6330

Macromolecules 2000, 33, 6330—6339

A Comparative Experimental and Theoretical Study between Heteroarm
Star and Diblock Copolymers in the Microphase Separated State

Valérie Grayer, Elena E. Dormidontova,” and Georges Hadziioannou*

Department of Polymer Chemistry and Materials Science Centre, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

Constantinos Tsitsilianis*

Department of Chemical Engineering, University of Patras and Institute of Chemical Engineering and
High-Temperature Chemical Processes, ICE/HT-FORT, P.O. Box 1414, 26500 Patras, Greece

Received February 18, 2000; Revised Manuscript Received June 22, 2000

ABSTRACT: A pronounced difference in the behavior of heteroarm star copolymers from the conventional
diblock copolymers is analyzed theoretically and experimentally on the example of symmetric polystyrene-
poly(2-vinylpyridine) (PSsP2VPsg) star block copolymer melts. Microphase separation of PSgP2VPs stars
with volume fraction of PS varying from 0.30 to 0.75 is studied using transmission electron microscopy
(TEM). The observed (lamellar, cylindrical and undefined “bicontinuous-like”) structures often turned
out to be different from that expected for the corresponding diblock copolymers. The dependence of the
long period of lamellar structures of heteroarm star block copolymers on block length is found to deviate
in a systematic way from N?3 law (known for diblock copolymers), especially for the stars of high
functionality. The theoretical model proposed to describe an extra-stretching of star block copolymers
near the lamellar interface is found to be successful in prediction of block length and star functionality
dependence of the lamellar period as it agrees remarkably well with the present and other available

experimental data for both symmetric and asymmetric heteroarm star block copolymers.

1. Introduction

During the past decade, improvements in “living”
polymerization techniques have made possible the
synthesis of well-defined block copolymers as well as of
novel nonlinear copolymers such as simple graft, star
block, and heteroarm star copolymers.1—14

In the present study, we focus our attention on A,B,
heteroarm star copolymers, which are star-shaped
molecules constituted of a central core bearing arms of
pure polymer A and pure polymer B (Figure 1).15 Like
diblock copolymers, these polymeric species undergo
microphase separation either in solution where micelles
can be formed”16-19 or in the solid state.1220-32 On the
other hand, the difference in architecture between star
and linear copolymers results naturally in much slower
phase separation Kkinetics and in modification of the
equilibrium states. Relaxation processes, phase behav-
ior, and ordering of the microdomains formed by star
copolymers are all properties influenced by the archi-
tecture of the molecules, in particular by the functional-
ity (total number of arms) of the stars.

Few theoretical studies deal with the solid-state phase
behavior of heteroarm star copolymers.33-35 Phase
diagrams of graft, (AB), star, and A,Bn heteroarm star
copolymers have been calculated by Olvera de la Cruz
et al.3% in the weak segregation limit. For A,B, type
copolymers, they predicted a symmetrical phase dia-
gram with a critical point at ¢ = 0.5 and yNo = 10.5,
independent of n (where ¢ is the relative volume fraction
of one of the components and Ny is the total number of
statistical segments of one A arm plus one B arm). The
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Figure 1. Schematic representation of an heteroarm star
copolymer of AnB, type.

general features of the phase diagram are very similar
to the phase diagram of diblock copolymers. Milner3*
has treated the problem of heteroarm star copolymers
in the strong segregation limit introducing a parameter
e = (na/ng)(Ia/lg)¥2 (where n; is the number of arms of
type i = A or B and |; is given by Vi/Ryi? where Vi
and Ry are the volume and the radius of gyration of
one i block, respectively). The parameter ¢ reflects the
architectural and conformational asymmetry of the
molecules. For stars composed of an equal number of
arms of the two polymers (na = ng) with similar
conformational properties (Ia = Ig), ¢ & 1 and the phase
diagram is identical to that of diblock copolymers.
Most experimental studies regarding the morphology
of heteroarm star copolymers are concerned with samples
of low functionality (i.e., total number of arms)3%36 and
of asymmetric architecture (na = ng).2225.26.29.32 pgchan
et al.2>26 studied the phase behavior of a series of
polyisoprene (PIl)/polystyrene (PS) simple graft copoly-
mers noted I,S. They found a good agreement with the
prediction of Milner’'s model for asymmetric stars in the
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Table 1. Molecular Characteristics of Polystyrene/Poly(2-vinylpyridine) Heteroarm Star Copolymers
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My x 1074 Mw/Mpn My x 1075 My x 1075 Wpaovp (%) My x 1074
sample? PSarm PSarm (GPC) PS, PSnP2VP, (NMR) P2VParmb ne
1676—1486 2.0 1.15 1.54 2.49 44 1.6 (1.4) 6.9
1676—2826 2.0 1.15 1.54 4.39 60 3.9(4.1) 6.9
1676—3656 2.0 1.15 1.54 5.44 66 5.3(5.9) 6.9
205¢—240¢ 2.3 1.08 1.50 3.29 53 2.8 (2.85) 6.3
1806—656 2.3 1.23 1.56 2.12 24 0.85 (0.9) 6.1

a2 The names of the samples are given following the notation: N(PSarm), — N(P2Vparm),, where N(P2Vparm) is calculated by the
formula: N(P2VParm) = {Mn(PSarm) + mpys[DVBI/[LE]} Wp2ave/(1 — Weavp)Mave. ° As calculated from NMR data, using the formula:
Mw(P2VParm) = My (PSnP2VP,)Wp2ve/n. Values in parentheses have been calculated from LS data using the formula My(P2VParm) =
[Mw(PSnP2VP,) — Mw(PSp)]/n. ¢ Average functionality: n = My(PSn){Mw(PSarm) + mpye{DVBJ/{LE]} where [DVB]/[LE] is the

divinylbenzene per living ends mole ratio.

strong segregation limit. As expected, they observed that
the extra crowding of the polyisoprene arms partially
prevents them to be on the concave side of the interface.
As a result, the whole phase diagram shifts toward the
higher volume fractions of PS. Tselikas et al.?” studied
the morphology of series of Syl, 1,S, and 13S heteroarm
star copolymers. They also found a shift in the phase
diagram toward higher volume fraction of the single
block, but with some discrepancies with Milner’s model,
which they attribute to multiple domain effects. Very
recently, the phase behavior of three highly asym-
metrical samples of type IsS was reported by Beyer et
al.®2 Two of their samples exhibit a lamellar ordering
in the region where cylinders would be expected.3*
Combining these observations with the results of the
earlier studies over three- and four-arm polystyrene/
polyisoprene heteroarm star copolymers, they conclude
that, in general, Milner’s theory overestimates the shift
in the phase diagram due to architectural and confor-
mational asymmetry. They note that the discrepancy
between the experimental results and the theory in-
creases with increasing e. All these studies indicate that
a better understanding of monomer interactions and
blocks conformation of heteroarm star copolymers near
the interface is required. One attempt in this direction
was undertaken by Beyer et al.2® They reported on
morphologies of star copolymers having eight polyiso-
prene and eight polystyrene arms originating from a
carbonsilane dendrimer. They found that the samples
of the relative volume fractions of ¢ ~ 0.4—0.5, form
stable lamellar morphologies. For these PSgPlg samples
and the S;l, 1,S, and 13S samples mentioned above, they
studied the scaling dependence of a dimensionless area
per junction, AN?3/R4? (where A is the area per molecule
at the interface deduced from the lamellar period, N is
the total number of statistical segments and R4? is the
unperturbed mean square radius of gyration of the star
molecule), on the functionality of the stars, f. With
arguments based on Alexander—de Gennes theory, they
predicted a power law with an exponent equal to one,
i.e., AN?3/R4%2 ~ f. However, this prediction does not
seem to fit the experimental data well. Indeed, the best
fit of the experimental data for small values of f (1 < f
< 4) gives an exponent of ~0.8, while for higher values
of f, the corresponding exponent is higher than 1.2.
The objective of this paper is to investigate in more
detail the behavior of A,B, heteroarm star copolymers.
Our approach is 2-fold. First, we study the phase
behavior of a series of polystyrene/poly(2-vinylpyridine)
(P2VP) heteroarm star copolymers of type PS,P2VP,
presenting a relatively high functionality of 12. By
keeping the length of the PS arms nearly constant while
varying the length of the P2VP arms, we cover a
composition range from ¢ps = 0.30 to 0.75. Second, we

analyze the influence of the star functionality on the
lamellar ordering by examining the period of lamellar
structures formed by different heteroarm copolymers.
A theoretical model is suggested (using the analogy
between the star polymers and polymer micelles) to
predict the scaling law of the lamellar period on the
functionality f; = n and the length (degree of polymer-
ization) of the blocks N,, where | = A or B. We find an
excellent agreement between the prediction of our model
and data obtained for our PSgP2VPs samples and the
PSgPlg stars studied by Beyer et al.?® Extension of our
model to asymmetrical low functionality samples stud-
ied in refs 14, 16, and 20 also proves to be successful.
Introducing a correction accounting for the lower degree
of stretching of the single block, we find that the size of
the lamellae layer formed by the other blocks follows
the same scaling law as it does for the symmetrical high
functionality stars.

2. Experimental Section

2.1. Synthesis and Characterization. The PS,P2VP,
heteroarm star copolymers were prepared by sequential
anionic “living” copolymerization using a three-step proce-
dure.?” First, PS arms are synthesized. Then they are joined
together by reacting the living PS chains with a small amount
of divinylbenzene (DVB). A star-shaped polystyrene is formed,
bearing on its poly(divinylbenzene) core a number of active
sites equal to the number of PS arms attached to it. Finally,
P2VP arms are grown from the cores, forming the final
product, which is a star polymer with equal number of PS and
P2VP arms originating from a tight poly(divinylbenzene) core.
This procedure provides symmetry on the number of arms of
the two species and allows the synthesis in the same reaction
of a series of heteroarm star copolymers by varying only the
length of the second generation of arms, i.e., the P2VP blocks.
Details of the synthesis procedure are reported elsewhere.?”

All the samples were freed from linear PS precursor and
characterized by means of light scattering (LS), nuclear
magnetic resonance of the proton (*H NMR), and gel perme-
ation chromatography (GPC). Their molecular characteristics
are given in Table 1. We should indicate here that a slight
polydispersity in the number of arms can be present due to
the random character of the polymerization of the DVB
forming the hart of the star polymer. The functionality of the
stars is therefore given as a mean value. Nevertheless, the
synthetic procedure ensures the constitution of an equal
number of arms of PS and P2VP, which is a far more important
factor for the phase behavior of the material.®®

2.2. Film Preparation. Thin films of the different copoly-
mers were cast by deposition of droplets of diluted solutions
(~0.1 wt %) in chloroform on a smooth epoxy substrates
covered with an 80 nm layer of gold. The films obtained after
evaporation of the solvent at room temperature were a few
hundreds of nanometers thick. They were allowed to dry in a
vacuum and subsequently annealed for 17 h at 160 °C, i.e.,
well above the glass transition temperature of PS and P2VP.
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Table 2. Morphological Characteristics of the PS,P2VP,
Diblock and Heteroarm Star Copolymers

sample f xNo? ¢ps” morphology  Lexp (NM)
167,—257, 2.0 47 0.44 LAM 27
180s—65¢ 12.2 27  0.75(0.74) CYL 20
167s—148¢ 13.8 35 0.58(0.61)° LAM 27
205¢—240¢ 12.6 49 0.48(0.48)° LAM 35
1676—282¢ 13.8 49 0.36 (0.35)¢ LAM 37
1676—365¢ 13.8 59  0.30 (0.28)° BIC 40

aNp = N(PSarm) + N(P2VParm) and y = 0.11 from ref 42. © ¢ps
= [Mw(PSarm)/dps]/{[Mw(PSarm)/dps] + [Mw(P2VParm)/dpavprl}
values in parentheses have been obtained using My(P2VParm)
values in parentheses of Table 1.

Cross-sectioning of the as-cast and annealed films was achieved
using ultramicrotomy. The thin sections were picked up on
TEM grids preliminarily covered with an organic support
film and coated with carbon. The specimens were submitted
for 1 h to iodine vapors in order to stain the P2VP-rich
regions. Cross-sectional views of the films were recorded using
a JEOL 1200-EX transmission electron microscope operating
at 100 kV.

3. Results and Discussion

We have synthesized five symmetrical PS,P2VP, star
copolymers with a mean overall functionality of 12. The
samples 167—1485, 167,—282, and 1675—365 were
produced from the same reaction batch. The volume
fractions of PS determined by NMR are 0.58, 0.36, and
0.30, respectively. Two other samples 180s—65¢ and
2056—240¢ with volume fractions of PS equal to 0.75 and
0.48, respectively, complete the series. Those latter
samples were synthesized in separated reaction batches
but have characteristics similar to those of the former
three samples (i.e., the average number of arms and
the molecular weight of the PS linear precursor are
nearly identical). This series covers the interval from
¢ps = 0.30 to 0.75 (Table 2). We also synthesized and
studied a PS—P2VP diblock copolymer with a volume
fraction of PS equal to 0.44. This diblock copolymer,
denoted as 167,;—257;, had the same linear PS precursor
as the star copolymers 1675—148s, 167c—282¢, and
1676—365¢ and will be used as a reference for our
morphological study.

In as-cast films from solutions in chloroform of sample
1806—656, N0 phase separation is visible, suggesting that
both types of arms are in a mixed state. This nonequi-
librium state is due to the short length of the P2VP
blocks (the system is close to the order—disorder transi-
tion) as well as to the fact that mixing of the blocks is
facilitated by the use of a common good solvent for PS
and P2VP.3940 For all other samples, rapid casting from
solutions in chloroform results in a lamellar morphology
(Figure 2). Upon annealing, we should observe either
an evolution of the period of the lamellae toward the
equilibrium size or a transition from lamellae to cylin-
ders or spheres. Such a transition, which requires only
the splitting of the lamellae into objects of smaller size
but different geometry, should happen relatively easily,
as it would involve no coalescing process.*!

3.1. Phase Diagram. The star copolymers that we
consider are of the AnBy type. According to both theo-
retical studies of Olvera de la Cruz et al.® and Milner,3*
the ¥No vs ¢ps phase diagram should in this case be
very similar to that of linear diblock copolymers. Schulz
et al.*2 have studied the phase behavior of PS—P2VP
diblock copolymers in range of yNo up to 30 and for
compositions ranging from ¢ps = 0.35 to 0.70. Existence
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Figure 2. TEM micrograph of sample 205—240¢ (¢ps = 0.48)
as-cast from a solution in chloroform, showing a lamellar
morphology.
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Figure 3. Theoretical phase diagram calculated by Matsen
et al.*3 for diblock copolymers in the intermediate segregation
regime. The positions of the five PS¢P2VPg samples on this
phase diagram are denoted by the star symbols (). The
numbering corresponds to the following: 1, 180—656; 2, 167s—
148¢; 3, 2056—2406; 4, 1676—2826, 5, 167s—3656. Diblock
copolymer 167,—257; is indicated by a square symbol (H).

of a stable lamellar phase was observed between ¢ps =
0.40 and 0.63. Cylindrical morphology has appeared
at ¢ps = 0.35 and ¢ps = 0.70, while more complex
bicontinuous structures are susceptible to appear for
0.35 < ¢ps < 0.40 and 0.63 < ¢ps < 0.70. Surprisingly
this phase diagram exhibits a certain asymmetry around
dps although there is a conformational resemblance
between the two repeat units. Indeed the | = V/Ry?
parameters of Milner’s theory3* for both PS and P2VP
are quite similar since the flexibility of the PS and P2VP
chains are nearly identical. The values of yN calculated
for our five PS,P2VP,, stars are given in Table 2. These
values are between 25 and 60, which corresponds to
the intermediate segregation regime treated by Matsen
et al.*3 for diblock copolymers (Figure 3). Therefore, it
seems reasonable to compare our results with this
theoretical phase diagram as well as with the experi-
mental phase diagram established by Schulz et al.*?
TEM micrographs of cross-sectional views of the five
PS,P2VP,, samples annealed for 17 h are shown in
Figure 4, parts a—e. The three samples 1675—148g,
2056—2406, and 167—282¢ (Figure 4, parts b—d) with
volume fractions of PS of 0.36, 0.48, and 0.58, respec-
tively, exhibit stable lamellar morphologies. Upon an-
nealing of the as-cast specimens, we observe an increase
in the lamellar period up to 27, 35, and 37 nm,
respectively. If we look at the position of these samples
on theoretical phase diagram for diblock copolymers by
Matsen et al.*3 (stars 2, 3, and 4 in Figure 3), we see
that, according to the volume fraction of PS, all three
samples lie in the region of stability of the lamellar
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€)

Figure 4. TEM micrographs of PSgP2VPs heteroarm star copolymers cast from chloroform and annealed for 17 h at 160 °C: (a)
180s—65¢; (b) 167—1486; (c) 2056—240¢; (d) 1675—282s; (€) 167—365¢.

phase. However, we note that the lamellar morphology
of the sample 1675—2826 (star 4 in the phase diagram)
is different from the cylindrical structure observed for
a PS—P2VP diblock copolymer with the same PS volume
fraction (®ps = 0.35).#2 In principle, this discrepancy
could be attributed to the uncertainty on the determi-
nation of the position on the phase diagram (i.e., the
error on the determination of the molecular character-
istics may reach 10%). However, it is more likely
that for heteroarm star copolymers, the crowding around
the central junction point of the star block copoly-
mers hinders the bending of the interface so that the

stability of the lamellar phase might extend beyond the
lamellae/cylinder phase boundary observed for diblock
copolymers.

For sample 167—365 (¢ps = 0.30), a cylindrical
structure might also be expected (star 5 in Figure 3)
but is not observed experimentally (Figure 4e). The
images obtained do not allow the precise identification
of the structure. We observe that darker P2VP channels
appear in the PS phase connecting the preexisting P2VP
lamellae and inversely, lighter PS channels appear in
the P2VP phase. Moreover, no particular ordering of the
microdomains is observed. The morphology observed
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Table 3. Comparison between Experimental and Theoretical Values of the Lamellar Period of Symmetrical “High”
Functionality Heteroarm Star Copolymers — Dimensions of the Interfacial Region of Mixing

sample(re? No f Lexp(Nm) Laib° (Nm) |1 — Laib/Lexpl Ro/R Vo (nm?3) Ln(nm) |1 — Lin/Lexpl
1676—148¢ 315 13.8 27 22.4 0.17 0.12 104 28.3 0.05
2056—240¢ 445 12.6 35 28.2 0.19 0.10 9.0 35.0 >0.01
1676—2826 449 13.8 37 28.4 0.23 0.10 10.4 35.7 0.04
VS1(@8)a 470 16.1 37.1 26.7 0.28 0.10 11.8 35.9 0.03
VS2(28)a 1069 155 51.5 46.1 0.10 0.06 11.2 61.3 0.16
VS3(@)a 1404 15.6 64.1 54.9 0.14 0.06 11.3 73.1 0.12

a PSgPlg, “vergina” heteroarm star copolymers P Lamellar periods calculated using L = cNo?? scaling law: (i) for PS,P2VP, stars ¢ =
Lrei/Nrer?3, where Lyer and Nyer correspond to the reference diblock copolymer 167,-2571; (ii) for PSyPl, stars, ¢ = 0.44, according to ref 47.

¢ Lamellar periods calculated from eq 12.

might be a sort of “bicontinuous” structure (with average
microdomain size of about 40 nm) or just a nonequilib-
rium kinetically frozen state. This result can be at-
tributed to the following factors: (i) the composition of
the sample corresponds to a point on the phase diagram
(star 5 in Figure 3), which is very close to the boundary
of lamellae/cylinders phase transition, and in this region
the appearance of a metastable “bicontinuous/dis-
ordered” phase could come as no surprise even for
diblock copolymers; (ii) the sample is the one with the
highest molecular weight. This factor added to the star
architecture of the molecules can be responsible for a
considerable increase in the relaxation (reequilibration)
time needed for this sample. Existence of a disordered
equilibrium structure has been already observed by
Pochan et al.?>26 for a 2:1 PI/PS Y-shaped simple graft
copolymer. These authors observed that for a composi-
tion of 0.81 volume fraction of PS, which lies at the
boundary between bicontinuous and cylindrical phase
in Milner's phase diagram, no ordered structure can
be found. The equilibrium morphology is presumably
the so-called randomly oriented wormlike micelles
(ROW phase).25:26

For both samples 167—282s (¢pps = 0.36) and 1675—
3656 (pps = 0.30), the observed morphology is strongly
influenced by the molecular architecture. The penalty
for blocks (star arms) bending at the interface is
naturally larger for heteroarm stars than for diblocks
so that all the phase transition boundaries are shifted
toward more asymmetrical compositions.

Sample 1806—65¢ (¢ps = 0.75) shows after annealing
a structure made of small regions of hexagonally packed
P2VP cylinders with a spacing of 20 nm (Figure 4a).
This observation is in agreement with the expectations
originating from both theoretical (star 1 in Figure 3)
and experimental phase diagrams for PS—P2VP diblock
copolymers. A summary of these results is given in
Table 2.

3.2. The Influence of the Star Functionality on
the Period of the Lamellae. It is known that, for
diblock copolymers, the size of the domains depends
mainly on the length of the blocks: it scales as N2 in
the weak segregation limit (WSL) and as N%3 in the
strong segregation limit (SSL). For heteroarm star
copolymers with equal number of A and B arms, one
can expect the size of the domains to be dependent on
No, the total number of segments in one A plus one B
branch. Calculations in the WSL predict the domains
to be smaller than that of a comparable diblock copoly-
mer.33 In the SSL, the impact of star architecture is
reduced to a very tiny region around the interface and
does not influence significantly the size of the domains.
Most experimental studies deal with samples of yNg ~
40—100.212225-30.32 In this regime, no general trend of
the influence of the architecture of heteroarm stars on

the domain size has been observed. Ishizu et al.?! report
about cylindrical structures from two PS—PI heteroarm
star copolymers with mean functionality of ~8 and 6
where the measured radii of the Pl cylinders are
significantly smaller than for diblock copolymers. In
other studies,?”30 the sizes measured are larger or
comparable to that of equivalent diblock copolymer. It
is of importance to note that those latter studies are
dealing with samples with different number of arms of
the two blocks. In our case, however, we are restricted
to AnBn type heteroarm star copolymers with equal
number n of A and B arms.

The periods of the equilibrium structures formed by
our samples after annealing are collected in Table 2.44
It is worthwhile to compare the results obtained for
heteroarm star copolymers with that for the conven-
tional diblock copolymers. For the sake of simplicity we
will only consider the samples forming stable lamellar
structures (relative volume fraction ¢~0.35—0.65). For
samples 1675—1485, 205¢—240s and 1675—2825 we
calculated the values of the periods expected for diblock
copolymers with identical degrees of polymerization of
the blocks using a Np?? dependence. These values are
given in Table 3 (Lgib) together with their deviation from
the experimentally measured periods of the stars.

From the data present in Tables 2 and 3, it is clear
that in the range of arm lengths considered, the PSe-
P2VPs heteroarm stars show a significant increase in
the lamellar thickness. We can compare directly the
diblock 167,—257; with the star 205¢—2406, which has
very similar relative volume fraction and arm lengths.
We see that a considerable increase in the thickness of
the lamellae, from 27 nm for the diblock copolymer
(Table 2) to 35 nm for the star, takes place. This
corresponds to about 25% increase for the period. In a
similar way, for the star 1675—148¢ which has a similar
PS arm length but a ~40% shorter P2VP block length
than the diblock 167,—257;, the value of the period 27
nm has been observed. This is exactly the same value
of the period as for the diblock copolymer 167,—257;
(Table 2). The value of the period observed for the
heteroarm star copolymer is in fact ~20% higher than
the value expected for the diblock copolymer of similar
composition and block length, ~22 nm (using N23
dependence, Table 3). The third star 1675—282¢ also
provides a value of the period of 37 nm, which is
considerably larger than the value expected for the
reference diblock copolymer (28 nm).

Similar observations have been made for the PSgPlg
“vergina” stars studied by Beyer et al.28 with a mean
functionality of 16 (Table 3). A 12—39% increase in the
value for the period of structures formed by heteroarm
star copolymer compared to diblock copolymers of
similar block length has been reported. Even for a
functionality of four as for a PS,PB, sample, Turner et



Macromolecules, Vol. 33, No. 17, 2000

A PS,P2VP,
o PSPl

. * 158

€ LLw 138125 52
=

[

e

~

3

§

Slope 2/3

— Theoretical line
for diblock copolymers

¢
N, |

Figure 5. A log—log plot of Lex/(1%Y) vs No for heteroarm

star copolymers. The solid line corresponds to the No?? scaling

of diblock copolymers.

Table 4. Comparison between Experimental and
Theoretical Values of the Lamellar Period of
Asymmetrical “Low” Functionality Heteroarm Star
Copolymers: Dimensions of the Interfacial Region

of Mixing

Lexp  Laib® Vo Lin®

sample™  Ng ¢ps f (nm) (nm) Ro/R (nm3) (nm)
S21-49@7) 697 051 3 36.1 335 0.05 0.7 37.2

12S-3(25) 806 0.62 3 39.0 36.9 0.05 0.8 38.9

13S-55@7 779 055 4 392 36.0 0.05 1.0 38.5

135-6127 742 061 4 380 349 0.05 1.0 37.0

155-1(32 884 060 6 427 39.2 0.06 15 41.5

15S-2(32) 1162 067 6 479 47.0 0.06 1.5 48.6

15S-3(2) 1753 0.77 6 629 619 0.06 1.6 62.2

a Lamellar periods calculated using a No?3 scaling law, taking
as reference experimental values of L for PS—PI diblock copoly-
mers from ref 47. ® Lamellar periods calculated from eq 15.

al.?% found a discrepancy of ~7% between a heteroarm
star copolymer and a comparable diblock copolymer.
As is seen from Figure 5, where the dependence of
L/(1xV8) on No?? is presented, the deviation from the N3
scaling law obeyed by diblock copolymers is especially
pronounced for the PSgP2VPg samples as well as for the
PSgPlg heteroarm star VS1, all samples with arm
lengths resulting in Ng ~ 400—500. Since the deviation
is observed for stars of different chemical natures, this
seems to be a general trend. Even for asymmetric
stars of low functionality?527:32 listed in Table 4, there
is some deviation from the Ny?3 scaling law (Figure 5)
when Np is not too large. As is seen from Figure 5
and Tables 3 and 4 the deviation from Ny?3 depend-
ence for asymmetric stars is considerably smaller than
that for symmetric ones, but still has a systematic
character: the value of the lamella period experimen-
tally observed is always larger than the value predicted
for the corresponding diblock copolymers. For star
molecules of higher arm length (VS2, VS3), the devia-
tion is still present but less pronounced. For 15S-2,
1sS-3 with Np >103, the deviation becomes indistin-
guishably small both because of large arm length and
low functionality of the stars (Figure 5). Thus, it seems
that for heteroarm stars the peculiar architecture of the
molecules influences greatly the domain sizes of the
microphase separated morphologies especially in the
region of an “intermediate arm length”, where Ngo ~
400—500 (Ng < 10%). Furthermore, for a given value of
No, the larger the functionality of stars, the larger is
the deviation from the N?? scaling law for conventional
diblock copolymer. This implies that the presence of
multiple junction point induces a much more compact
brush at the interphase than in the case of diblock
copolymers. Consequently, an additional stretching of
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the arms of the star copolymer (compared to diblock
copolymers) occurs near the interface, leading to the
increase in the period of the structure. This effect
naturally diminishes with decreasing star functionality
or when the length of the arms becomes sufficiently
large to screen the effect of conformational peculiarities
at the interface.

3.3. Theoretical Model. As is discussed previously,
neither the existing models for diblock copolymers nor
the modified model proposed by Beyer et al.?® to fit
experimental data is adequate to describe the self-
assembling properties of heteroarm stars. Therefore,
further attempts to construct a relevant model are
required. To this end, let us first analyze what physical
reason makes the behavior of heteroarm stars forming
lamellar layers different from that of diblock copoly-
mers. The reason lies naturally in the molecular archi-
tecture. The difference is in the way the two sets of
blocks of different chemical nature are linked together.
For diblock copolymers, the “single” junction points
delimit the different layers. In the vicinity of the
interface, the unfavorable contacts between blocks
induce the stretching of both A and B blocks in the
direction perpendicular to the interface. In the case of
heteroarm stars, the junction points are also located at
the interface where stretching of the arms also occurs,
but the “multiple” junction points prevent the arms from
assuming their preferable orientation perpendicular to
the interface. This results in an additional chain stretch-
ing near the interface. Indeed, the conformation of the
arm tails of heteroarm stars copolymers and diblock
copolymers far away from the lamellar interface is
nearly independent of the conformation of the part of
the chain near the interface due to the screening effect.
Hence, the main difference in the lamellar spacing is
expected to be due to the region near the interface. The
chain stretching for heteroarm star copolymers near the
interface will be considerably larger than in the case of
diblock copolymers leading to the increase of lamellar
spacing.

The conformation of the blocks near the junction
point has a lot of common features with that described
by the Daoud—Cotton model for star homopolymers.*°
However there is one significant difference: the arms
have to deviate from their original radial trajectory in
order to reach the half-space of the lamella formed by
the blocks of similar chemical nature (Figure 6a). As a
consequence, there is an interfacial volume around
the junction point, where monomer units of both blocks
are mixed, and where the main interaction between
the blocks occurs, as has been evidenced experimen-
tally.2° Outside this region the concentration of one or
the other sort of blocks is dominant. The free energy of
volume interactions per molecule inside the region of
mixing is*6

1V

Fine = [2¢(1 — ¢) dVIv =y 7 - (1)

where Vy is the volume of the interfacial mixing area
and v is the volume per monomer (e.g., for definiteness
of sort B, v = vg). In eq 1, we assume that the volume
fractions of both blocks inside this region are equal,
which is strictly correct only for stars with an equal
number of A and B arms. For strongly asymmetric stars,
some modification may be needed, as we will discuss
below.
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Figure 6. Schematic representation of the conformation of
the heteroarm star copolymers forming lamellar structures:
(a) symmetric heteroarm stars with relatively high functional-
ity: (b) asymmetric heteroarm stars with one A arm and
several B arms. (Due to the large difference in lengths of A
and B blocks, there are reasons (supported by experimental
evidence) to believe that each A arm extends almost inside
the entire layer, so that the thickness of the layer formed by
the A blocks scales as Na?3.) Near the junction point, the
segments of different chemical natures are mixed inside a
symmetric oblate ellipsoid with radius R lying in the interfacial
plane and radius Ro < R in the direction perpendicular to the
interface.

Because of the spherical symmetry of the star mol-
ecules, it is natural to assume that this region near the
junction point also has a spherical shape (especially for
symmetric stars). However, the symmetry with respect
to the interface has also to be taken into account. The
most general and realistic assumption corresponds to
an oblate ellipsoid with two identical radii, equal to R,
lying in the interface plane and with a radius Rp < R
in the direction perpendicular to the surface (Figure 6a).
Then, the interaction free energy assumes the form

Fint = TR?Rx/(3V) @)

When Rp ~ R, which we would expect for the stars with
high functionality and not-too-long arm length, the
region of volume interactions is spherelike and the
difference in the lamellar period between heteroarm star
and diblock copolymers will be maximal. In the opposite
limit, Rp < R, which we can expect for stars with very
long arms, the region of interactions between the
monomers of different chemical nature is disklike, and
the difference in lamellae structure for the stars and
the diblock copolymers will be minimal. It is necessary
to note that, in the latter case, the surface tension
coefficient, rather than the y-parameter, should be
employed to characterize the interactions, and Fint
should be written in a different form. In this paper,
however, we will be mainly interested in cases where
the star architecture essentially influences the lamellar
structure.

The elastic free energy of heteroarm stars forming
lamellae, describing the entropy loss per blocks stretch-
ing, can be split into two parts. The first cause of chain
stretching is the presence of the planar interface
between layers formed by different blocks. The corre-
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sponding free energy (which is similar to the diblock
copolymer case?) is

7 LA3 L33
el — 54 fA 2 + fB 2
24 NA“VA Ng“Vg

F ®)

where, f;, Nj and v, are the functionality, chain length,
and volume per monomer of an arm of sort | = A or B.
La (Lg) is the radius of gyration of A (B) block, which is
equal to half of the corresponding layer width.

Besides the stretching due to the lamellar layer
structure, there is an additional local stretching of the
arms near the junction point (around the ellipsoid),
which is specific to the star molecules. This stretching
is similar to what takes place in polymeric micelles in
the vicinity of the surface of a micelle core.® It is
possible to write the explicit expression for the corre-
sponding energy of block stretching near an elliptic
surface using an electrostatic analogy, however such
exactness would make further calculations complicated
without changing the final scaling laws. So, for the
sake of simplicity in describing chain stretching near
the junction point we will replace an ellipsoid by the
sphere of the same volume 4x(R*)%/3, where R* =
RZ3RyY3, The free energy accounting for the local
stretching of all arms near the junction point can be
written in the form

Floc =

where the total “charge” (“aggregation number”) of the

ellipsoid (sphere) is equal to f and Ia and Ig are the

monomer lengths of arms of types A and B, respectively.

Taking into account the incompressibility conditions
ARL, = fAN Vv,

7aR?Lg = fzNgVg (5)

the radius R and the radius of gyration La of the A block
in lamellae can be expressed via Lg.

fANAVA
L= Lot rie ©)

Then the free energy per molecule forming a lamella
can be presented in the form
113

2\1/3

F=f§E:R°X+%S]]BB_5:(IF_‘_i ﬂllllz 1+é +
where
S=1+ X—;\(:E)ZI—;\ (8)
Y=1+ (:—;\)4(:—’;)2%; (9)



Macromolecules, Vol. 33, No. 17, 2000

a PSP2VP,

s o PS,Pl,
~ — Theoretical line
x< fromeq 12 g
7@1 Gt 1 ﬂf:,é
o -
> Slope 2/3 g
< P d
3

+ |58

» 135,128,821

1

fBX/ANB o

Figure 7. A log—log plot of the lamellar period vs fg*Ng, for
(a) symmetric (open symbols, left vertical axis) and (b) asym-
metric (solid symbols, right vertical axis) heteroarm star
copolymers. The parameter K is defined by eq 14. For asym-
metric stars, the thickness of the A layer is approximated by
the formula La = 0.82157Y6Na?2. The two families of samples
can be fitted with the same line of slope = /5 as predicted by
our theoretical model (egs 12 and 15).

The free energy actually depends only on two indepen-
dent variables, Rp and Lg. To obtain the equilibrium
values of Ry and Lg, the free energy per unit volume

F

F=V—1

V, = Laf, + Lgfg (10)

should be minimized. As a result of minimization, the
following expressions for the radius Ry and the period
of lamellar structure Ly, = 2(La + Lg) are obtained

R 3 3/4 1 fB]./ZLB VBl/ZS3/4 - fA 3/4 "
o=lo) 2 e

12
Vv 14 f.\1/4
Ny 2/3,112YB S A _
LthECfB NB X Tm(l‘i‘f—) X=
77 Y B
o SY4

1/6
fB Ng KY1/3

X (12)

where C is a numerical coefficient (C ~ 0.78), Sand Y
are defined by egs 8 and 9, and

fANAVA
X=1+ (13)
faNgvg
112
1 g ( fA) —la
K=x—82 _[142 (14)
c Xl/lZVBI/Z fs

As can be seen from Table 3, where the ratio of R¢/R is
presented, our initial assumption about an oblate shape
of ellipsoid (i.e., Ro/R < 1) is correct. For the four
symmetric stars with No ~ 500, i.e., for all the three
PSsP2VPs samples and VS1, this ratio is about 0.1. It
becomes smaller (~0.06) for stars with longer arm
lengths (VS2, VS3) as we expected.

The dependence of Lex,KYY3/(SYX) for symmetric
stars on fg*Ng is presented in logarithmic scale in
Figure 7. The product LeKYY3/(SY4X) differs from the
experimentally measured lamellar period Leyp only by
the numerical coefficient depending on particular star
composition (fa, fg) and conformation (la, Ig, Vv, %). In
contrast to Figure 5 not only the dependence on block
length, but also on star functionality is analyzed in
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Figure 7. As we see all the PSgP2VP¢ samples forming
lamellar structure (open triangles) as well as the PSg-
Plg stars samples studied by Beyer?® (open circles) can
be fitted nicely by the linear dependence with the slope
equal to %/3, which exactly corresponds to the theoretical
prediction of eq 12. Hence, the additional chain stretch-
ing near the multiple junction point (i.e., in the vicinity
of the ellipsoid of volume interactions), which was the
main factor considered in our model in addition to
“ordinary” chain stretching, does play an important role
in the determination of the equilibrium lamellar period,
at least for the stars with chain lengths considered
experimentally. We note, however, that the agreement
is somewhat worse for the stars with long arm length
(VS2, VS3) for which our model gives somewhat over-
estimated values. The reason is the form of interaction
free energy applied (eq 2), as we discussed above.
Indeed, our model takes into account mainly the volume
interactions (between monomers of different chemical
nature situated near the junction point) that play the
dominant role for the stars with not-too-long arm length.
In fact, there might also be some surface interactions if
the arms spread out along the interface. Such surface
interactions are counted in our model in indirect way
as some averaged contribution to the overall interaction.
For the stars with long arm length, surface interactions
seem to be equally important as volume interactions and
in this way our model apparently overestimate the
overall monomer interaction providing larger value for
the lamellar period compared to experimental observa-
tions. Diblock copolymer model as applied to stars, on
the contrary, gives underestimated prediction for the
period (Figure 5) neglecting the volume interactions at
all. So, we expect our model to work the best for the
stars (of high functionality) with small to intermediate
arm length (Figure 7) for which the volume interactions
near the junction point are of primarily importance,
leading to the most pronounced difference between
experimental results and predictions of diblock copoly-
mer model (Figure 5).

Numerical comparisons of the values for the lamellar
period measured experimentally and calculated analyti-
cally using the eq 12 are presented in Table 3. It is
evident that, practically in all cases (except for long arm
stars VS2 and VS3), the present model gives consider-
ably better prediction of the lamellar period for all stars
compared to the estimation provided by the diblock
copolymer model (cf. also Figures 5 and 7). This proves
again that molecular architecture plays an important
role in microphase separation of polymer systems and
the predictions made for one polymer system may not
work well for the other.

Now, there are also experimental data regarding
asymmetric (fa = fg) heteroarm stars of low functionality
from refs 25, 27, and 32. For these samples, the diblock
copolymer model still seems to work reasonably well,
however with a systematic deviation: experimentally
measured periods of all stars are always larger than the
values predicted for the conventional diblock copoly-
mers. Can our model predict correctly the lamellar
spacing for these samples as well? For all these samples,
the stars are constituted of one single arm of one of
the species, which we will refer to as polymer A, and
several arms (two to five) of the other species (B).
Because the architectural asymmetry is rather strong,
we cannot expect any extra stretching of the single A
block near the interface compared to the diblock copoly-
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mer case, so that the direct substitution of the experi-
mental data for asymmetric stars into egs 11 and 12 is
impossible. Since the volume fraction of the A-block is
comparable with that of fg B blocks (i.e., the length of
an A block is considerably larger than that of a B block),
the A block may actually fill nearly the whole width of
the A layer (Figure 6b). The analysis of experimental
data seems to support this assumption: the best fit of
experimental data (based on this hypothesis) gives us
La = 0.821axY6Na?3, which is very close to the standard
scaling law for diblock copolymers as to be expected for
the A block. As to B blocks, they will be extra-stretched
near the interface due to the presence of the multiple
junction point similar to the case of symmetric stars.
We can repeat all the analytical considerations de-
scribed above making only one correction: La is now a
known value from the very beginning. As a result, we
will have the same expression for Rg as in eq 11, only
now S ~ 1. Again, we find that for all the asymmetric
samples Ro/R < 1. Moreover, the volume of the ellipsoid
Vo (i.e., the volume where the interactions between A
and B monomers occurs) turns out to be smaller for
asymmetric stars compared to symmetric ones, as one
could expect (Table 4). Indeed, for asymmetric stars
containing only one A block, A and B blocks can be easily
disentangled near the interface, so that only few mono-
mers per B block have a contact with A monomers.

For the period of lamellae L of asymmetric stars we
get

1/6 2/3 1/12 VBl/Z fA 4

as —

3 L, + Cfg Ng23% T 1’21+E =
B

ey 213
s N

B
Tk W

L, +
As is seen from eq 15 the power dependence of L)
on fgNg is practically the same as for symmetric
stars, except for the prefactor and the additional term,
La. This difference reflects the difference in chain
architecture resulting in different chain conformations
near the interface and inside the layers. We plotted
(Lexp — LA)K (which is related to the experimentally
observed width of lamellar layer formed by a B block)
for asymmetric stars vs fg*Ng in logarithmic scale in
the same Figure 7 as for symmetric stars. We found that
B-layer spacing for asymmetric stars follows the same
dependence as the period for symmetric stars. All points
for asymmetric stars can be well fitted by the scaling
law described by eq 15. The quantitative comparison of
the experimental data and the theoretical results for
the period of lamellae for asymmetric stars is presented
in Table 4. As it follows from the Table, the theoretical
values for the period of asymmetric stars provided by
the present model are even somewhat closer to the
experimental values than that obtained in the frame-
work of diblock copolymer model. However, the differ-
ence between the two models is not so pronounced as
for symmetric stars of larger functionality. Nevertheless,
the predictions of the present model are free of any
systematic deviations to larger or smaller side in
contrast to the diblock copolymer model (cf. Figures 5
and 7). Hence, the present model proves to be successful
in both predicting the scaling laws and providing
reasonably good numerical estimations for the lamellar
period of both symmetric stars of large functionality and
asymmetric stars of low functionality. This means that
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despite the fact that the conformations of A blocks for
symmetric and asymmetric stars are different, in both
cases there is an extra stretching of the B blocks (near
the junction point, in the vicinity of the interface), which
turns out to be a characteristic signature of heteroarm
stars, making their self-assembly properties different
from that of diblock copolymers.

This result together with observations for the phase
diagram discussed above allow us to conclude that the
usual opinion that heteroarm stars (or other polymers
with complex architecture) can be treated as conven-
tional block copolymers is not correct. If such a com-
parison is possible, it is only for the very long chains,
when the chain architecture has less influence on the
large-scale properties of structure. In all other cases,
the peculiar chain conformation associated with the star
architecture is of dominant importance for the micro-
phase separation properties of these materials and the
observed difference from the diblock copolymer case is
the natural outcome of the difference in molecular
architecture.

4. Conclusions

We have studied the phase behavior and association
properties of a series of five PS,P2VP,, heteroarm star
copolymers. We have found that chain architecture
plays an important role in the phase behavior. As a
result, the equilibrium structures formed by heteroarm
star copolymers often turned out to be different than
that expected for conventional diblock copolymers or
than what was predicted for heteroarm stars.3334 For
instance, 167—365¢ sample, for which cylindrical struc-
ture was expected,*® exhibits no easily identified ordered
morphology. Some complex “bicontinuous” or “dis-
ordered” morphology is suspected. The reason for
such behavior might be slow Kinetics of equilibration
attributed to the star architecture in combination
with large length of arms. At the same time, four
other samples did reach the equilibrium cylindrical
(1806—656) and lamellar (1675—1485, 2055—2405, and
1675—282¢) structures.

In accordance with previous observations for hetero-
arm star copolymers,?’:2830 the periods of lamellar
structures formed by our samples are found to exceed
the periods observed for conventional diblock copolymers
by 20—30%. The analysis of available experimental data
shows that this difference is the most pronounced for
the stars of large functionality with block length varying
from small to intermediate. For the stars with long arm
length, the difference with the conventional diblock
copolymers becomes smaller. We have shown that the
physical reason for the increase in lamellar period is
connected with the chain architecture, namely this is
an extra stretching of blocks near the junction point in
the vicinity of the interface. The proposed theoretical
model takes into account the above-mentioned effect and
predicts the increase of the period of lamellae for
heteroarm star copolymers as the star functionality
increases as fY/6N23y112_ The rate of the increase does
depend on the block lengths (the proposed model works
the best for the stars with small or intermediate arm
length) and on the interaction parameter. The compari-
son of the theoretical predictions with our experimental
data and other available data shows that remarkable
agreement is achieved for both symmetric samples of
large functionality and samples of low functionality with
large architectural asymmetry.
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