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polymers, usually with 2H or 13C. While this method may 
lead to a direct and unambiguous assignment of the res- 
onance, it can be time consuming and expensive. A sim- 
pler, but indirect, approach is to make assignments based 
on the sequence probabilities and the expected y-effects 
on the I3C chemical shifts. The approach is less successful 
for proton assignments because the spectrum is less re- 
solved and the peaks are insensitive to the y-effect. 

From these studies it is possible to estimate the degree 
to which 2D NMR may be used to examine more complex 
systems, which include defects in the polymer chain and 
several types of monomer units. Most of the 2D spectra 
reported here required 9-12 h to acquire. At the lowest 
contour levels we could just see the correlations to the 
mmm tetrad sequences, which are present to about 8%. 
2D NMR of polymer defects less than 1-2% is probably 
not feasible unless the properties of the defects are con- 
siderably different from those of the main chain. The 2D 
techniques may be successfully applied to more complex 
polymer systems as long as the resonances from the various 
monomers are resolved. The use of experiments such as 
the relayed coherence transfer makes it possible to cor- 
relate through longer sections of the polymer chain. In the 
study of copolymers we expect that this additional infor- 
mation will remove the ambiguities that may complicate 
the assignment procedure. 
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ABSTRACT: The morphological characteristics of star-branched block copolymers having poly(styrene- 
isoprene) arms (30 wt % polystyrene) have been examined by using electron microscopy, small-angle X-ray 
scattering, dynamic mechanical thermal analysis, and vapor sorption studies. The special molecular architecture 
of the star molecules was found to modify the nature of the microphase-separated solid state. The influence 
of segment molecular weights and star functionality (where f ranged from 2 to 18) on the morphology was 
examined. In certain cases, e.g., f 2 8, branching brings about the formation of an ordered bicontinuous structure; 
this structure is not seen in linear materials of equivalent compositions where the equilibrium morphology 
is that of polystyrene cylinders hexagonally packed in the polydiene matrix. 

Introduction 
Because of their intrinsic scientific interest and com- 

mercial utility, diblock and triblock copolymers have been 
the subject of intense research since the early 1960s. A 
clear picture of the morphology of these materials as a 
function of composition and processing conditions has 
emerged. However, work on the morphology of star block 
copolymers is quite limited. This is due to the difficulty 
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t Present address: Monsanto Polymer Products Co., Springfield, 

MA 01151. 

of producing well-defined stars in terms of the dispersity 
of arm number and arm length (molecular weight). The 
aim of this paper is to examine star block copolymers with 
the primary emphasis on determining how the special 
molecular architecture of star molecules modifies the na- 
ture of the microphase-separated solid state. The inves- 
tigative tools are primarily electron microscopy and 
small-angle X-ray scattering (SAXS), augmented by dy- 
namic mechanical thermal analysis and vapor sorption 
studies. The polymer samples consist of a series of care- 
fully synthesized poly(styrene-isoprene) star molecules of 
constant (30 wt % polystyrene) composition with various 
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sonance with that of Price et a1.6 
Expanding on previous work, Bi and Fetters9 synthes- 

ized and studied two series of chlorosilane and DVB linked 
styrene-butadiene and styrene-isoprene star block co- 
polymers containing from 3 to 29 branches and approxi- 
mately 27 to 40 vol % polystyrene (outer block). Although 
the main thrusts of this paper were synthesis, character- 
ization, mechanical properties, and dynamic mechanical 
properties, the structure for the majority of the samples 
was briefly discussed, incorrectly, as being a BCC array 
of spheres of PS in a rubbery matrix. Although not spe- 
cifically stated, one might assume, therefore, that there 
is no effect of arm number or molecular weight on equi- 
librium domain structure a t  these compositions as well. 
In addition, the authors mentioned that there was no effect 
of solvent type on the morphology of cast films and almost 
no change in structure when the films are annealed. 

Pedemonte et al.lo published a paper on the mechanical 
properties and morphology of some four-armed stars 
produced by the Anic Co. and known as Europrene T-162. 
This is a tetrachlorosilane-linked star consisting of ap- 
proximately 50% each of polystyrene and polybutadiene, 
with polybutadiene at  the core. The performance of mi- 
crotomy and microscopy on compression-molded films in 
three directions showed the structure consisted of short 
rods of polystyrene that were aligned perpendicular to the 
plane of compression. From our examination of their 
micrographs, there appears to be very little difference in 
the appearance of the films cut in the different directions; 
the structure appears to correspond closely to almost any 
block copolymer system of similar composition formed 
under highly nonequilibrium conditions. Additional proof 
of the anisotropic nature of the film would have been 
desirable. Nevertheless, the authors are able to rationalize 
various aspects of the mechanical behavior, such as necking 
and strain softening, in terms of this model of short rods 
of polystyrene oriented perpendicular to the compression 
plane. 

Meyer and Widmaier" studied the adhesion behavior 
of 2-13-armed stars consisting of DVB, silicon tetra- 
chloride, and tetrakis(chloromethy1 1,2,4,5)benzene linked 
arms of styrene-isoprene diblocks and styrene-isoprene- 
styrene triblocks. The stars with diblock arms consisted 
of approximately 50% polystyrene, and the stars with 
triblock arms contained 70% polystyrene. No morpho- 
logical studies were made, but it was found that the stars 
were better adhesives than the corresponding linear 
molecules. The difference was attributed to the relatively 
high cohesive strength of the stars due to the introduction 
of physical cross-links and the formation of a large, central, 
glass domain consisting of DVB plus polystyrene. 

A quite thorough paper by LeBlanc on the processing- 
property relationships of some four-armed stars appeared 
in 1977.12 The materials studied were styrene-butadiene 
Solprene resins supplied by the Phillips Petroleum Co., 
which were compared to the more conventional linear 
triblock Kraton resins manufactured by the Shell Co. The 
important conclusions concerning the mechanical beha- 
vioral differences between the linear triblock and four- 
armed star are that the star samples show a higher Youngs' 
modulus, a greater tendency to exhibit yielding, and a 
greater dependence of molecular weight on modulus, yield 
stress and strain, and ultimate stress and strain. No ob- 
servations on the sample morphologies were reported. 

In summary, the study of the solid-state behavior and 
morphology of star block copolymers is much less advanced 
than the corresponding study of linear block copolymers. 
The published works that have been discussed do not 

arm numbers (2-18) and number-average arm molecular 
weights (2.3 X lo4, 3.3 X lo4, and 10 X lo4). 

Review of Star Block Copolymer Morphology 
Before reviewing the microstructure of star block co- 

polymers, the salient morphological features already found 
for the diblock and triblock systems should be noted. After 
many years of thorough on the effect of compo- 
sition and processing conditions on morphology (including 
selective solvents, casting rate, compression molding, ex- 
trusion and annealing times, and temperatures), the pic- 
ture emerged of a phase-separated domain microstructure 
in which the minority component always forms the discrete 
phase and the equilibrium morphologies are ordered ar- 
rays of spheres, cylinders, and lamallae depending on 
overall composition. With this structural basis firmly 
established, current work in diblock and triblock systems 
is now concerned with the details of chain conformation 
in the various domain geometries, domain interface pro- 
files, order-disorder transitions, agreement with statistical 
thermodynamic theory, etc. 

The number of studies published on the solid-state 
morphology of star block copolymers is quite small com- 
pared to the number of publications on the synthesis of 
star homopolymers and their behavior in solution and in 
the melt state as model systems of branched macromole- 
cules. The first study of the effect of arm number on 
morphology was conducted by Price et ala6 in 1972 on a 
series of diblock, triblock, and three- and four-armed block 
copolymers of isoprene and styrene (using chlorosilane 
linking agents) keeping the volume percent of the styrene 
(outer arm) component fixed at  approximately 24. Elec- 
tron microscopy on solvent-cast films showed that hex- 
agonally packed cylindrical domains of polystyrene were 
formed in a polyisoprene matrix for all arm numbers. In 
addition, it was reported that arm number had no effect 
on domain diameter or spacing for two molecular weights. 

Bi et  al.' synthesized and characterized a series of star 
block copolymers using a divinyl benzene (DVB) linking 
agent. The polymers, which were not fractionated after 
synthesis, contained from six to ten arms of a styrene- 
isoprene diblock, with isoprene at  the core of the star, and 
were composed of approximately 28 vol % polystyrene. 
The mechanical behavior of the stars was different from 
the linear block copolymers in four respects; the stars 
exhibited yielding and had higher strengths, smaller ex- 
tension ratios, and less permanent set. These features were 
attributed to the presence of permanent cross-links (the 
DVB microgel) in the system. The morphological results 
were different than those obtained by Price et al. on ma- 
terials of lower arm number and similar but lower PS 
content. Bi et al. performed electron microscopy on OsO, 
stained sections of solvent-cast, annealed films and de- 
termined that the spherical polystyrene domains formed 
a body-centered array in a polyisoprene matrix. These 
authors assumed their micrographs depicted a (111) pro- 
jection of a BCC lattice, while Price et al. were observing 
"out of plane overlap of the spherical polystyrene domains" 
which they therfore erroneously assumed to be cylindrical 
domains of polysty~ene.~ 

In a subsequent paper Bi and Fetterss investigated the 
morphology of six- and nine-armed (number average) 
DVB-linked stars containing -25 vol % polystyrene. 
They concluded, on the basis of volume fraction calcula- 
tions, that the structure consisted of a BCC array of 
polystyrene spheres in a polyisoprene matrix. However, 
our reexamination of their original data indicates that the 
proper interpretation is hexagonally packed cylinders of 
polystyrene in the polyisoprene matrix, a finding in con- 
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Table I -__._ - 
Poly(styrene4soprene) Star Block Copolymer Samples 

arm mol wt 

Dolvstvrene total x no. of arms 
7 x 103 2.3 2, 4, 8, 12, 18 
1 x 104 3.3 2, 4, 8, 12, 18 
3 x 104 10 4, 12, 18 

present a conclusive picture of the solid-state structure of 
these materials. There are disagreements in the results 
and really very little systematic work on the effect of arm 
number and arm molecular weight on microstructure. It 
was from this standpoint that the work presented in this 
paper was undertaken. 
Experimental Methods 

Sample Synthesis and Characterization. The chlorosilane 
method was used to prepare the star block copolymers. For more 
detail, the reader is referred to  the original work13J4. The no- 
menclature used to describe the samples is as follows: 18/30/10 
is an 18-armed star containing 30 (*1) w t  % polystyrene, the 
molecular weight of the polystyrene block in each arm being 1.0 
X lo4. Stars of 2 (i.e., a linear triblock), 4,8,12, and 18 arms were 
synthesized. All were composed of 30 wt % (approximately 27 
vol %) polystyrene with the polyisoprene block at the core of the 
star. Arm molecular weights of 2.3 X lo4, 3.3 X lo4, and 10 X lo4 
were prepared (see Table I). 

The purifications of the monomers and solvents were performed 
under high vacuum, as were the polymerizations. sec-Butyllithium 
was the initiator used, and benzene was the solvent. Polymeri- 
zations to  form the arms were performed at 30 "C, while the 
reaction of the multifunctional linking agent with an excess of 
active centers was carried out at  40 "C for a period of several days 
to a week. The reactions were terminated with degassed methanol. 
Careful fractionation of the reaction product readily separated 
the unreacted diblock from the branched star material. 

Number-average and weight-average molecular weights for the 
linear arm precursors and star molecules were determined by 
high-speed membrane osmometry or by light scattering (the latter 
for the higher molecular weight samples). This enabled an es- 
timation of the functionality of the star to be made. Gel per- 
meation chromatography was used to evaluate the molecular 
weight polydispersity. The microstructure of the polyisoprene 
block in the chain was studied by 'H NMR spectroscopy and 
determined to contain ca. 70% cis 1,4 linkages, 24% trans 1,4 
linkages, and 6% 3,4 linkages. Polydispersities of 1.05 or less were 
typical of the linear arm precursor, while functionalities of ap- 
proximately 3.9, 7.8, 11.7, and 17.6 were achieved for the 4-, 8-, 
12-, and 18-armed stars, respectively. These functionalities are 
in agreement with the characterization results available else- 
where13-16 for multiarmed star polymers prepared by use of the 
appropriate chlorosilane linking agents. Examples of size exclusion 
chromatograph (SEC) traces for a polystyrene segment of a'diblock 
arm, a diblock arm, an unfractionated eight-armed star, and the 
fractionated eight-armed star (8/30/10) are shown in Figure 1. 

Sample Preparation. Since our interest is in the solid-state 
order of these materials, sample preparation conditions were 
employed to  promote the system to achieve thermodynamic 
equilibrium (i.e., avoid preferential solvents, quick casting, or 
thermoforming techniques). The as-prepared samples containing 
a small amount of antioxidant (<0.25%) were dissolved in a 
nonpreferential solvent, toluene, to make 3% w/v solutions. A 
volume of solution required to produce polymer films 1.0-1.5 mm 
thick was placed in a covered beaker in an oven (45 "C) at  at- 
mospheric pressure. Approximately 1 week was required under 
these conditions for solvent evaporation. Next, individual samples 
were placed in small tubes and connected to  a high (W5 torr) 
vacuum line. After 12 h of pumping, the tubes were sealed off 
with a torch. The sealed tubes were then placed in a vacuum oven 
for 2 weeks a t  temperatures of 95, 110, and 125 "C for the low, 
medium, and high arm molecular weight series, respectively. 
These annealing temperatures were chosen to  be above the Tg 
of the polystyrene component and below the order-to-disorder 
transition temperature (ca. 145 "C17 in high molecular weight 
polystyrene-polyisoprene systems). From the morphologies ob- 
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Figure 1. Size exclusion chromatographs of (a) polystyrene 
segment of diblock arm, (b) poly(styrene-isoprene) diblock arm 
of 8/30/10 star block copolymer, (c) unfractionated 8/30/10 star 
block copolymer, and (d) fractionated 8/30/10 star block co- 
polymer. 

served, i t  was evident that the annealing treatments were not 
equally successful. The two series having the lower molecular 
weight arms displayed good order and a small amount of viscous 
flow during annealing. The series with the highest arm molecular 
weight developed order not greatly improved over that of the 
as-cast films. These f i s  also retained their original shape during 
the annealing treatment as a consequence of their high molecular 
weight. 

Cryoultramicrotomy a n d  Staining a n d  Electron Mi- 
croscopy. An A 0  Reichert Ultracut microtome with FC4 cryo 
attachment was used with a diamond knife to produce thin 
sections. Sample and knife temperatures of -95 "C were employed 
with isopropyl alcohol for floating sections. Sections were picked 
up on 700-mesh copper grids and then placed in the vapors of 
a 4% osmium tetroxide-water solution for 4 h for selective staining 
of the polyisoprene phase. 

A JEOL lOOCX Temscan electron microscope operated at  100 
kV was used to examine the samples. The side-entry goniometer 
and single-tilt holder allowed tilts of up to *60°, enabling single 
grains of the domain microstructure to be imaged over a wide 
range of tilting angles. Bright-field imaging was done by using 
a 10 A-1 objective aperture, and the micrographs were recorded 
on Kodak SO-163 image plates. 

Small-Angle X-ray Scattering. Small-angle X-ray scattering 
was performed by using a 1-kW nickel-filtered copper source and 
Kratky collimation. The collimation block and flight path were 
evacuated, but there was a 10-cm air path in the region of the 
sample holder. The camera was aligned with a 40-pm entrance 
slit and a 12-mm beam limiter. Scattered radiation was collected 
with a Braun one-dimensional position-sensitive detector operated 
a t  11-bar pressure of 90% argon-10% methane gas and 3.8 kV, 
for which the spatial resolution is better than 50 pm. The sam- 
ple-to-detector distance of 50 cm yielded an angular (20) resolution 
of approximately 0.2 mrad. The scattering data were corrected 
for sample absorption, wire sensitivity, and parasitic scattering. 
Slit-length desmearing was done by using Vonk's FFSAX Version 
3 program.1s 

Dynamic Mechanical Analysis. A dynamic mechanical 
thermal analyzer (Polymer Labs) was used to generate curves of 
the log of the Young's modulus (log E? vs. temperature. Sample 
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Figure 2. Cylindrical morphology of sample 4/30/10 (a) axial view (and its optid transform (inset)) showing the intercylinder spacing; 
(b) longitudinal view of cylinders. 

dimensions were approximately 10 mm X 5 mm X 1 mm, as 
required for clamping, while the actual volume of material tested 
was on the order of 1 mm (L) X 5 mm (H) X 1 mm (T). The 
machine was used in the singlcxantilever mode (due to the limited 
amounts of some samples) at a strain rate of 1 Hz and a scan rate 
of 5 "C m i d .  The data showed evidence of sample clamping 
problems as the glass-transition temperature of the polystyrene 
was approached, but data in the -90 to +70 OC range were re- 
producible. A further problem encountered was the relatively 
inaccurate nature of the temperature read-out of the Polymer 
Labs' instrument. Nonetheless, the results obtained from this 
instrument exhibited reproducible precision, thus rendering the 
relative comparison of the various samples meaningful. 

Sorption Measurements. The apparatus used for sorption 
measurements consisted of a gas delivery system and a Cahn 
Model 2000 quartz spring electmbalance. The mass of the sample 
was monitored continuously within i 2  pg with the output to a 
chart recorder. The sample dimensions were approximately 2 
em x 2 cm x 0.1 em, 90 that the diffusion equation muld be solved 
for the one-dimensional slab geometry case and a value of the 
effective diffusion coefficient of the penetrant gas calculated. 
Sorption experiments were performed at r c "  temperature. 
Three different penetrant gases KO2. 02, and N,) were used. 

Results and Discussion 
Microstructure by Electron Microscopy. Trans- 

mission electron micrmcopy is one of the most useful 
techniques for the characterization of ordered block co- 
polymer morphologies in the solid state. For proper 
analysis of micrographs from ordered lattices, it is essential 
that the microscopist bear in mind that the image seen 
represents a two-dimensional projection of the three-di- 
mensional structure. This is a disadvantage in the study 
of systems in which small domains are randomly distrib- 
uted in a matrix phase. Although there could be a 
phase-separated structure in the film, the microscopist 
would not be able to distinguish the micrograph of this 
randomly arranged phase-separated structure from a 

micrograph containing only random noise effe~ts . '~  This 
is for two reasons: (1) the domain dimensions are small 
compared to the thickness of the film and (2) the lack of 
order in the sample precludes the occurrence of con- 
structive overlap of domains. 

Relatively thick (-1000 A) sections are usable for or- 
dered block copolymer systems because domains will 
project onto one another for certain orientations. For 
example, the two easily interpretable projections of hex- 
agonally packed cylinders are the axial projection (a hex- 
agonal array of circular domains) and the longitudinal 
projection (a series of alternating stripes). 

At 30 w t  % polystyrene, that is, -27 vol % polystyrene, 
diblock and triblock copolymers form (see Molau's rep- 
resentation9 an equilibrium morphology of polystyrene 
cylinden hexagonally packed in a matrix of polyisoprene. 
This morphology is observed in our star block copolymers 
of low arm number and/or molecular weight. Figure 2a 
shows a micrograph and optical transform of an axial 
projection of this structure for the 4/30/10 sample. Figure 
2b shows the longitudinal projection of cylinders and its 
corresponding optical transform. Both projections must 
be present in the film to distinguish the morphology from 
hexagonally packed spheres or parallel lamellae viewed 
edge on. This cylindrical (CYL) morphology is found for 
all the triblock and 4-armed samples as well as for the 8- 
and 12-armed samples of the 7000 molecular weight series 
(see Table 11). 

The higher arm number and molecular weight samples 
exhibit a strikingly different morphology (see Figure 3). 
The 18-armed samples in the 2.3 X 10' molecular weight 
series, the 8-, 12-, and 18-armed samples in the 3.3 X lo4 
molecular weight series, and the 12- and laarmed samples 
in the 1.0 X 105 molecular weight series form what we shall 
hereinafter refer to as the ordered bicontinuous (OB) 
morphology. Specific details of this OB structure will be 
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Figure 3. High-contrast, high-symmetry view of the ordered 
bimntinuous structure. This wagon-wheel arrangement is identieal 
with that given previously, without discussion, by AggarwaP for 
the star block copolymer (SI),,-DVB-lZ of ref 9, containing 30 
wt % polystyrene. 

presented in a future paper.*' It is a structure decidedly 
different from the normal sphere, cylinder, and lamella 
structures of diblocks and triblocks. Hence the molecular 
architecture of the star molecules can induce a new 
equilibrium solid-state microstructure at constant com- 

Figure 4. "Typical" views of (a) cylindrical morphology and (b) 
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Table 11 
Structural Parameters of Star Block Copolymer Samples 

arm 
molecular arm no. 

weieht EM 2 4 8 12 18 - 
2.3 X 10' CYL CYL CYL CYL OB 

dl,EM 200 205 225 180 220 
dl,SAXS 246 224 228 197 250 
4 1 4  0.58 0.57 0.58 
4 1 4  0.51 0.50 
dddi 

3.3 x 10' CYL CYL OB OB OB 
d,, EM 220 225 220 220 215 
d1,SAXS 268 270 242 245 250 
&/dl 0.60 0.59 0.86 0.85 0.83 
4 1 4  0.49 0.75 074 0.74 
4 1 4  0.57 0.58 0.58 

1.0 x 1cP CY L OBo OB" 
4, EM 330 
d,, SAXS 417 423 444 
d a l 4  0.50 
4 1 4  0.58 
4 1 4  

0.73 0.56 

'Samples are rather poorly ordered. 

position either through an increase in the number of arms 
of the star or by an increase in the arm molecular weight. 

Before proceeding to other techniques to help in the 
detailed analysis of the OB structure, it should be men- 
tioned that Figure 3 is only one particular high-symmetry, 
high-contrast projection of the OB structure. Unlike the 
cylindrical structure, which exhibits in a typical section 
a significant area of nearly uniform gray contrast due to 
lack of positive overlap of domains in the projection (see 
Figure 4a), the ordered bicontinuous structure exhibits 
many high-contrast grains (see Figure 4b). Assuming that 
the grains in both samples possess nominally random 
relative orientations with respect to the section surface, 
one may deduce that the OB structure has higher struc- 

ordered bicontinuous morphology. 
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tural symmetry than the cylindrical structure. That is, if 
one views the structure along a random direction, it is more 
likely a high-contrast projection will be seen in the OB 
structure. That these high-contrast projections all belong 
to just a single OB structure is demonstrated via tilt ex- 
periments where one projection is converted into another 
(e.g., see Figure 5a,b). 

Small-Angle X-ray Scattering Studies. The scat- 
tering behavior from these materials falls into three cat- 
egories. The first set of samples is exemplified by a single 
interference peak. Because SAXS is sensitive to global 
order and block copolymer lattices are highly paracrys- 
talline, one can conclude from the absence of higher order 
peaks that the lattice perfection is not highly developed 
in these samples. Even when selected areas appear rela- 
tively well-ordered by electron microscopy, SAXS results, 
which depend on the average over a large volume, can 
indicate an overall lack of order. 

The second set of samples exhibits a higher order in- 
terference peak corresponding to a spacing of approxi- 
mately 0.58 that of the first peak spacing (dJ.  Some 
possible d2 /d1  ratios are 0.707 for the simple cubic (SC) 
and body-centered cubic (BCC) lattices, 0.866 for face- 
centered cubic (FCC) lattices, 0.612 for diamond cubic 
(DC) lattices, and 0.577 for hexagonally packed cylinders. 
Comparison of the d2/dl ratios to the electron microscopy 
results shows conformation of the cylindrical morphology 
in each case. An example of the SAXS pattern from a 
cylindrical sample (4/30/10) is given in Figure 6a. The 
position of the broad peak at higher angle (arrowed) relates 
to the form-factor scattering from the cylinders. The 
calculated cylinder diameter based on the form-factor peak 
is 150 A, in reasonable agreement (considering the known 
effect of OsOI staining to cause dimensional changes2*) 
with the electron microscopy results (100 A) for this sample 
(see Figure 2). 

The third set of samples shows three higher order peaks 
at d,/dl ratios of approximately 0.84,0.74, and 0.57. These 
ratios do not correspond to any of the five simple struc- 
tures discussed previously. Figure 6b shows a SAXS 
pattern from this type of sample (18/30/10). 

In summary, the SAXS results showed the same cylin- 
der-to-ordered bicontinuous transition with arm number 
and with arm molecular weight as the electron microscopy 
results. That is, all samples shown by SAXS to exhibit 
a higher order peak a t  approximately 0.6 dl  were shown 
by electron microscopy to be cylindrical, and all SAXS 
patterns displaying higher order peaks at  approximately 
0.84,0.74, and 0.57 dl were shown by electron microscopy 
to possess the ordered bicontinuous morphology. Also, 
SAXS indicates that the OB structure is clearly different 
from the structure consisting of a hexagonal array of 
parallel cylinders, although possible assignments of the OB 
structure based on its relatively complex SAXS pattern 
remain to be proposed.21 

Dynamic Mechanical Thermal Analysis. Dynamic 
mechanical thermal analysis (DMTA) measures the in- 
phase and out-of-phase moduli of a material as a function 
of temperature. If the material tested has phases of widely 
varying glass-transition temperatures, DMTA can provide 
information about phase mixing and distribution of phases 
within the material. In general, systems containing discrete 
glassy domains in a rubbery matrix will exhibit room- 
temperature moduli characteristic of a vulcanized rubber 
(ca. 1-5 MPa) because of the reinforcing action of the 
polystyrene domains. Systems in which a glassy matrix 
phase contains discrete rubber domains will have room- 
temperature moduli ca. 1 GPa, close to those of the pure 
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glassy component. As a guide to the magnitude of the 
expected change in room-temperature modulus of a glassy 
continuous vs. rubbery continuous material, the upper and 
lower bounds of the composite modulus may be calculated 
by the Kerner e q u a t i ~ n , ~ ~ - ~ ~  which assumes dispersed 
spherical domains of the discrete phase. At 30 vol 70 
polystyrene the glassy continuous composite modulus is 
about 400 times greater than the rubbery continuous 
composite modulus. 

Various workerszez8 have noted the effect of enhanced 
polystyrene continuity on dynamic mechanical and tensile 
behavior of styrene-isoprene-styrene triblock copolymers 
induced by employing a polystyrene preferential solvent. 
This is manifested in a less severe decrease in storage 
modulus when temperatures are scanned up through the 
glass transition of the polyisoprene phase and in a distinct 
yield point and visible neck in tensile tests. 

The E’(7‘) curves (e.g., see Figure 7) of the star block 
copolymers show a glassy plateau in log E’at temperatures 
below the glass-transition temperature of both components. 
As the temperature is increased, the glass transition of the 
polyisoprene is reached and the material exhibits a sharp 
drop in the storage modulus. Another plateau region then 
persists until the glass-transition temperature of the 
polystyrene phase is reached. At  this point, acquisition 
of reliable data using this apparatus becomes difficult 
because the sample can no longer be securely gripped. 

The log E’(T) curves for the cylindrical samples all 
display behavior in good agreement with that of SIS and 
SBS triblocks of similar composition and morphology 
presented in the literature. In particular, the drop of E’(T) 
is by about a factor of 100 over the range of -90 OC to room 
temperature. The behavior of all the OB samples departs 
from this norm, showing a drop in modulus of only a factor 
of 10 over the same range. The discontinuous transition 
in mechanical behavior as arm molecular weight is in- 
creased is also seen in the plots of tan 6 vs. temperature 
(Figure 8). Thus we have a very consistent mechanical 
picture of the transition from the CYL to OB structure 
with the further important fact that there is a significantly 
enhanced continuity of the polystyrene phase in the OB 
samples. 

Sorption Experiments. Initially, pure polystyrene and 
pure polyisoprene were examined to see if Fickian behavior 
was obeyed for diffusion of simple gases. This behavior 
was indeed observed, as sorption and desorption curves 
were superposable for 02, N2, and C02 gases. The effective 
diffusion coefficient, DeE, was calculated from the half-time 
method, the initial slope method, as well as the moment 
method. All three methods give consistent results for all 
three gases in both the pure components and block co- 
polymer systems. A detailed discussion of sorption mea- 
surements in multiphase polymers is given in ref 29. Since 
the diffusion of gases in polyisoprene is about 40 times 
faster than in polystyrene, the measurement of Deff should 
allow an unambiguous determination of whether poly- 
isoprene phase continuity exists. 

The sorption results quite clearly and consistently show 
for all combinations of permeant and calculation methods 
that the effective diffusion coefficients for the various star 
block copolymer samples indicate a polyisoprene contin- 
uous structure. For example, the value of the effective 
diffusion coefficient for the 4/30/10 sample (cylindrical), 
which is known to be polyisoprene continuous, is virtually 
identical to the value for the 18/30/10 sample (OB) (see 
Table 111). That the polyisoprene phase is continuous in 
the OB morphology is another important fact about this 
structure. 
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Figure 5. Pair of micragrapha illustrating how a grain of the OB structure converts from the square projection (a) into the wagon-wheel 
projection (b) by appropriate tilt of the specimen. 

weight series because of their lack of well-developed order. 
The groups to consider are the 2/30/7,4/30/7,8/30/7, 
and 12/30/7 (cylindrical), the 2/30/10 and 4/30/10 

Effect of Arm Number on Interdomain Distance 
for  Identical Structures.  There are three groups of 
samples to examine, neglecting the 1.0 X IO5 molecular 
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Figure 7. Dynamic mechanical storage modulus as a function 
of temperature for a series of 2-18-armed star block copolymers, 
all with 3.3 X lo4 arm molecular weight. 
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Figure 6. Small-angle X-ray scattering patterns of (a) sample 
4/30/10 (cylindrical morphology) and (b) sample 18/30/10 (or- 
dered bicontinuous morphology). 

Table I11 
Sorption Data: Effective Diffusion Coefficient of O2 at 

22 "C 
initial slooe half-time limitine sloDe 

PS 
PI 

1.2 X 10-7 1.2 x 10-7 1.3 x 10-7 
4.5 X 10" 4.6 X 10" 4.3 X 10" 

4/30/10 (CYL) 7.9 X 1.0 X 10" 1.3 X 10" 
18/30/10 (OB) 6.4 X 8.9 X 1.4 X IO4 

(cylindrical), and the 8/30/10, 12/30/10, and 18/30/10 
(OB). Taken in turn, the first group possess an average 
(EM and SAXS) spacing slightly larger than that predicted 
(180 A) for cylindrical domains of 7.0 X lo3 molecular 
weight styrene by using the Helfand and Wasserman 
c a l c ~ l a t i o n ~ ~  with no trend with increasing arm number. 
Similarly there is no effect of arm number on the inter- 
cylinder spacing for the 2/30/10 and 4/30/10 samples. 
The calculated value of an interdomain spacing of 220 A 

1 . 1 , 1 , 1  ! ; b l < l . l  

40 -40 0 -40 0 40 
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Figure 8. Dynamic mechanical loss tangent as a function of 
temperature for a series of 2-18-armed star block copolymers, all 
with 3.3 X lo4 arm molecular weight. 

for the 1.0 X lo4 molecular weight polystyrene is again 
smaller than that measured experimentally. These results 
on the cylindrical samples are in accord with those of Price 
et  a1.F who found no difference in intercylinder spacing 
in the two-, three-, and four-armed star block copolymers 
he examined. Finally, for the OB structure of the 3.3 X 
lo4 molecular weight series, the interdomain distance does 
not change as the arm number increases from 8 to 12 to 
18. Indeed, the interdomain spacing for the entire series 
of arm numbers for a given molecular weight remains ap- 
proximately constant regardless of the particular mor- 
phology. 

Effect of Molecular Weight on Interdomain Dis- 
tance for Identical Structures. From Table I1 one sees 
that for a constant arm number of four, increasing arm 
molecular weight, as expected, increases the interdomain 
distance for the cylindrical samples. The same is true for 
the three 18-arm OB samples. With the limited number 
of samples and range of molecular weights explored, it is 
not possible to derive a precise molecular weight power law 
dependence for the interdomain spacing for each of the 
structures. 

Cylinder-to-OB Transition. The expected morphol- 
ogy for diblock and triblock copolymers for the composi- 
tion studied (30 wt % polystyrene) is hexagonally packed 
cylinders. The molecular architecture of star molecules 
is seen to affect the equilibrium phase-separated mor- 
phology at this particular overall composition only at high 
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arm number and high arm molecular weight. There is a 
transition from the cylinder to the OB structure between 
12 and 18 arms for the 2.3 X lo4 molecular weight series, 
between 4 and 8 arms for the 3.3 X lo4 molecular weight 
series, and between 4 and 12 arms for the 1.0 x lo5 mo- 
lecular weight series. 

First we address the influence of arm. number. This 
effect can be loosely rationalized in terms of excluded 
volume. As more and more arms are added to the central 
linking agent, overcrowding of polyisoprene segments a t  
the core of the star forces the core region to assume a more 
spherical shape. That is, the molecular trajectories of the 
arms will tend to be radial, especially near the core of the 
star where the overcrowding is most severe. This over- 
crowding has been theoretically predicted314 and observed 
experimentally.15J6 The free end of the arm, however, 
contains polystyrene, and therefore the junction point 
(isoprene-styrene bond) of the arm must be placed at  the 
domain boundary. In effect, this presents an energy 
minimization problem with two separate facets: (1) con- 
formational restriction of junction placement, maintenance 
of constant density, and the surface area to volume ratio 
considerations (the usual situation for diblock and triblock 
copolymers) and (2) the limitations imposed on the system 
by the conformational restriction for the inner block. It 
can then be argued that favorable microstructures par- 
ticular to star block copolymers are those in which the 
domain structure is arrayed such that the arms can take 
approximately radial trajectories toward the domain 
boundary from the star center. When the second term 
makes a relatively small contribution to the overall free 
energy of the system or when its contribution is such to 
promote a particular linear block phase-separated mi- 
crostructure, the phase-separated state of the star block 
copolymer will follow that expected for the linear block 
copolymer of that particular composition. However, when 
the second term makes a significant contribution to the 
overall free energy but calls for a different microstructure, 
a compromise must be struck and the phase-separated 
state of the star block copolymer may exhibit new struc- 
tures. 

The situation is asymmetrical with respect to overall 
composition due to the unique constraint on the inner 
block units of the star copolymer. For low volume fractions 
of the inner block, the favored geometry would be spherical 
domains of the inner block component (i.e., no change in 
structure from the linear block case). As the volume 
fraction of inner block increases, a transition to cylindrical 
geometry would be expected, perhaps at a somewhat higher 
volume fraction than the linear case. In the mid-range of 
compositions, the system would likely be lamellar. At still 
higher inner block volume fraction (such as the present 
73 % volume fraction polyisoprene samples), the normal 
inverted cylindrical and inverted spherical morphologies 
present adverse situations, since it is now the lower volume 
fraction outer block chains that reside on the negative 
curvature side of the domain interface. Thus, depending 
on the relative magnitude of the second term, new struc- 
tural states may be found in the high inner block com- 
positional range. The dependence of star block copolymer 
morphology on overall composition at  constant arm num- 
ber is the subject of another paper.41 

In the present case of 73 vol % inner block, the inter- 
connected bicontinuous structure may represent such a 
compromise structure. A possible kinetic pathway to the 
linked network is the clustering and compaction of close- 
packed spherical micelles with polyisoprene centers and 
outer spherical shells of polystyrene upon solvent evapo- 
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ration into a polyisoprene matrix containing a continuous 
polystyrene framework. 

The preceding argument for the appearance of the novel 
OB microstructure is based on the increased overcrowding 
at  the core of the star resulting in the transition from 
cylindrical geometry to a more favorable phase-separated 
microstructure. This line of reasoning, however, leads to 
quite the opposite prediction of the effect of arm molecular 
weight on the transition at  constant arm number, since as 
the molecular weight increases, the fraction of the chain 
experiencing overcrowding decreases. In the limit of in- 
finite chain length, the polyisoprene-polystyrene junction 
point should not be influenced by the core of the star, and 
the problem should revert to the situation for phase sep- 
aration of linear block copolymers. This discrepancy points 
toward the probable omission of an important factor in the 
free energy balance. 

Summary and Conclusions 
The goal of this research was an elucidation of the in- 

fluence of molecular topology on the development of 
equilibrium phase-separated morphologies in multiarmed 
block copolymer systems. Transport measurements, dy- 
namic mechanical thermal analysis, small-angle X-ray 
scattering, and electron microscopy were used to directly 
and indirectly probe the morphologies. 

The samples studied were of constant composition (30 
wt  90 polystyrene at  the free end of the arm). The stars 
examined had 2, 4, 8, 12, or 18 arms and total arm mo- 
lecular weights of 2.3 X lo4, 3.3 X lo4, and 10 X lo4. 

I t  was shown that a transition from the cylindrical 
morphology of hexagonally arrayed polystyrene domains 
in a polyisoprene matrix to a new ordered bicontinuous 
morphology occurred, dependent on both the number of 
arms per star and the molecular weight of the arm. As the 
number of arms increases or the molecular weight of the 
arm increases, the ordered bicontinuous morphology is 
thermodynamically favored. Thus, although all the star 
block copolymers examined contain 27 vol % polystyrene 
and would form a polystyrene cylindrical microstructure 
were it not for the influence of star core a t  high arm 
number and high arm molecular weight, they prefer a 
morphology such that the polystyrene end block is ac- 
commodated in a polystyrene domain in a more three- 
dimensionally symmetric nature. This is allowed by the 
ordered bicontinuous structure. 

The effect of arm molecular weight on the cylindrical 
to ordered bicontinuous transition is at present not un- 
derstood. Extending the overcrowding argument, we would 
expect the core region of the star to have less influence on 
the position of the junction point between respective blocks 
as the fraction of the material in the core region decreases 
(arm molecular weight increases). This should enable the 
A-B interaction/junction placement/density mainte- 
nance/surface area-volume features of diblocks and tri- 
blocks to rule the structure, forming cylinders. However, 
the opposite effect of arm molecular weight is found. 
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Studies of the Antenna Effect in Polymer Molecules. 8. 
Photophysics of Water-Soluble Copolymers of 1-Naphthylmethyl 
Methacrylate and Acrylic Acid 
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ABSTRACT: Intramolecular singlet electronic energy transfer from naphthalene to anthracene end groups 
in copolymers of acrylic acid with 1-naphthylmethyl methacrylate has been studied. This work represents 
the first investigation of efficient singlet electronic energy transfer in such polymeric systems in the aqueous 
phase. Results in the aqueous phase are compared with those for the same polymers in dioxane. The efficiency 
of the energy-transfer process was greatly enhanced in aqueous media. In dioxane the energy-transfer efficiency 
was roughly 1570, while the same copolymers in the aqueous phase exhibited energy-transfer efficiencies up 
to 70%. Fluorescence decay measurements and time-resolved emission spectroscopy provide further details 
about the time scale of the energy-transfer process. In the aqueous phase the average energy-transfer time 
was substantially shorter than in dioxane. In addition, energy transfer to anthracene was observed to occur 
over a period of several tens of nanoseconds following excitation of the naphthalene chromophores. 

Introduction 
The existence of electronic energy t ransfer  between 

chromophores attached to a polymer chain has been widely 
employed in accounting for certain aspects of polymer 
photophysics. For example, i n  the study of vinylaromatic 
polymers, Reid and Soutar1S2 and Anderson et  aL3 have 
invoked singlet energy migration as an essential part of 
a model  to describe excimer formation i n  terms of near- 
est-neighbor interactions in these systems. Other studies 
of excimer formation have also discussed the role of 
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electronic energy t r a n ~ f e r . ~ - ~  
The possibility of using polymer molecules bearing 

sui table  donor and acceptor chromophores to produce 
synthet ic  antennae capable of efficiently modeling t h e  
light-harvesting function of the photosynthetic process has 
generated considerable interest  i n  the s t u d y  of energy 
migration and energy-transfer phenomena in  polymer 
systems. Energy t ransfer  to chemically bound t r a p s  i n  
polymers was first described by  Fox and Co~zens .~  More 
recently Guillet and co-workers have shown that these 
processes can occur within a single polymer chain.’@12 

Initially, intramolecular energy transfer was s tudied i n  
poly( 1-naphthyl  methacrylate) (PNMA) polymers pos- 
sessing terminal  9-vinylanthracene traps.10s12 T h i s  work 
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