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Abstract

The small-angle scattering from star diblock copolymers (SDCs) has been calculated using the incompressible random phase approxima-
tion (RPA) and methodologies recently developed. The influence of the interaction parameter and incorporation of homopolymer has been
explored theoretically for SDCs of deuteriopolybutadiene and polymethylpentadiene with four arms. For the copolymer where the poly-
butadiene was the outer block of the arm, the scattering over a temperature range from 298 to 418 K has been explored. Fits to the data have
been obtained using the random phase expressions providing values of the interaction parameter and radius of gyration of the inner block.
The dimensions of the inner block are unaltered from the unperturbed dimensions of the linear polymer of the same degree of polymerisation.
The temperature variation of scattered intensity suggests a spinodal temperature for microphase separation of 196 K. Although the scattering
of the mixtures of the SDC with either of the homopolymer exhibited features predicted by the random phase approximation theory, data
could only be fitted by using unrealistic values of intermolecular and intramolecular interaction parameters or using radius of gyration values
of the homopolymer that indicated phase separation between SDC and homopolymer. SDC data provide support for phase separation being
the pertinent explanation for these phenomend 999 Elsevier Science Ltd. All rights reserved.
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1. Introduction self-consistent mean field theory to predict the effectiveness
of various architectures of A B copolymers adsorbing to
Mixtures of homopolymers of different species generally the interface of an A- B homopolymer mixture [1]. For
exist as separate phases. This well-known phenomenon idixed total degree of polymerisation, they found that the
due to the fact that the enthalpy of mixing is often positive, ability of copolymers to lower interfacial tension was
favouring demixing, and the entropy of mixing of large diblock > alternating> random. Using Monte Carlo simu-
macromolecules is generally too small to overcome the lations, Dadmun [3] also predicted that a random copolymer
enthalpic term and thus favour mixing. This incompatibility would not be as good at compatibilising an interface as
of different homopolymers poses problems for applications either an alternating or diblock copolymer, but concluded
such as recycling, or the development of new materials that the alternating copolymer would be superior to the
where mixing of polymers is required, because incompatible diblock due to its ability to weave between the immiscible
polymers are prone to fracture along the internal interfaces. phases causing them to be entangled. Lyatskaya and Balazs
Adding copolymers of the two homopolymers forming a [2] examined mixtures of copolymers of different structures
mixture may enhance the compatibility by adsorbing to the in homopolymer mixtures, and found that mixtures of
interface in a manner analogous to the emulsification of oil diblock and comb copolymers could achieve a greater
and water by a surfactant. Recent theoretical advances [1-3degree of interfacial tension lowering than either individual
have led to predictions of the influence of molecular archi- component.
tecture and composition on the effectiveness of copolymers To make processing of a polymer mixture feasible, a
as compatibilising agents in mixtures. Balazs et al. used compatibilising agent must not only lower the interfacial
tension of the immiscible homopolymers, but also be
* Corresponding author. capable of migrating to the interface sufficiently quickly
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Outer Block (2) 2. Theory

The (incompressible) RPA [7] was originally applied to
the interpretation of small-angle scattering data from non-
crystalline single-phase mixtures of polymers. In recent
years, the theory has been extended to include an arbitrary
number of components [8] and copolymers of different
architecture [6,9,10]. These various aspects are combined
here to obtain RPA expressions for mixtures containing
SDCs. For such complex systems the scattering laws are
dependent on the interactions between all of the species

) ) present, whether deuterium labelled or not. Moreover,
Fig. 1. Sketch of four-armed SDC and homopolymer, 0. The inner and these interactions and hence the total scattering law are
outer blocks of the copolymer have been labelled as components 1 and 2, .
respectively. modulated by the architecture of the copolymer molecule.

Consequently, a model that includes all of the interaction
to facilitate this interfacial tension reduction on a reasonable parameters and partial structure factors explicitly is neces-
time scale. This last factor is important when the practical- sary to make a meaningful interpretation of SANS data. The
ities of incorporating a diblock copolymer compatibiliser scattering laws for systems containing multiple compo-
are considered. The copolymer will usually have to be nents, and complex polymer architectures have been derived
mixed with one of the homopolymers and will thus gener- quite generally in previous papers [11]. In the following
ally form micelles. To be effective the micelles must section, these equations are outlined using a format similar
migrate to any polymer—polymer interface in the system, to that of Lin et al. [12].
disassemble and re-organise across the interface thus redu- If we consider an SDC witlf identical arms, we must
cing the interfacial tension. A possible way of overcoming calculate the scattering law for each component, where a
this disassembly step is to use a star diblock copolymer component is a block of the copolymer species. A four-
(SDC), a schematic sketch of which is shown in Fig. 1. armed SDC thus has eight components: four outer blocks
Such copolymers can be viewed as monomolecular micelles(OBs), and four inner blocks (IBs). The scattering law can
and have no disassembly step at the interface. Moreover,become extremely complex if polydispersity in molecular
knowledge of the behaviour and properties of well-defined weight and composition are incorporated. However, for the
star polymers is relevant to understanding the aspects ofexperiments reported here considerable simplification is
molecular architecture that may be influential in branched enabled because the components are effectively mono-
polymers. With the development of metallocene initiated disperse in molecular weight, the architecture is well
polyolefins such knowledge is increasingly pertinent. A defined, and all of the arms of the star are identical. This
third aspect of star copolymers which engenders our interestsymmetry enables the pure SDC to be described by two
is the expansion and application of the random phase distinct components, or if the SDC is in a mixture with a
approximation (RPA) to the interpretation of scattering homopolymer then there are three distinct components.
laws for structures that are more complex than the homo- For a mixture ofn + 1 components, the coherent differ-
polymer mixtures and linear diblocks to which they were ential scattering cross-section of the mixture/ak2, is
first applied. Although scattering laws for complex given by the following equation:
structures and mixtures have been written down by others
[4,5], their derivation is not transparent. More recently,

Read [6] has developed a simpler approach that allows the d()
scattering law for any polymer molecular architecture
(except cyclic molecules) or mixture to be rapidly set out. Where Q is the scattering vector defined as
Combination of this method with the proper incorporation Q = (4m/}) sin 6, for neutrons of wavelength and a scat-
of contrast factors gives a powerful means of determining tering angle 2. Sis an (1x n) matrix containing the scat-
interaction parameters and the radii of gyration of tering laws for each component of the system. Assuming
component blocks. incompressibility, a mixture of + 1 components can be

We report here the results of a small-angle neutron scat-regarded as components that are dispersed in a ‘solvent’
tering (SANS) study on a four-arm SDC and mixtures with component. Hereafter, the solvent component will be
each of the constituent homopolymers. Each arm of the SDClabelled with a zeroB;, (and Bjp) is the (1x n) matrix
is a linear diblock copolymer of polybutadiene and poly- (and its transpose) containing the scattering length density
methyl pentadiene. The influence of temperature on the contrast factors between each component and the ‘solvent’
SANS from one of the pure diblock copolymers is reported
and for a fixed temperature we have investigated the SANSB (ﬁ _ E, E _ @’ E _ E) )
as a function of SDC—homopolymer composition. Vi Mo V2 Vo Vn Vo

~—Inner Block (1)

Homopolymer (0)

(Q) BoSBo D
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S T T ) absence of any interactions, their respective locations
e, Q=2 ] would not be correlated. Within each SDC the form factors,

. ﬂ el T P, are defined below. Defining the inner block of the SDC as

- component 1, and the outer block as component 2 (see Fig.

E | 1), the structure factors are

~

S T Py =1(Gy + (f — DF1y) (8

h L

I Py = (G, + (f — 1) exp(—2Q°R51)F 2 ©)

Pio = Py = f(F1Fy + (F — 1) exd—Q°RG)F1F,  (10)
PR N N | I PR | T T T PR R
0.00 0.05 0.10 0.15 0.20

Q /& Ry: is the radius of gyration of an inner block of the star. The
initial terms inf arise from the fact that each star posse$ses
Fig. 2. Scattering cross-section calculated using RPA expressions for SDCsarms. Each of thé arms is connected tb— 1 other arms,
with different arm numbersf and deuteriopolybutadiene—polymethyl  \which is the factor for the co-terms. Where blocks are not
pentadiene diblock arms with a PBD volume fraction of 0.5. directly linked but are connected via one or more other
blocks, the co-terms are multiplied by a ‘propagator’ term
whereb; andy; are the scattering length and volume element that decays exponentially as the radius of gyration of the
of a repeat unit of componenin the system. . propagating block increases. The propagator term is absent
In Eqg. (1),Sis the total scattering law and contains the jn the case of thé®;, form factor because the inner blocks
sions of the various blocks and the interactions between compared to the blocks.
them For the flexible polymer chains with which we are
-1 1 -1 concernedG;(Q) andF;(Q) are Debye and Leibler functions
o [50_1 L SH+DE SH+DT i] (3  fortheith species, respectively

B HS S ARG — exn—REQP) ~ 1)

| is the fx 1) identity vector (all components 1), andy GQ = (Rgin)z 1y
contains the Flory interaction parameters between different

components, defined in Eqg. (4) over an arbitrary reference 1— exp(—RS- )

volume, ve. The latter is usually defined as the geometric F;(Q) = > ' (12
mean of the monomer unit volumes in the polymer mixture. RSiQ

For diblock copolymers, the usual expressions can be
obtained by substituting = 1 into Egs. (8)—(10) and the
The terms of the matri$® may be divided into ‘self-terms’  result for homopolymer mixtures can be obtained viits
of the individual components, and the off-diagonal 1 after eliminating all terms for component 2.
‘co-terms’ relating the correlations between different For the systems that are of interest in the following
(i # J) components, respectively discussion, Eq. (3) can be simplified in two ways. Firstly
L =N by taking advantage of the symmetry of the stars, it is pos-
= NidviPy ® sible to use the more compl
plex structure factors, and reduce
the problem to a simple two component system, in which
Ni i viN; v P (6) either the inner or outer block species can be identified as
) . o the ‘solvent’ component. The matrices become simple
Sb is the (1xn) matrix containing the co-terms for the (1% 1) scalar quantities. Secondly, for the mixtures of
correlations between each of tiecomponents and the star—homopolymer, Eq. (3) is simplified by defining the

X = Xi — Xio ~ X0 4

‘solvent’ homopolymer as the ‘solvent’ so that the termsS are
= (N1 ViNo doVePio. /Ny baVaNobaVaPoo ... zero [12]. ThIS S|mpI|f_|cat|on notwithstanding, the expres-
Sio = {VN1b1viNo VP10, VN2V NodhoVoPz0 sions obtained are still complex. The small-angle neutron
% mpno} %) scattering cross-section predicted by these RPA expressions

has been calculated and some of the theoretical scattering
N; is the degree of polymerisation of tith component, and  profiles are given here. Absolute scattering cross-sections
¢; is its volume fraction within the entire mixture. THrg, have been calculated using monomer unit volumes, coherent
P; andPj, functions combine to give the structure factor of scattering lengths and radii of gyration, which pertain to the
the SDC and any homopolymers that may be presentPJhe polymers of direct interest here, i.e. polybutadiene (per-
(i # j) andP;y co-terms are zero unless they refer to blocks deuteriated) and polymethyl pentadiene. For these illustra-
which are part of the same macromolecule, since in the tive calculations we have used degrees of polymerisation of
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Fig. 3. Influence of the interaction parametgs, on the RPA calculate
SANS data for an SDC with = 4 and DPBD volume fraction of 0.5.

the homopolymers and SDC components approximately
in the experiments discussed

equal to those used
subsequently.
Fig. 2 shows the SANS calculated for an SDC with poly-

butadiene outer blocks (all theoretical data shown here arecalculations
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Fig. 5. RPA calculated SANS for mixtures of SDC with PMP at different
mixture compositions. The interaction parameters were set equal to zero for
all combinations of monomer units in the mixture for the purposes of this
calculation.

The reciprocal of the maximum calculated scattering cross-
section is plotted as a function gf values used in the
in Fig. 4. Extrapolating these data to

for this architecture) and with an increasing number of arms (dE/th)(siax = 0 suggests a spinodal value fgrof 0.03
with the interaction parameter between the two blocks set atusing a value forvg appropriate for the two polymers

zero. As expected for RPA models of block copolymers (of

investigated by SANS here.

whatever type), a maximum in the scattering cross-section is  Adding one of the homopolymers to the SDC (setting all

observed at a finite value . Although the number of arms

x values to zero) produces a radical change in the scattering

increases, the overall composition is the same at a volumecross-section (Fig. 5). The amplitude of the maximum at

fraction of deuteriopolybutadiene of 0.5, however there is
clearly a shift to higher values in th® position of this
maximum as the functionalityf, of the stars increases.

finite Q decreases and a positive intercepDat 0 becomes
evident. As the volume fraction of homopolymer increases,
the magnitude of this intercept increases to an asymptotic

Since the radii of gyration and the degrees of polymerisation limit. The contribution of the SDC is evident as an

have been kept constant for each valug tfis shift must be
an intrinsic property of the RPA calculation. Fig. 3 shows
the influence of the interaction parametey, between
polybutadiene and polymethyl pentadiene blocks. yAs
becomes increasingly positive (i.e. unfavourable to mixing),

undulation in the general decrease in scattering cross-
section for increasing). However, when the content of
homopolymer becomes very large, both the intercef at

0 and the general level of the cross-section decreases as
anticipated due to the decline in scattering contrast in the

the amplitude of the scattering cross-section increases andnixture.

becomes infinite whejy reaches its spinodal value and the

Hence like linear diblock copolymers, SDCs can undergo

two components of the SDC are no longer homogeneous.microphase separation if the interactions between the differ-
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Fig. 4. Reciprocal of the RPA calculated maximum scattering cross-section
plotted as a function of the values gfused in the calculations. The least
squares fit to the points intersects the abscissa at the spinodal value of

ent polymer species become sufficiently repulsive [12-15].
The literature on SDCs has been dominated by styrene—
isoprene (SI) diblock systems. Thomas et al. [13] described
the ordered phases of such SDCs and their dependence on
the number of arms, and the ratio of styrene to isoprene
within each arm [14]. More recently, Uchida et al. [15]
obtained ordered lamellar phases of Sl stars with up to 77
arms by copolymerising Sl diblocks with divinyl benzene.
The order—disorder transition differs between SDCs and
linear copolymers in that the ordering occurs more readily
for SDCs than for linear diblock copolymers. This differ-
ence can be quantified using the mean field theory [16,17],
and the spinodal transition for symmetric diblocks decreases
from yN = 105 (linear) toxN = 7.07 (four-armed SDC),
these values being calculated for diblock copolymer arms
which were symmetrical. For SDCs, the ordering is a first-
order transition, which manifests itself as a discontinuous
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Fig. 6. Size-exclusion chromatograms of the OB SDC: (A) before; and (B) after fractional precipitation to separate it from linear diblock copolymer.

increase in the maximum intensity of a small-angle scatter- et al. [19]. Linear diblock copolymers of PMP and deuter-
ing spectrum [16]. iopolybutadiene (DPB) were prepared by the sequential
addition of monomers and linked by adding 1,6-bis(methyl-

dichlorosilyl)hexane, (Fluorochem, 97%) to the solution of

3. Experimental living diblock copolymers to give the four-armed SDC.

The polymers were precipitated from solution by adding
Poly(2-methyl-1,3-pentadiene) (PMP) was synthesised the solutions to methanol. To separate the SDC from linear
from 2-methyl-1,3-pentadiene (Janssen Chimica, 99%, 30/diblock copolymer, the precipitated polymer was dissolved
70 cis/trans) following the method of Fetters et al. [18] using in toluene and the SDC fractionally precipitated by adding
secondary butyl lithium as an initiator. The polymerisation methanol. Fig. 6 shows size-exclusion chromatographs of
reaction was terminated after 6 days at@®y adding N the polymer before and after this fractional precipitation
sparged methanol. Similarly, polybutadiene (PB) was procedure. The SDC was re-dissolved in a small volume

prepared by anionic polymerisation initiated with secondary of toluene containing 2,6-ditertiary butyl-4-methylphenol
butyl lithium. This process results in PB chains for which antioxidant and the toluene allowed to evaporate off before
the ratio of trans—cis—vinyl content is approximately final drying under vacuum after which the SDC was kept in
0.46:0.46:0.08 and is discussed in more detail by Rocheforta freezer until required. Our attention here is restricted to

Table 1

Weight-average molecular weigh¥l{), polydispersity(M,,/M), calculated radius of gyratioRy, repeat unit volumevj and scattering lengttb) for the
SDCs and their constituents

Component M,, (10° g mol™) M./M, Ryc (A) v (A)? 10'b (A9
sbC
1B DPB (inner) 6.800 1.03 30 107 6.66
HPMP (outer) 5.800 1.05 24 156 0.25
OB DPB (outer) 7.130 1.03 31 107 6.66
HPMP (inner) 6.570 1.03 25 156 0.25
Homopolymers
PB2 HPB 82.2 1.03 109.5 100.9 0.42
PMP2 HPMP 91.4 1.19 94.3 155.7 0.25
PB1 HPB 78.1 1.06 106.8 100.9 0.42

PMP1 HPMP 94.0 111 95.8 155.7 0.25
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15 —————p—+—"—Tr7Tr—T—T7T—T Table 2
r 1 Fitting parameters for RPA expressions for SDCs
SDC Temperature (K) Ry (it (A) XPB-PMP
'e oB 298 25.7 0.021
N 320 25.4 0.019
c 353 25.0 0.015
I 383 24.6 0.014
5 418 245 0.012
[ IB 323 30.4 0.019
ol b . .
0.00 0.05 0~1§_‘ 0.15 0.20 1 mm thick spacer to produce a bubble free specimen.
Q/ Each of the samples was placed in brass cell, which fitted
Fig. 7. SANS data for the OB SDC as a function of temperature. closely into a thermostatted holder in the neutron beam.

Small-angle neutron scattering data were obtained using
two SDCs, both are four-armed DPB—PMP SDCs, namely the LOQ diffractometer at the UK pulsed neutron source,
OB and 1B, where the outer blocks and inner blocks are ISIS, at the Rutherford-Appleton Laboratory.
composed of DPB. The volume fraction of DPB was 0.51 =~ SANS data were obtained over the scattering vector range
and 0.52 in OB and IB, respectively. of 0.01-0.25 A* for the pure OB SDC in the temperature

The molecular weights, polydispersities and neutron range of 298-418 K and for the pure IB at the single
scattering length densities of the SDCs and homopolymerstemperature of 323 K. Approximately 50% (by volume)
are summarised in Table 1. The molecular weights and mixtures of OB in PB and PMP were investigated over
polydispersity were obtained using size-exclusion chroma- the temperature range 298—418 K, whereas mixtures of I1B
tography (SEC) calibrated with polystyrene standards. Thein PB and PMP were investigated at one temperature only
unperturbed radii of gyration anticipated for each block or but the range of compositions was froril0 to 40%. The
homopolymer were calculated from the weight-average upper temperature was defined by the stability of the poly-

molecular weights using the relation mers at elevated temperatures. Intensity data were corrected
for sample thickness and transmission and placed on an
(Rgo) = VKkM,/6 13 absolute scale by comparison with the scattering of the

secondary standard, a blend of deuteriopolystyrene in

where k=0585A’molg? for PMP, and
hydrogenous polystyrene.

0.876 A> mol g * for PB [20] and we presume that the
same value fok applies to DPB as for PB.

3.1. Small-angle neutron scattering 4. Results and discussion

Mixtures of copolymer—homopolymers obtained by 4.1. Pure SDCs
co-dissolution in toluene and precipitation in an excess of
cold methanol followed by drying at approximately 313K~ SANS data for the pure OB SDC are shown in Fig. 7, as
under vacuum for several days. Each mixture was thenthe temperature increases the scattering cross-section

enclosed between two quartz windows separated by adecreases and tf@ position of the maximum appears not
to alter. The value of the cross-sectior(t. is plotted in a

0.12 T T T reciprocal form in Fig. 8, and the extrapolated linear least
[ ] squares line through the data suggests that the spinodal
010 ] temperature for the pure OB SDC 8196 K. Since this
€ 008l ] temperature is less than thg of PMP, such an intra-
~ ] molecular spinodal decomposition is unlikely to be
T 006 ] observed. Moreover, an abrupt transition to an ordered
S ] . : .
3 ] phase is more likely to take place before the spinodal
5004t . temperature is reached. We note that no abrupt change in
] the dependence of reciprocal intensity was observed over
.02 ] the temperature range investigated, suggesting that the SDC
0.00 is in the disordered phase at all temperatures. The SANS

I B B BN R \ VI

0.000 0.001  0.002 - 0.003_ 0.004 0.005 0.006 data of Fig. 7 were non-linearly least squares fitted using the
/K RPA expressions discussed earlier. For this fitting pro-

Fig. 8. Reciprocal scattering cross-sectiorQat, plotted as a function of cedure, we utilised the theoretical predictions that the

reciprocal temperature. The line is a linear least squares fit to the data. arms in a star polymer are likely to be stretched to



A.S. Brunacci et al. / Polymer 41 (2000) 2557-2567

2563

T /K effects [23] have been made no satisfactory explanation has
005%0 400 0 300 yet been forthcoming to our knowledge.
[ ] The position inQ of the maximum is determined chiefly
0.020 & by the radius of gyration of the constituent blocks. Over the

0.015 [

temperature range investigated, the radius of gyration of the
inner PMP block of the OB SDC was essentially constant,

- the small decrease observed being well within experimental
[ errors. Interaction parameters for the OB SDC are plotted as
0.010 . . . . .
! a function of reciprocal temperature in Fig. 9. A linear least
C squares fit to the data gave the valuesfoénd B in the
0.005 - ] empirical equation [24]
=A+BT 14
00 g X ey
107770 /K and these values are set out in Table 3 together with values

Fig. 9. Interaction parameters obtained from fitting RPA expression to the
scattering cross-sections of Fig. 7 plotted as a function of reciprocal
temperature. The line is the linear least squares fit to the data.

for other polymer blends and copolymers published by
others. Together with the value of the spinodal temperature
estimated earlier, these valuesfohndB suggest that at the
spinodal temperature the value pffor this SDC is 0.037.
The values ojy obtained and plotted in Fig. 9 at first sight

dimensions greater than those of the equivalent linear Chain.appear to be unexpectec”y |arge for interactions between
Furthermore, our earlier work on star polymers with a single rather similar hydrocarbon polymers and consequently the
labelled arm [21] showed that this concept was valid experi- manner by which they were obtained should be examined
mentally. This stretching is proposed to be more evident in rather carefully. In this respect it is perhaps worthwhile

theinnerportion of the arms, i.e. near the core [22]. In view pointing out that the temperature range used is significantly
of this, the radius of gyration of the outer block of the SDCs greater than most used hitherto in the examination of the
was fixed at its unperturbed value and the best fit obtained thermodynamics of polymers using SANS [25—30]. More-

by using the radius of gyration of the outer block and the
interaction parameter as the fitting variables. Included in

over, the range o) over which the fit to the data has been
made is also very large. Nonethelegsyalues appear two

Flg 7 are the lines that are the best fits to the data andorders of magnitude |arger than most of those reported

Table 2 reports the radii of gyration andvalues obtained.

including mixtures of hydrogenated polybutadienes and

For these latter values the fitting parameter was actually po]yisoprenes_ However in a recent paper, Balsara and

X/Ve, see Eqg. (3), and the valuegfused was the geometric
mean of the two monomer unit volumes, i.e. 1293 A
Included in Table 2 are the value gf and the radius of
gyration obtained in fitting the data for the pure IB SDC
at the single temperature investigated.

The fits in Fig. 7 are acceptable over the majority ofghe
range but discrepancies are evidentaapproaches zero.
The experimental data in the lIo@ region are tending to a
finite intercept atQ =0, rather than the theoretically
predicted value of zero. Such excess scatterin@ &t 0 is
a feature of many block copolymer systems, indeed it is
much more evident in simple linear diblock copolymers.

co-workers [31] reported interaction parameters between
polyethylene and polypropylene obtained by SANS either
on blends of the two polymers or on a linear diblock of the
two. The values they report are exactly of the same order of
magnitude as those reported by us here and consequently
such large values seem to be symptomatic of interactions
between rather similar hydrocarbon polymers.

4.2. Mixtures of SDC and homopolymer

Fig. 10(a) shows the SANS data for mixtures of the OB
SDC with polymethyl pentadiene PMP1. As the volume

Evidently long range correlations are present in the systemsfraction of OB in the mixture decreases the amplitude of
and although some attempts to incorporate compressibility the RPA maximum, atQ = 0.055A, decreases and is

Table 3

Fitting constants for the temperature dependencergfprur {x = A + B/T (K)} and some published values for related systems

Mixture ve (A9 A (1073 B (K) Temperature range (K)
DPB-PMP 129.1 —1.09 9.5 298-418

PB-DPB [26] 111 —-0.022 0.305 183-250
Polymethylmethacrylate—deuteriopolystyrene [27] 149, 179 —-1.74 2.39 393-453
Polystyrene—polyisoprene [28] 179, 136 —0.079 17.6 373-453
Polystyrene—polyisoprene (diblock) [16] 144 3.0 10 403-423
Polystyrene—polyisoprene (SDC) [16] 144 3.4 6.6 433-453
Polyethylene—polypropylene [29] 161.5 —2.45 16.6 410-445
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Fig. 11. Coherent scattering cross-section calculated for a mixture of OB
SDC and polybutadiene homopolymer assuming all interaction parameters
are zero (solid line) compared with the experimental data at 298)K (

4F

W

A priori, we anticipate little difference if any for the
values of y between PBD and PMP whether the PMP
forms part of the SDC or is the surrounding homopolymer.

: However, if the value ofy obtained earlier is incorporated

(b) 0 oot into the RPA calculation for a mixture of SDC and homo-
Q /& polymer, the calculated scattering cross-section is divergent

L (i.e. below a criticalQ value the scattering cross-section

dg/da /cm™!

N

O T=298 . . . . .
6f * o?‘% a ;:gggg becomes negative) indicating that the order—disorder
C e 3 1o transition condition has been crossed.

The experimental SANS data for mixtures of the OB SDC
with either homopolymer can be fitted by the RPA expres-
sion by relaxing either of two constraints imposed on the
RPA expressions used thus far here. Firsglycould be
allowed to differ for intramolecular interactions within the
SDC from that with the ‘solvent’ homopolymer and the

: unlike component of the SDC. Some justification for this
) S N N T approach can be found in the PRISM description of star
0.00 0.05 0.10 0.15 0.20 . .

Q /& polymers [22], where the excluded volume interactions
exist within sections of the arms near the core even at
Fig. 10. (a) Scattering cross-sections for mixtures of OB SDC in PMP1 at bulk concentration of star polymer. When the homopolymer
298 K, the volume fraction of OB in each mixture is indicated. (b) Scatter- is hydrogenous polybutadiene, there is an additional justifi-
ing cross-sect_ion_s for 0.48 volumg fraction OB ‘in PMP1 obtained at the cation for relaxing the constraint on the value fzpun
ggperaturesmdlcated. (c) Scattering crc_)ss_—sectlons for 0.5 volume fraction because from the viewpoint of absolute rigour, the mixture
in PB obtained at the temperatures indicated. .
now has three components, hydrogenous polybutadiene,
deuteriated polybutadiene and polymethyl pentadiene.
accompanied by a sharp increase in the scattering crossAlthough a fit to the data can be obtained by allowing this
section forQ values less than 0.02. Included in Fig. 10(a) relaxation in intramolecular and intermoleculas, the
are the data for pure PMP1 which shows no increase invalues obtained are very different from each other. For
scattering over this lowQ range and thus the increased example, the best fit to the data for the mixture of 48%
scattering observed in the mixtures is not an artefact due,OB in PMP1 at 320 K is obtained wit,,, = 0.044, and
for example, to incident beam contamination. For a fixed xiner = —0.009. This difference in both magnitude and sign
composition of mixture, increasing the temperature has theis far too large to be attributable to molecular architecture
same effect on the mixture scattering as on that for the purealone and suggests they are ‘effective’ values, i.e. they are
SDC, i.e. a reduction in the amplitude of the maximum. merely values which provide a fit to the data but have no real
However, the temperature has little influence on the scatter-physical meaning.
ing for Q less than~0.02 A%, as demonstrated in Fig. 10(b) Secondly, the experimental data could be fitted by
and (c). the RPA expressions by allowing the dimensions of the

dz/dQ /cm”
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05— 7T indicates that the optical clarity of the SDC—homopolymer
298K ] mixture notwithstanding, there is macrophase separation
= between the SDC and the homopolymer and over the
a8 ] temperature range studied there is only a small change in
] the direction of homogeneity.
a %0 “a, 44%0° ] Confirmation of this somewhat surprising finding is
a8% o0 ] obtained from differential scanning calorimetry on the
4o °°Do°°°°°°o°°°° ] pure SDCs and their mixtures with the homopolymers.
] Fig. 13 shows the thermograms obtained. In a mixture of
] the two homopolymers the glass transition temperature of
001 e the polybutadiene and polymethyl pentadiene are clearly
70.00  0.02 0.04 0.06 0.08  0.10 evident at 180 and 273 K, respectively (Fig. 13(A)). For
the SDCs, only a single glass transition is observed for
Fig. 12. Reciprocal scattering cross-section for a mixture of OB in PMP at €ither copolymer. The OB star diblock has a very broad
an OB weight fraction of 48% at temperatures of 298 and 415 K. transition centred at ca. 210K, whilst that of the IB
copolymer is more distinctive and centred at 250 K
individual polymer components to be perturbed, whilst (Fig. 13(B)). In mixtures of either copolymer with poly-
maintaining theyinra = Xinter CONStraint. However, because butadiene (0.5 weight fraction) the only transition observa-
the Q position of the maximum in the scattered intensity ble is that of polybutadiene which is unmoved from e
does not vary greatly as the mixture composition changed, value of the pure homopolymer (Fig. 13(C)). The absence of
clearly the dimensions of either block in the SDC do not any glass transition for the SDC suggests that it is present as
change significantly. We remarked earlier on the more rapid a dispersion of very small dimensions leading to such an
increase in the lov@ scattering cross-section compared to extreme broadening of the transition [32] that it cannot be
that calculated by assuming all intramolecular and inter- discerned from the general change in heat capacity as the
moleculary values were zero (Fig. 11). This suggests that mixture transforms from glassy to a liquid state. Under these
there are increased correlations between homopolymercircumstances, although the scattering cross-sections
molecules. Allowing this parameter to become an adjustable obtained have the characteristics predicted by the random
variable in the fitting process gave homopolymer radii of phase expressions, their interpretation using them would be
gyration between two and six times the unperturbed value. entirely erroneous.
Irrespective of either homopolymer, the valuesRgf are
insensitive to temperature, but decrease systematically as
¢spc increases from~0.3 to ~0.7. The perturbation to 5. Conclusions
Ryo is slightly larger for mixtures of OB with PMP than
the corresponding mixtures with PB. One could speculate The small-angle scattering from a four-armed poly-
that this asymmetry arises from the PMP core of the (deuterio-butadiene—methylpentadiene) SDC with the
SDC being ‘screened’ by a corona of the DPB outer deuteriobutadiene blocks forming the outer part of the
block, and is thus less compatible with the PMP than the arms has been obtained as a function of temperature. The
PB homopolymer. observed variation in scattering intensity can be quanti-
Although the perturbed value & was still well within tatively described using the incompressible random phase
the contour length of the homopolymer, it is perhaps still approximation as long as the influence of molecular archi-
surprising that such a large perturbation should appear fortecture is accounted for. The dimensions of the inner block,
one species whilst the other species appears to retain itsvhich would be anticipated to be most disturbed, were
unperturbed dimensions. To determine what may be unaltered from the unperturbed dimensions of the linear
happening in these mixtures of ODC and homopolymer polymer of the same molecular weight. The temperature
we use a suggestion made by Mori et al. [4] some years dependence of the interaction parameter between polybuta-
ago. In their RPA calculations of the scattering functions diene and polymethyl pentadiene was determined from the
for binary polymer mixtures, they commented on the nature SANS data over a temperature range of 298—418 K. From
of the minimumin the reciprocal of the scattering cross- the temperature dependence of the scattering intensity at the
section. In mixtures of linear diblock copolymers and homo- value of the scattering vector where a maximum intensity is
polymers, the minimum could be = 0 or at a finiteQ observed, the spinodal temperature for microphase separa-
value. The former corresponded to an eventual macrophaseion of this SDC was estimated to be 196 K.
separation of block copolymer from homopolymer, the  Although the RPA expressions could be fitted to the
latter was symptomatic of microphase separation character-small-angle neutron scattering data for mixtures of the
istic of pure block copolymers. Plotting the data obtained for SDC with homopolybutadiene, this could only be achieved
the mixtures of SDC and PB as reciprocals (Fig. 12) shows by incorporating one of the two factors: either (i) using
that negative intercepts are indicated @t= 0. This different values for the intermolecular and intramolecular
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Fig. 13. DSC thermograms for: (A) a mixture of polybutadiene and poly-
methylpentadiene with a weight fraction of 0.5; (B) pure OB SDC; (C) pure
IB SDC; (D) OB SDC mixed with polybutadiene at a weight fraction of 0.5.

interaction parameters; or (ii) allowing the homopolymer

radius of gyration to become very large, i.e. suggesting

A.S. Brunacci et al. / Polymer 41 (2000) 2557—-2567

expectation derived by calculating the inverse scattering
intensity for such mixtures at large length scales, this finding
undermines the quantitative nature of the analysis. The RPA
analysis of the scattering data is not valid for these phase-
separated systems, and therefore interaction parameters and
polymer dimensions determined are not true descriptions of
the thermodynamic state of the components in the mixture.
Nevertheless, the position of the peak in intensity due to the
copolymer did not vary significantly for any of the mixtures
as a function of either composition or temperature, and this
leads us to conclude that the components within the system
are close to their unperturbed dimensions.
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