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The morphologies formed by block copolymers with a double-graft,p or (S,I)I9(S,I) architecture were
investigated using transmission electron microscopy (TEM) and small angle neutron scattering (SANS). Here S
and I represent blocks of polystyrene and polyisoprene, respectively. These materials were synthesized using
anionic polymerization and chlorosilane linking, and they were characterized using size exclusion
chromatography, membrane osmometry, and low-angle laser light scattering. This characterization work
confirmed the desired molecular architectures and narrow molecular weight distributions. The results of
morphological characterization indicate that one can understand complex grafting architectures by decomposing
them into fundamental building blocks, which are taken as the component single-graft structures out of which the
larger structure is constructed. We propose rules for dividing structures into these components, which we call
constituting block copolymers. For the p double-graft architecture, the constituting block copolymer is an
asymmetric single-graft block copolymer. The morphological behaviour of the more complex double-graft
architecture is approximately equivalent to that of the constituting single-graft block copolymer. Through the use
of the constituting block copolymers we map the experimentally determined morphological behaviour of eight
materials withp architecture onto the morphology diagram calculated by Milner formiktoarm stars. As in our
previous study of asymmetric single-graft block copolymers, the asymmetry of the graft location along the
backbone requires a generalization of the molecular asymmetry parameter,«, used in the calculated morphology
diagram.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

We report on the morphology of a series of eight model,
double-graft copolymers with a (S,I)I9(S,I) or p architec-
ture, which consists of a polyisoprene (PI) connector (I9)
with one polystyrene (PS) graft (S) and one PI graft (I) at
both ends, as shown inFigure 1a. Alternatively, this
structure can be thought of as a single PI backbone with two
PS blocks grafted at equal distances from the two backbone
ends. The working hypothesis of this study is that complex
molecular architectures with two or more grafting (or
branching) junction points can be understood morphologi-
cally by analogy to the behaviour of their fundamental
building blocks. The fundamental unit of architecture will
be defined and will be referred to as theconstituting block
copolymer. The molecular asymmetry parameterof this
constituting block copolymer, which contains both the
effects of molecular architecture and of conformational
asymmetry between the two block materials, then dictates
the morphological behaviour.

Most previous work on block copolymers has focused on
linear molecular architectures. This focus was dictated by
the lack of known synthetic routes to well-defined, near-
monodisperse block copolymers with more complex
architectures such as grafted materials, and star block
copolymers. With the development of new synthetic
methods1–8, experimental studies on more complex archi-
tectures began to emerge; this, in turn, inspired new
theoretical studies of the effect of molecular architecture
on morphological behaviour. Both theory and experiment
have demonstrated that the architecture of block copolymers
is a controlling factor in morphological behaviour.

The general approach by which the constituting block
copolymer is identified for a given molecular architecture is
now considered. Assuming a lamellar morphology for
simplicity, in AB linear diblock copolymers, each domain
consists of two brushes grafted from two opposite interfaces
as shown inFigure 2a. In the diblock, each A or B block has
a free chain end located in the interior of an A or B domain.
For more complex molecular architectures (those with
multiblock or graft architectures), at least some blocks have
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no free chain ends. For example, the B domains of ABA
triblock copolymers contain no free chain ends, onlyloops
(blocks with both ends grafted from the same interface) and
bridges (blocks with each of the two ends grafted on a
different one of the two opposite interfaces). Although
bridges and loops have a significant effect on some material
properties9–11, their effect on the morphological behaviour
decreases as the molecular weight of the block copolymers
increases. For materials with sufficient molecular weight to
exist in the strong segregation regime, the effect of bridge
and loop connections on morphology is close to negligi-
ble12. That is, we can estimate the morphological behaviour
of molecular architectures with multiple junction points by
imaging all bridge and loop blocks to be cut in half. The
single junction point molecular architectures into which the
complex architecture is divided by this hypothetical cutting
procedure are the constituting block copolymers. The
architectures shown inFigure 2: symmetric ABA triblocks,
(AB) n stars,…ABABAB … infinite multiblocks and cyclic
AB block copolymers, all have linear molecules as their
constituting block copolymers. For ABA the constituting
block copolymer is A(1/2B); for the (AB)n star the
constituting block copolymer is AB, and for both the
infinite multiblock and the cyclic AB block copolymer the
constituting block copolymer is (1/2A)(1/2B). The notation
used to specify the constituting block copolymer architec-
ture and composition, gives the A and B block lengths in
terms of their fractions of the block lengths in the original
architecture. Some recent theoretical13–18 and experimen-
tal17 studies have indicated that the morphologies of the
block copolymer architectures inFigure 2 asymptotically
approach those of their constituting block copolymers as the
molecular weights increase.

A graft architecture, as shown inFigure 1b, will have a
nonlinear constituting block copolymer. The constituting

block copolymer is a single-graft architecture which may
also be thought of as a three-armmiktoarm star block
copolymer. It has recently been demonstrated that the
asymmetric molecular architecture ofmiktoarm stars leads
to substantial shifts in the morphologyversus volume
fraction behaviour of themiktoarm stars with respect to their
corresponding linear diblock copolymers with the same
chemical composition and molecular weight12,19–21.
Milner22 calculated a morphological diagram,Figure 3,
for A nBm miktoarm star molecules in the strong segregation
limit. In this calculation, the asymmetry due to the
difference in A and B arm numbers was lumped with the
conformational asymmetry23–25 inherent in the A and
B polymer chains into onemolecular asymmetry factor,
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Figure 1 Graft copolymers with constitutingmiktoarm block copolymers:
(a) p or (S,I)I9(S,I) double-graft architecture and its constituting
asymmetric single-graft block copolymer, (S,I)(1/2I9); and (b) multiple-
graft copolymer

Figure 2 Linear diblock copolymer and copolymers with linear
constituting block copolymers: (a) linear diblock copolymer; (b) ABA
symmetric triblock copolymer; (c) (AB)n star block copolymer;
(d)…ABAB… infinite multiblock copolymer; and (e) cyclic AB block
copolymer

Figure 3 Theoretical phase diagram calculated by Milner. Each triangle
represents a specificp sample corresponding to the number within the
triangle



« ¼ (nA/nB)(l A/l B)1/2. Here (nA/nB) is the ratio of arm
numbers for the two block types and represents the
asymmetry due to the molecular architecture. The factor
(l A/l B)1/2 expresses the conformational asymmetry between
the two block materials, andl i (i ¼ A or B) is the ratio of
segment volume to the square of statistical segment length
for thei block. The value of (l A/l B)1/2 is characteristic of any
opposing pair of block materials. For the polyisoprene–
polystyrene (PS–PI) block copolymers used in this
study20,21, (l PS/l PI)

1/2 < 0.89. The effect of architectural
asymmetry results in shifts of the morphological order–
order transition lines toward higher volume fractions of the
lower arm number component,fB. Three corresponding
block copolymers, linear diblock AB, A2B, and A3B, are
mapped on the dashed vertical line (fB ¼ 0.37) inFigure 3as
an example. Corresponding block copolymers are defined as
block copolymers with different molecular architectures but
with the same overall A and B composition and the same
total molecular weight. The calculation predicts a lamellar
morphology for the linear diblock, a cylindrical morphology
for A 2B, and a spherical morphology for A3B. These
morphological differences between corresponding block
copolymers are a result solely of differences in molecular
architecture. Tselikaset al.26 have recently demonstrated
another shift in morphology brought about solely by a
change in molecular architecture. A linear, alternating
tetrablock copolymer was found to form a lamellar
morphology, while the four arm invert star block copolymer
of the same composition, formed by joining two such
tetrablocks at a junction point in the center of the chains,
formed a bicontinuous structure.

Comparing an A2B block copolymer with a correspond-
ing linear diblock copolymer (2A)B with the same molecule
weight and composition, the two short A blocks (Figure 4b)
are more highly stretched than the single A block (Figure
4a) which is twice as long. The higher stretching of the two
A arms can be partially alleviated by allowing the interface
to curve away from them (Figure 4c); thus multiple arms of
block type A at a single junction result in an enhanced
preference for these arms to remain on the convex side of
the interface. This preference causes the shifts of order–
order transition lines to higher B block volume fractions in
the morphology diagram. Several series of samples with
I 2S

20, I 3S
21 and Vergina star27 (I 8S8) molecular architecture

have been systematically investigated, and all display the
effects of molecular architecture on morphology. Although
all these experimental studies showed a general agreement
with the Milner morphology diagram, there were some

minor discrepancies, which indicate that the morphology
diagram slightly overestimates the architecturally induced
morphological shift, especially at higher volume fractions of
the graft block. In a previous study12, we attributed these
discrepancies to a junction point localization effect which
was neglected in Milner’s calculation. The entropic
contribution to free energy resulting from the localization
of junction points in the interphase region between domains,
which was originally included in the diblock copolymer
calculations of Helfand28–30, was found to become increas-
ingly significant as the number of blocks connected to a
junction increases.

In the present paper, we report on the morphology of a
series of samples with a (S,I)I9(S,I) or p architecture, in
which there are twomiktoarm junction points. As shown in
Figure 1a, cutting the PI connector (I9) in half gives a
miktoarm constituting block copolymer with (S,I)(1/2I9) or
asymmetric single-graft architecture (ASG). The morphol-
ogy of ap block copolymer should approximate that of its
ASG constituting block copolymer, as long as the molecular
weight of the PI connector (I9) is large enough for the two
junction points to behave independently. We have reported
on the morphologies of a series of samples with ASG
architecture in a previous study31. The ASG architecture is a
more general form of constituting block copolymer with a
trifunctional junction point than the symmetric single-graft
I 2S materials20,21, which are constituting block copolymers
for H-shaped double-graft block copolymers12. In the
notation of Olvera de la Cruz and Sanchez15, t is defined
as the fractional distance along the PI backbone at which the
PS graft occurs. As the value oft increases from 0.0 to 0.5,
the ASG architecture changes from a linear diblock to a
symmetric simple graft I2S architecture.

The morphological behaviour of the ASG molecular
architecture cannot be predicted directly by Milner’s
morphology diagram, because the calculation of the«
parameter assumes that all blocks of the same type are of the
same molecular weight, i.e.t ¼ 0.5. In order to generalize
the morphology diagram to accommodate asymmetric
single-grafts and thus (through the constituting block
copolymer mapping) thep architecture, we postulated the
following type of relationship12,32: « ¼ f(t)(l A/l B)1/2. Here
f(t) represents the asymmetry due to the molecular
architecture. The possible form off(t) has been discussed
in our previous papers concerning ASG materials, and
the current series ofp samples will allow us to draw
further conclusions regarding this relationship.

EXPERIMENTAL

Synthesis

The synthesis of thep architecture has been published
elsewhere32. The methods by which the progress of
polymerization and linking reactions are monitored and
the final products characterized are also discussed in detail
in this previous publication. The progress of the polymer-
izations and linking reactions was monitored by removing
samples from the reactors and analyzing them by size
exclusion chromatography (SEC), low angle laser light
scattering (LALLS) and membrane osmometry (MO).

The molecular characteristics of the polystyrene and
polyisoprene arms, polyisoprene connectors and final
fractionated p copolymers are given inTable 1. The
narrow molecular weight distribution found by SEC (RI and
UV detectors), the good agreement between theMn values
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Figure 4 Schematic of A–B junction points on an interface for (a) (2A)B
linear diblock copolymer; (b) A2B single graft block copolymer with a
trifunctional branch point at a flat interface; (c) A2B single graft block
copolymer with a trifunctional branch point at a curved interface; and (d)
A 2B block copolymer with the approximation of equal spacing between the
grafted A blocks. The curvature of the interface, which is exaggerated,
represents the shifts of the order–order transition lines toward the higher B
volume fraction on the morphology diagram



for the final products, determined by MO, and the calculated
Mn with the equation: (Mn)p ¼ (Mn)PI conn þ 2(Mn)PI arm þ
2(Mn)PS arm indicate a high molecular and compositional
homogeneity. The model character of thep copolymers is
also supported by the good agreement between the PS
content of thep copolymers, calculated from theMn (MO)
of the precursors and arms, and that found by1H-NMR and
UV-SEC measurement. Finally, the agreement between the
values of the specific refractive index increment (dn/dc)p,
found experimentally (THF, 258C), and those calculated
from the weighted average equation (dn/dc)p

calc ¼
xS(dn/dc)PS þ (1 ¹ xS)(dn/dc)PI is quite good, wherexS is
the PS weight fraction, determined by1H-NMR and UV-
SEC. For (dn/dc)PI and (dn/dc)PSwe used the average values
determined experimentally in THF at 258C (PI: 0.1276
0.001 ml g¹1; PS: 0.1886 0.001 ml g¹1). In those cases
where some PI segments are relatively short (i.e.,p1 and
p2), the connectivity in thep architecture leads to overall PI
molecular weights which are still higher than the criticalMn,
above whichdn/dcbecomes molecular weight independent.
This justifies use of the cited homopolymerdn/dcvalues for
all samples.

Morphological characterization
Solid films approximately 2 mm thick of graft block

copolymers were slowly cast from five weight percent
polymer solutions in toluene, a nonpreferential solvent.
Casting was performed at room temperature, and evapora-
tion of solvent was controlled to form a solid film after 10–
14 days. The films were given several more days at room
temperature and atmospheric pressure and an additional
several days under high vacuum at room temperature in
order to remove residual solvent. The samples were then
annealed for 1 week under high vacuum at 1208C in order to
further promote the approach to an equilibrium structure,
and the development of long-range order.

Samples for electron microscopy were microtomed in a
Leica Ultracut cryoultramicrotome. Sections approximately
50–100 nm thick were cut with a Diatome diamond knife at
a sample temperature of¹ 1108C and a knife temperature
of ¹ 908C. The sections were stained in OsO4 vapours for
4 h. Transmission electron microscopy (TEM) was per-
formed using a JEOL 100CX operated at 100 kV accelerat-
ing voltage. Small angle neutron scattering (SANS) was
performed on beam line NG3 at the Cold Neutron Research
Facility of the National Institute of Standards and
Technology in Gaithersburg, Maryland. The NG3 instru-
ment uses pinhole collimation of the monochromated beam.
Data were recorded with the incident neutron radiation
striking the sample parallel to the surface of the cast films at
a wavelength of 5 A˚ . Sample to detector distances (camera
lengths) of both 3 and 13 m were used.

RESULTS

TEM images of thep double-graft block copolymer
morphologies are shown inFigures 5–7, and the SANS
results on these materials are shown inFigure 8. The SANS
results for each sample are displayed as a one-dimensional
plot of the natural logarithm of intensity (lnI) versus
scattering vector (q), integrated radially from a two-
dimensional scattering pattern. We defineq* as the
scattering vector of the Bragg peak with the lowest
scattering angle andqn as the series of Bragg peaks, in
order of increasing scattering angle, beginning withq*. The
ratios ofqn/q* for each peak are indicated inFigure 8. The

TEM image for samplep1 (94 vol. % PS) inFigure 5a
shows PI spherical micelles in a PS matrix with little or no
discernible long-range order. An intense peak with a long
tail is observed in thep1 SANS pattern inFigure 8. Possible
reflections in the long tail occur atqn/q* ratios ofÎ2 andÎ3.
These SANS data are consistent with limited bcc ordering
resulting in the 110, 200 and 211 reflections.
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Table 1 Molecular characteristics of thep, (S,I)I9(S,I), block copolymers
and their component segments*

Sam-
ple

Mn
a

arm
Mn

a

arm
Mn

a

con.
Mn

a p Mw
b

p
(Mw/
Mn)

c
(dn/d-

c)d
% wt
PS

% wt
PS

% wt
PS

% vol
PS

(t) PI 3
103

PS3
103

PI 3
103

3
103

3
103

p p 1H-
NMR

UV-
SEC

cal.

p1,
(0.28)

4.9e 109 3.9e 231 245 1.06 0.184 94.9 94.8 94.5 94

p2,
(0.38)

8.9e 92.1 11.1e 212 225 1.06 0.181 88.9 89.7 86.7 87

p3,
(0.29)

20.5 70.9 17.1 200 214 1.07 0.171 71.3 71.8 70.8 68

p4,
(0.39)

39.4 48.1 50.0 220 236 1.07 0.154 43.1 44.4 43.7 40

p5,
(0.36)

37.8 34.6 42.3 181 195 1.08 0.149 37.7 38.3 38.3 34

p6,
(0.38)

45.2 34.3 56.0 212 227 1.07 0.145 31.1 33.2 32.4 28

p7,
(0.32)

37.2 19.1 33.3 133 147 1.09 0.142 24.0 24.0 26.2 22

p8,
(0.35)

65.5 10.8e 71.7 235 259 1.10 0.132 8.6 9.9 9.2 8

*From previous work24

aMembrane osmometry (MO) in toluene at 358C
bLow angle laser light scattering (LALLS) in THF at 258C
cSize exclusion chromatography (SEC) in THF at 308C
dLaser differential refractometry in THF at 258C (dn/dc) in ml g¹1

eVapour pressure osmometry (VPO) in toluene at 508C

Figure 5 TEM images of (a) the spherical morphology of samplep1; (b)
the cylindrical morphology of samplep2; and (c) the lamellar morphology
of samplep3



The TEM image ofp2 (87 vol. % PS), inFigure 5b,
shows hexagonally packed PI cylinders in a PS matrix. This
structure has a small grain size and displays relatively poor
long-range order. Both projections parallel and perpendi-
cular to the cylinder axis can be seen among these grains.
The SANS lnI versusq plot for p2 shows three peaks with
qn/q* ratios of 1, Î3, andÎ7, corresponding to the 10, 11,
and 21 reflections. The second peak has a very long and
rough tail, which may indicate that the 20 reflection, with
qn/q* of 2, is hidden under this peak. Samplep3 (68 vol. %
PS), yields a lamellar structure as shown in the TEM image
of Figure 5c. The ln I versusq plots inFigure 8show two
orders of reflection atq* and 2q*.

The TEM images inFigure 6 for p4 (40 vol. % PS),p5
(34 vol. % PS), andp6 (28 vol % PS) all show hexagonally
packed PS cylinders in a PI matrix. Both hexagonal, end-on,
and side-on projections of the cylinder structure are visible.
The SANS lnI versusq plots for p4 andp6 show three
intense peaks with similar features. The first and third peaks
haveqn/q* ratios of 1, andÎ7 from the 10 and 21 reflections
of a hexagonal lattice. The second peak results from the
superposition of the 11 and 20 reflections. The lnI versusq
plot for p5 shows three peaks withqn/q* ratios of 1,Î3 and
2, corresponding to the hexagonal 10, 11 and 20 reflections.

Samplep7 forms a cubic array of PS spheres in a matrix
of PI. A TEM tilt series in which a relative tilt of
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Figure 7 TEM images of the spherical morphologies of samplesp7 and
p8. The [100] projection (a) and [111] projection (b) from a tilt series onp7
are shown. (c) The spherical morphology of samplep8

Figure 8 SANS intensityversusscattering vector for thep series of
samples

Figure 6 TEM images of the cylindrical morphologies of samplesp4 (a),
p5 (b) andp6 (c)



approximately 608 changes the image from a square pattern
of projected spheres to a hexagonal pattern, is shown in
Figure 7a and Figure 7b. The axis around which this tilt
occurs, indicated by a double-headed dashed arrow, is along
a face diagonal of the bcc unit cell. Geometrically, a tilt of
558 about this axis is required to go between the square
projection along the [100] direction and the hexagonal
projection along the [111] direction. The relative tilt in this
experimental series is close enough to the calculated value
to provide strong evidence for the bcc structure. There are
two peaks shown in the SANS lnI versusq plot with the
qn/q* ratios of 1 andÎ2, corresponding to the bcc 110 and
200 reflections. The TEM micrograph ofp8, Figure 7c,
shows PS spherical domains dispersed in a PI matrix
without noticeable long-range order. Similar to samplep1,
the p8 scattering pattern shows one distinguishable peak
with a long tail. The tail might be from a superposition of the
200 and 211 reflections, indicating very limited bcc
ordering.

DISCUSSION

To compare the characterized morphologies of thep series
of samples with Milner’s morphology diagram, two
assumptions are made as discussed in the Introduction.
First, it is assumed that the bridge and loop connections in
the interiors of the microphase separated domains can be
ignored. Thus the morphology of ap, (S,I)I9(S,I), sample
should be same as that of its ASG constituting block
copolymer, (S,I)(1/2I9). The t values for the ASG
constituting block copolymers can be simply calculated
with the molecular weights of the PI connector and the PI
grafts as follows: (1/2I9)/(I þ 1/2I9). The calculatedt values
for all the p samples are listed inTable 1. The second
assumption is that a function oft, f(t), can replace the ratio
of arm numbers in the molecular asymmetry parameter,«,
used in the calculated morphology diagram31,32. This
unknown function represents the contribution of the
molecular architecture to the molecular asymmetry. The
f(t) function is necessary because Milner’s calculations did
not considermiktoarm architectures with arms of the same
polymer species having different lengths. Thus, the« values
are not known for the ASG constituting block copolymers of
the p samples, and we placed a vertical bar for eachp
sample crossing possible values of« on the morphology
diagram. Since the lateral crowding and additional chain
stretching associated with the two chains on one side of the
interface in a symmetrically grafted structure (t ¼ 0.5)
should be partially alleviated in the asymmetric simple graft
structure,« should be between 0.89 (linear diblock) and 1.78
(symmetric simple graft architecture, I2S)20,21. That is, the
upper and lower limit of the bars plotted on the morphology
diagram should be 1.78 and 0.89.

Samplep1, with 94 vol. % PS, displays a morphology of
PI spheres in a PS matrix, which is same as that of its
corresponding linear diblock copolymer. However, the
morphology diagram indicates that its corresponding I2S
block copolymer would produce PI cylinders in a PS matrix.
This constrains« to a small range of values indicated by the
vertical bar on the diagram. Samplep2, with 87 vol. % of
PS, forms a morphology of PI cylinders in a PS matrix,
which is also the same as that of its corresponding linear
diblock copolymer but different from that of its correspond-
ing I2S block copolymer. The allowed range of« for this
sample is also indicated by a bar on the diagram. Samplep3,
which forms a lamellar morphology, does not allow us to

place any constraints on«, since at this composition the
predicted structure is lamellar across the whole range from
0.89 to 1.78. Samplesp4 andp5 both form structures of PS
hexagonally packed cylinders in PI matrices. Thep
architecture induces a morphology shift for these samples
from the lamellar structure of their corresponding linear
diblock copolymers to a cylindrical structure which they
share with their corresponding I2S block copolymers. The
cylinder–bicontinuous order–order transition line provides
lower bounds on the two bars specifying the« ranges forp4
and p5 on the morphology diagram. Samplep6 also
displays a cylindrical morphology which is different from
either the bicontinuous structure of its corresponding linear
diblock copolymer or the spherical structure of its
corresponding I2S block copolymer. Thus, the cylinder–
sphere and cylinder–bicontinuous order–order transition
boundaries provide both upper and lower bounds on the«
parameter forp6. Thep molecular architecture also induces
a morphology shift for samplep7 from the cylindrical
structure of its corresponding linear diblock copolymer to a
spherical structure. This morphology shift provides a lower
bound for the bar shown on the diagram. The final sample,
p8, also forms a morphology with spherical PS domains in a
PI matrix. No bar is shown on the morphology diagram for
p8, since its corresponding I2S and linear diblock
copolymers would both also give spherical morphologies.

As discussed in our previous work31,32, if « for an
asymmetrically grafted molecular architecture is a function
of t, then bounds on this function can be obtained from the
bars onFigure 3. In the definition of«, the ratio of the arm
numbers is replaced by the functionf(t): « ¼ f(t)(l A/l B)1/2.
The functionf(t) must be symmetric aroundt ¼ 0.5 since
the two ends of the PI backbone should be equivalent. The
f(t) is calculated by dividing« by (l A/l B)1/2, which is 0.89 for
block copolymers composed of PS and PI. This conversion
allows the mapping of the bars inFigure 3 onto an f(t)
versust plot in Figure 9. Figure 9also includes the results
from our previous paper on a series of ASG materials, which
are plotted as thinner vertical lines31. Each bar on this
diagram represents a possible range of values off(t) at each
value oft. When multiple bars have the samet value, the
bars with the lowest upper bound and the highest lower
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Figure 9 Possiblef(t) relationship. Bold vertical bars, including the
dashed bars, represent allowable ranges off(t) values determined from the
p samples in the current study. The thinner vertical bars are from the results
on samples with the ASG architecture



bound have been combined to obtain the smallest allowable
range. A dashed curve is drawn inFigure 9as a qualitative
approximation forf(t).

The f(t) which we have drawn just barely intersects the
top of the four dashed bars on the diagram. These bars
constrain f(t) more than any others and almost make a
smooth curve passing through all the bars impossible. The
dashed bars are from samplesp1 (t ¼ 0.28) andp2 (t ¼ 0.38).
These two samples occur in the high graft volume fraction
region of the morphology diagram in which the calcula-
tion’s neglect of junction point localization has the largest
effect, causing the order–order transition lines to be shifted
a little too far to the right12. Owing to this over-shifting
effect, the tops of the dashed vertical lines inFigure 9
should probably be slightly higher. However, the full set of
bars on the diagram effectively dictates a bell shape for the
f(t) function. The bars inFigure 9suggest that there may be
an inflection point off(t) betweent ¼ 0.2 andt ¼ 0.3. It
indicates that fort close to zero, the system behaves like a
diblock. Ast increases, the behaviour changes in the range
0.20 , t , 0.35 from diblock-like to symmetric simple
graft-like behaviour.

The TEM images inFigures 5–7, as well as the SANS
data inFigure 8 indicate the rather poor degree of long-
range order exhibited by thep double-graft copolymers.
Long-range order refers to the degree of perfection of the
lattice symmetry, and lattice orientation, and the extent of
material over which this symmetry and orientation persists.
As one would expect, it is found that the degree of long-
range order in graft copolymers decreases with increasing
molecular weight and with increasing complexity of
molecular architecture. Both thep and the H-shaped
double-graft architectures display a significant loss of
long-range order when compared with simpler single
graft20 and diblock copolymers. In these double-graft
architectures, however, the favoured microphase separated
domain shape (sphere, cylinder, bicontinuous, or lamellae)
is still clearly distinguishable, even if the domains are not
well ordered on a lattice. If the domain shape rather than the
lattice symmetry is used as the criterion for mapping onto
the Milner morphology diagram, then the constituting block
approach may be used to explain the relationship between
morphology and graft molecular architecture. Current
results (Xenidou M., Gido S. P., and Hadjichristidis N.,
unpublished) indicate that the domain shape remains
distinguishable and can be used to map materials onto the
morphology diagram for multiple graft structures with
either trifunctional (as in this study) or tetrafunctional
branch points and up to five branch points per backbone.

In order to map the morphologies for thep architecture
onto the morphology diagram, care has been taken to cast
samples from a nonselective solvent, toluene. Results
reported previously in our publication on the H architecture
indicate that in the case of double-graft materials, selective
solvent casting can induce nonequilibrium morphologies
which cannot relax to the equilibrium structures during
thermal annealing12. This is in contrast to the behaviour
observed for single-graft materials in which selective
solvent cast structures were observed to revert to their
equilibrium structures on annealing33. The trapping of
nonequilibrium structures is a result of the reduced
molecular mobility in materials with more complex
architecture (multiple graft points) and higher molecular
weight. In this sense both reduced long-range order and
selective solvent morphology trapping in materials with two
(or more) graft points are manifestations of the same effect

of molecular architecture on the mobility necessary for
effective self-assembly.

CONCLUSIONS

This morphological study of double-graft block copolymers
with the p or (S,I)I9(S,I) architecture yields two important
results. First the division of complex architectures such as
multiple graft structures intoconstituting block copolymers
is a valid procedure to aid in understanding the
morphological behaviour of these complex molecules. In
the case of graft architectures, the constituting block
copolymers are produced by considering the complex
architecture to be divided in the middle of each loop or
bridge within microphase-separated domains. This decom-
poses the multigraft architecture into component single-
graft structures which can then be mapped onto the
morphology diagram formiktoarm stars calculated by
Milner.

The second important result of this study is that the
asymmetric single-graft architecture of the constituting
block copolymers for thep architectures requires us to
generalize the molecular asymmetry parameter,«, used in
the calculated morphology diagram. This generalization is
necessary because the Milner calculation was only carried
out for symmetrically grafted materials. In the definition of
the generalized«, the ratio of the arm numbers is replaced
by the functionf(t), which represents the contribution to
molecular asymmetry resulting from molecular architecture
as a function of the fractional location of the graft point,t,
along the backbone.
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