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Diblock copolymers with extreme architectural asym-
metry, namely dendritic—linear coil molecules, have
recently been exploited in the construction of well-
defined Langmuir—Blodgett monolayers! and the chemi-
cal alteration of bulk material surfaces via adsorption.?
Others have studied the assembly of dendritic—linear
hybrid blocks in aqueous solution for solute encapsula-
tion.® These studies of supramolecular assembly and
surface adsorption/assembly exploit the high density of
chemical functionality on the periphery of dendritic
molecules and the disparate chemical nature inherent
in block copolymers for structure formation via self-
assembly from solution. To understand the effects of the
architectural asymmetry present in dendritic—linear
coil block copolymers on supramolecular self-assembly
and structure formation, the bulk phase behavior of two
series of benzyl ether dendrimer—polystyrene (PS)
linear coil diblocks was characterized.

Recent work has focused on the effects of molecular
graft architecture on bulk block copolymer phase-
separated morphology.*~® It has been shown that AB
star molecules form traditional block copolymer phases
but at significantly higher relative volume fractions of
B to A than observed in linear diblocks.”~1° The crowd-
ing of n arms of A at the AB interface forces the
interfacial curvature toward the B block to alleviate
chain stretching of A and to provide significant inter-
facial volume to the crowded A arms.! A comparison
to star or miktoarm* block copolymers is not completely
rigorous due to the lack of significant chain stretching
in dendritic molecules. However, the interfacial volume
required to pack the dendrimer blocks in a phase-
separated domain is a significant factor relative to the
linear coil block and will force the linear PS to reside
on the concave interface up to significantly higher
relative block compositions than observed in linear
diblocks.

The synthesis of diblock copolymers comprised of
linear polystyrene (PS) and benzyl ether dendrimer
blocks is reported elsewhere.'?2 Molecular characteristics
of the fifth- and sixth-generation dendrimer/PS block
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copolymers are listed in Table 1 along with the respec-
tive characterized morphology. The molecules are des-
ignated by the benzyl ether dendrimer block generation
number followed by the dendrimer weight fraction. The
molecular weight of the dendrimeric block was calcu-
lated from its chemical structure, and the PS molecular
weight is approximated from the increase in total
molecular weight of the block copolymer as determined
by GPC.

It has been previously demonstrated that block co-
polymer systems that microphase separate into well-
defined morphologies normally exhibit island/hole struc-
tures with topographies that equal the natural domain
spacing of the morphology, d. This results from a
combination of effects stemming from surface-induced
alignment®® and commensurability of the natural do-
main spacing with film thickness.!*15 To utilize this
phenomenon as a simple means to monitor the ordering
behavior of these systems, films with thicknesses of
~50—150 nm were cast onto Si substrates and annealed
at 170 °C for 12 h under a nitrogen purge. The films
were first examined by optical microscopy whereby
island/hole topographies were clearly evident in many
of the systems as abrupt color changes corresponding
with a discrete variation in film thickness were ob-
served. AFM was used to measure the step heights of
these topographies to obtain the domain periodicity, d.
Examples of AFM images obtained for samples 5-37 and
6-38 are shown in Figure 1, and the results from these
studies are tabulated in Table 1.

Small-angle X-ray scattering was also used to monitor
the ordering behavior in films melt-pressed at 170 °C.
The data were circularly averaged, and two representa-
tive SAXS plots are shown in Figure 2 for samples 5-37
and 6-38 where the intensity, I, is plotted as a function
of the scattering wave vector, g. The domain periodicity,
d, obtained from Bragg’s law d = 2;7/gmax Was calculated
for each sample and is tabulated in Table 1. These
results are in excellent agreement with the AFM results.
Neglecting effects from morphology, these results are
consistent with the general expectation that the domain
periodicity scales with the total molecular weight of the
block copolymer as the domain periodicity increases
with molecular weight of the PS block and, for compa-
rable weight fractions of dendrimer, are larger for the
G6 systems.

Characterization of the microphase-separated bulk
morphologies was further accomplished with transmis-
sion electron microscopy (TEM). Sections with thickness
<100 nm were microtomed for TEM at room tempera-
ture with a diamond knife and then stained for 30 min
in a closed chamber by exposure to a 4% RuO,4 aqueous
solution atmosphere. While RuO, reacts with both
blocks of the block copolymer, the benzyl ether dendritic
block stained more strongly than the linear PS, thus
providing significant electron density contrast in bright
field imaging. A JEOL 2000FX TEM equipped with a
LaBg filament was used at 200 kV accelerating voltage
for bright field imaging. TEM results representative of
the G5 and G6 sample series are shown in Figure 3.

A significant molecular architecture effect on the
resultant phase-separated morphologies relative to what
is observed in linear diblock copolymers1617 is apparent,
most noticeably in the G6 diblocks. G6-51 exhibits a PS
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Figure 1. Typical height contrast AFM images obtained on annealed block copolymer films for samples (a) G5-37 and (b) G6-38.

Table 1. Molecular Characteristics and Bulk Morphology

designation (generation Mw (PS) wt % total My d(A) d(A)

no. — dendrimer wt %) dendrimer (103 g/mol)  dendrimer  (103g/mol) (SAXS) (AFM) morphology (TEM)
5-37 G5 11.3 37.1 18.0 129 127 NA
5-24 G5 21.1 24.0 27.8 152 147 phase-separated/disordered
5-13 G5 45.0 12.9 51.7 180 NA phase-separated/disordered
5-7 G5 89.9 6.9 96.6 213 NA phase-separated/disordered
6-51 G6 12.8 51.3 26.3 162 168 cylindrical
6-38 G6 22.1 37.8 35.6 193 191 lamellar
6-22 G6 48.5 21.7 62.0 240 257 disrupted lamellae
6-12 G6 97.0 12.2 110.5 252 NA phase-separated/disordered
6-6 G6 217.2 5.8 230.7 314 NA phase-separated/disordered

cylindrical phase despite the symmetric volume fraction
of the two blocks. In contrast, a phase-separated linear
diblock copolymer system would be centrally located in
the lamellar region of the phase diagram. G6-38 is
clearly a lamellar structure while linear blocks of this
same relative volume fraction would reside on the
lamellar/perforated lamellar/bicontinuous/cylindrical
phase boundaries depending on slight differences in
chain flexibility and/or molecular weight.17:18

The morphology of G6-22 displays the most interest-
ing effects of the linear—dendritic architecture. While
a linear diblock would exhibit minority component
cylinders, the local linear—dendritic morphology is a
lamellar-like structure. Tilting experiments perpendicu-
lar to the long axis of the layers revealed no hexagonal
symmetry, confirming the local alternating layered
structure. The alternating layers seem to be frustrated
from persisting for more than several hundred ang-
stroms in the layer plane before consequently pinching
off, forming ubiquitous, varied defects. Defined grain
structure is not observed in the sample despite a clear,

local layered phase separation. This lamellar frustration
can be attributed to the inability of the noninterpen-
etrating dendrimer blocks to pack on a concave inter-
face; i.e., the system still preferred a flat interfacial
curvature but was forced to pinch off the lamellae
frequently due to the overwhelming majority volume
fraction component PS. Only in G6-12 were the stained
dendritic blocks finally forced to the concave interface,
forming disordered, spherical domains. A specific lattice
packing of the dendrimer block minority phase domains
was frustrated despite the small volume fraction of
dendritic block. The remaining G6 sample, G6-6, formed
a similar disordered spherical domain morphology and
is not presented.

It should be noted that the morphologies character-
ized herein are consistent with independently charac-
terized structure on the same class of sixth-generation
benzyl ether dendritic—PS linear coil diblocks with
different relative ratios of block components presented
by Mackay et al.*? At 31 wt % dendrimer they observed
lamellae while at 18 wt % dendrimer cylinders of the
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Figure 2. Circularly averaged SAXS intensity plotted as a
function of the scattering wave vector, g, comparing the long
spacing observed in similar dendrimer block fractions in both
fifth- and sixth-generation dendrimer blocks, samples G5-37
and G6-38. Only low scattering vector, q (where q = (4x/4) sin-
(0/2), 6 is the scattering angle and 4 is the X-ray wavelength
of 1.488 A), is shown since no higher order peaks were observed
in the azimuthally integrated data. All other samples exhibited
similar behavior—the long spacings observed for all samples
are tabulated in Table 1.

dendritic blocks were observed. In this work lamellae
are observed down to 22 wt % dendrimer while at 12
wt % a random phase-separated structure is observed.
Our observations do not preclude the presence of a
dendrimer cylinder phase at dendrimer fractions be-
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tween 12 and 22 wt %. However, within the context of
the independent experimental observations presented
here, when <12 wt % the dendrimer block is not
observed to reside on a concave interface and concur-
rently produce a well-ordered lattice of a specific minor-
ity domain shape. Furthermore, the solution-casting
sample preparation in Mackay et al. may produce more
long-range ordered grains of a particular morphology
at a specific relative block weight percent than the melt
pressing sample preparation used here but should not
produce a completely different morphology and lattice
symmetry.

Despite the low molecular weights of the relatively
symmetric G6-51 and G6-38 diblocks (Table 1) and the
low y parameter between PS and the benzyl ether
dendrimer building blocks (~10* as estimated from
solubility parameters in Mackay et al.1?), the series is
well within the strongly segregated phase-separated
regime as evidenced by the large grains of regular
phase-separated nanostructure in G6-51 and G6-38. For
this to be true, there must be a large entropic component
to the interaction parameter due to the large confor-
mational asymmetry between the dendritic and linear
blocks (as also proposed in Mackay et al.1?). In addition
to altering the morphological behavior in strongly
segregated systems,18-20 conformational asymmetry has
been experimentally and theoretically observed to con-
tribute significantly to the thermodynamic interactions
between polyolefinic blocks,2122 specifically making
them less compatible than predicted solely through
enthalpic interactions. With our limited survey of rela-
tive block fractions and overall molecular weights, it is
unclear whether the phase-separated but disordered
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Figure 3. Transmission electron micrographs of RuQO,-stained, microphase-separated sixth- and fifth-generation benzyl ether

dendrimer (dark regions)—polystyrene (light regions) diblock copolymers.
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structures observed in the highly asymmetric blocks
(G6-22, G6-12) are due to weakly segregated thermo-
dynamics or to the frustration of dendrimer packing on
a concave interface in the bulk. All G6 samples that
show a regular microphase-separated morphology in the
bulk exhibit ordered film formation behavior with well-
defined holes and islands, an example of which is shown
in Figure 1. The long spacings of the phase-separated
structure as determined from the hole depth/island
height are commensurate with those observed in the
bulk.

In contrast, the entire G5 block copolymer series
formed locally phase-separated structures lacking both
long-range lattice formation and a regular local domain
structure, similar to what is observed in weakly segre-
gated block copolymer systems.2® A representative im-
age is shown in Figure 3 for the sample G5-7. By
significantly lowering the molecular weight of the
dendritic block (from ~13.4 x 108 g/mol in the G6 series
to ~6.4 x 10° g/mol), the G5 series appears to no longer
reside in the strongly segregated regime. In particular,
G5-37 and G5-24 (18.0 x 10% and 27.8 x 10° g/mol,
respectively) are disordered while similar dendrimer
fractions at larger molecular weight in G6-38 and
G6-22 (35.6 x 10% and 62.0 x 10°% g/mol, respectively)
are clearly well ordered in the bulk. Interestingly, when
confined to a two-dimensional thin film G5-37 and
G5-24 ordered into well-defined films with quantized
islands and holes, indicating a well-ordered phase-
separated morphology. This behavior is consistent with
surface-induced phase separation and ordering of block
copolymer films previously observed in linear mol-
ecules.?*

In conclusion, significant deviations are observed in
the relationship of morphology to relative block fraction
in comparison to linear diblock copolymers. The extreme
contrast in architecture between the two blocks shifts
the morphology phase boundaries to significantly higher
volume fractions of the linear coil block so that the
dendrimers can reside on a convex or flat interface.
Therefore, the architectural asymmetry present in den-
dritic—linear coil block copolymers is a useful molecular
parameter in the design of new self-assembling, mi-
crophase-separated materials.
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