions.
Gradient triblock copolymers display smooth composition
profiles with broad interfaces compared to their blocky ana-
logues. Their soft phase, which is a mixture of S and B, accounts

respectively, at this arbitrary temperature. From a mechanical for as much as 50 vol % of the material despite a global styrene
standpoint, the present analysis gives direct evidence for thevolume fraction of 70%. This will have important consequences
role of gradient sections in these rubbery/glassy block copoly- on the high-strain tensile properties of these copolymers and
mers: they offer a way to maximize the soft phase volume their blends with PS.

fraction at a given temperature while keeping the diene content
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