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ABSTRACT: Rectangular platelets formed by the self-assembly of block copolymers in selective solvents are of interest for
a range of applications. Recently we showed that the seeded growth of crystallizable blends of a block copolymer and ho-
mopolymer yields well-defined, low dispersity examples of these two-dimensional (2D) structures. The key feature was
the use of the same crystallizable polymer segment in the seed and blend components to enable an efficient homoepitaxi-
al growth process. Herein we demonstrate that this 2D crystallization-driven self-assembly approach can be extended to
heteropitaxial growth by the use of different crystallizable polymers with compatible crystal structures. This allows the
formation of well-defined “patchy” rectangular platelets and platelet block comicelles with different core chemistries. The
use of scanning transmission electron microscopy-energy-dispersive X-ray spectroscopy provided key information on the
spatial location of the components in the resulting assemblies and thereby valuable insight into the 2D heteroepitaxial

growth process.

INTRODUCTION

Nanoscale two-dimensional (2D) polymer-based plate-
let structures are of considerable interest for a range of
applications from composite reinforcement to liquid crys-
tals.! For example, platelets formed by crystallizable ho-
mopolymers, such as thiol-functionalized poly(ethylene
oxide) (PEO) and polycaprolactone (PCL) can be used as
platforms for nanoparticle attachment and patterning.?
Using this approach, PEO sheets with programmable pat-
terns  including  binary = magnetite = nanoparti-
cles/semiconducting quantum dots and gold nanoparti-
cles have been prepared.’ The self-assembly of block co-
polymers (BCPs) in selective solvents represents another
possible route to platelets. However, BCPs with amor-
phous core-forming segments rarely form this morpholo-
gy, and generally yield spherical micelles or core-shell
nanoparticles with a variety of other shapes such as
worm-like micelles,4 toroids,> and vesicles,® as well as
more complex, kinetically-trapped morphologies.” In con-
trast, the use of BCPs with a crystallizable core-forming
block tends to favour the formation of micelles with low
curvature of the core-corona interface, a process termed
crystallization-driven self-assembly (CDSA).8% 2D plate-
lets are commonly formed from relatively symmetric
BCPs®9 whereas one-dimensional (1D) cylindrical or fiber-
like micelles are favored for unsymmetrical BCPs with
significantly longer corona-forming blocks.™

Several significant further advances have been reported
in terms of the formation of well-defined and complex
platelet architectures from BCPs. For example, alternating
rings of BCP and homopolymer have been created by the
addition of homopolymer solution to preformed BCP
platelets.9>%® We have applied seeded-growth strategies
previously developed* for the formation of uniform and
complex 1D cylindrical micelles, termed “living CDSA”, to
the formation of platelets. For example, addition of near
symmetrical BCPs with a crystallizable
poly(ferrocenyldimethylsilane) (PFDMS)3 core-forming
block to small seed micelles, generated from the soni-
cation of cylindrical PFDMS BCP micelles with a long
corona-forming block, yielded near-uniform lenticular
platelets.** The area was controlled by the ratio of the seed
to added BCP in a process analogous to a living polymeri-
zation of covalent monomers except in 2D. Furthermore,
sequential addition of different PFDMS BCPs led to the
formation of lenticular platelet block comicelles contain-
ing spatially-defined regions with different coronal chem-
istries.** A similar 2D seeded growth process has also been
reported for hyperbranched poly(ether amine) capped
with a polyhedral oligomeric silsesquioxane by Jiang and
coworkers.’s

Recently, we demonstrated that well-defined rectangu-
lar platelets can be obtained by the seeded-growth of
crystallizable polymer blends of an unsymmetrical
PFDMS BCP and PFDMS homopolymer to a solution of



cylindrical seed micelles.''7 This process also proceeds as
a living 2D CDSA process and provides access to low dis-
persity samples of platelets with area control. Moreover,
rectangular platelet multiblock comicelles and the corre-
sponding hollow structures were obtained by the sequen-
tial addition of blends with different corona-forming

blocks and the use of crosslinking/dissolution strategies.'
These living CDSA processes result from homoepitaxial
growth of the PFDMS segments of the added BCP and
homopolymer from pre-existing seed cores or platelet
edges that consist of single crystalline PFDMS.®®

Scheme 1. General schematic representation of platelet and platelet block comicelle formation discussed in this
paper. All self-assembly experiments were carried out in 1:1 (v/v) EtOAc/i-PrOH at 45 C.

\ = PFDMS ,5-b-P2VP g, cylinder seed
s~ = PFDMS,,-b-PDMS,;; BCP
“== = PFDMS,; homopolymer
T+ = PFDMG,,-b-PDMS,, BCP

Lannd = PFDMG,, homopolymer

The ability to perform 2D heteroepitaxial living CDSA
would be expected to represent a significant advance with
respect to tailoring platelets as it would allow the creation
of spatially-distinct regions with different core structures.
A key requirement for heteroepitaxial growth is that the
packing of the different crystalline components is similar.
Such processes have been observed in 1D for cylinders® by
ourselves for the case of PFDMS and the analogous
poly(ferrocenyl-dimethylgermane) (PFDMG)> BCPs, and
also by Fukushima and Aida for nanotubes for hexa-
benzocoronenes with different peripheral substituents.>>
12h Tn this paper we report detailed, proof-of-concept stud-
ies of the use of heteroepitaxial growth in 2D for soft ma-
terials to create rectangular platelet block comicelles in-
cluding examples with “patchy” core chemistries.

RESULTS

As a rule of thumb in polymeric systems, a lattice spac-
ing mismatch limit of ca. 15% has been proposed to be a
prerequisite for successful heteroepitaxy.> Our previous
work on the formation of cylindrical multiblock comi-
celles by heteroepitaxial growth owed its success to the
minimal lattice spacing mismatch (ca. 6%) between the
core-forming PFDMS and PFDMG blocks of the BCPs
involved and presumably the relatively small difference in

rates of crystallization.92> We therefore considered these
PFDMS and PFDMG systems to be ideal from the per-
spective of exploring the extension of heteroepitaxial
growth to 2D (Scheme 1).

To investigate the possibility of performing heteroepi-
taxial growth in 2D, low polydispersity samples of the
BCPs PFDMS,,-b-PDMS;;s and PFDMG,,-b-PDMS,s,
(PDMS = polydimethylsiloxane) and PFDMS,s-b-P2VPs,
(P2VP = poly(2-vinylpyridine)), and their respective crys-
talline homopolymers (PFDMS,, and PFDMG,,) (Chart 1)
were prepared by living anionic polymerization (for char-
acterization data see Table S1 and Figure S1).2 PFDMS,s-b-
P2VP;,, BCP was used to form low length-dispersity cy-
lindrical micelles (L, = 680 nm, L,, = 699 nm, L/L, = 1.03,
o/Ln = 0.15; L, is the number-average contour length, Ly
the weight-average contour length, and ¢ the standard
deviation) by a sequence of spontaneous nucleation, soni-
cation, and seeded growth (Figure S2)." These uniform 1D
micelles were used as “seed micelles” for the subsequent
experiments involving the growth of platelets.

Chart 1. Structures of block copolymers and homo-
polymers used in this study.
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(a). Growth of 2D Platelets with a PFDMG Core from 1D
PFDMS-b-P2VP Seeds. First, we targeted the formation of
2D platelets with PFDMG cores using the PFDMS,;-b-
P2VP.,, cylinders as “seeds” (Scheme 1, I). Thus, PFDMS,;-
b-P2VP,,, seeds were dispersed in 11 (v/v) ethyl acetate
(EtOAc)/iso-propanol (i-PrOH) and the resulting colloi-
dal solution heated at 45C for 10 min. A PFDMG,,-b-
PDMS,s,/PFDMG,, (1:1, w/w) unimer blend in THF was
then added with different unimer-to-seed mass ratios
(Munimer/Mseed). After shaking the solutions for 5 s, samples
were annealed at 45°C for an additional 30 min followed
by cooling to room temperature (ca. 23°C) and aging
overnight for ca. 18 h.

As shown in Figure 1a-f and Figure S3-8, transmission
electron microscopy (TEM) analysis of the drop-cast sam-
ples of the 2D PFDMG.,-b-PDMS,s,/PFDMG., blend
platelets on carbon-coated copper grids revealed a linear
relationship between the number average area (A,) of the
platelets, with low area dispersities, and the munimer/Mseed
(see plot in Figure 1g).>4 It is noteworthy that the presence
of the cylindrical PFDMS,s-b-P2VP.,, seed micelles is ap-
parent by the darker central region owing to the higher
electron scattering by the thicker P2VP coronal layer rela-
tive to that arising from the PDMS segments. It is also
clear from the dimensions of the newly-formed platelets
that growth occurs in a terminal direction, parallel to the
long axis of the seed, and also in a lateral direction, per-
pendicular to the seed’s long axis. A control experiment
was performed in which the unimer blend was added to
EtOAc/i-PrOH (11, v/v) in the absence of the cylindrical
seeds at 45°C (Figure Sg). This approach resulted in the
formation of polydisperse, poorly defined non-rectangular
2D structures, that were highly aggregated, further con-
firming the key importance of using seeds in these het-
eroepitaxial growth experiments.
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Figure 1. a-f) Bright field TEM micrographs of PFDMG,,-b-
PDMS,6,/PFDMG:., blend platelets grown from PFDMS,;-b-
P2VPs, cylinder seeds (L, = 680 nm, Lw/L, = 1.03, 6/L, = 0.15)
with Munimer/Mseed Of 2.5:1 (a), 51 (b), 7.5:1 (c), 101 (d), 12.51
(e), 15:1 (f). Scale bars 500 nm. g) Plot showing the linear de-
pendence of platelet area on Munimer/Mseed (for comprehen-
sive characterization of these platelets see Table Sz and Fig-
ure S3-8).

Further examination of the platelets shown in Figure 1b
(An = 1.74 x 105 nm?, Ay, = 1.84 x 105 nm?, Ay/An = 1.06, 6/An
= 0.24; Ay is weight-average contour area, and o is the
standard deviation) by atomic force microscopy (AFM)
revealed a patchy-like surface structure. Thus, the cylin-
drical seed micelle precursors were observed to have a
greater height relative to the newly-formed platelet re-
gions, as shown in the height profile at the center of the
platelets perpendicular to their lateral axis (~ 21 nm vs. ~
1-15 nm) (red line, Figure 2a,b). Intriguingly, the height
measured near the termini of cylindrical seeds appeared
to have an intermediate value (~18 nm, green line, Figure
23,b) and a height profile near the terminal edge of the
platelets revealed the presence of slightly alternating val-
ues of ~11 and ~15 nm (blue line, Figure 2a,b) (for further
analysis, see Discussion section, below).
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Figure 2. (a) AFM height image and (b) height profile of
PFDMG:.,-b-PDMS,6,/PFDMG,, blend platelets where my.
nimer/Mseed = 5 (An = 1.74 x 105 nm2, Ay/An = 1.06, 6/A, = 0.24).
(c) Dark field TEM image, (d) STEM-EDX Si-mapping, (e)
STEM-EDX Ge-mapping, and (f) overlaid STEM-EDX Si (or-
ange) and Ge (blue) maps of the platelets similar to those
shown in (a). Scale bars 250 nm.

By corona-crosslinking of PFDMS-b-P2VP/PFDMS
platelets using small platinum nanoparticles, we have
previously shown that although corona-forming block in
the blend platelets covers the whole rectangular platelet
surface, it is mainly located in the central regions of the
platelet lateral to the seed rather than near the platelet
termini.® In order to locate the blend components in
these well-defined blend platelets formed in the present
work we took advantage of the presence of both Ge and Si
and, using scanning transmission electron microscopy-
energy-dispersive X-ray (STEM-EDX) in elemental map-
ping mode, directly revealed the locations of these two
elements (Figure 2c-f and Figure Si0). In these experi-
ments, dark field TEM imaging was used first to locate the
platelets on the grid (Figure 2c). In the newly-formed
PFDMG.,-b-PDMS,¢,/PFDMG:., platelet surrounding the
seed the only source of Si is the PDMS corona-forming
block in the BCP whereas both homopolymer and BCP
contribute to the presence of Ge. Si-mapping demonstrat-
ed the localization of Si mainly in the central area of the

platelets (Figure 2d). This indicates that the BCP is mainly
located in this region. On the other hand, as both BCP
and homopolymer contain Ge, a more even distribution
of this element in the platelet structure is expected and
this was observed (Figure 2e). This direct observation of
the element distribution for Si and Ge is consistent with
our previous finding* that in rectangular blend platelets
formed by homoepitaxial growth of crystallizable
BCP/homopolymer blends, the BCP mainly occupies the
central region of the platelet lateral to the seed. The dark
field TEM image (Figure 2c) shows a bright region corre-
sponding to higher electron density at each of the seed
termini. As noted above, this feature appears to corre-
spond to a region of greater height compared to the re-
mainder of the newly-formed platelet (green line, Figure
2b) and the greater path length would explain the addi-
tional degree of electron scattering.

(b). Growth of 2D Platelets with Mixed PFDMS/PFDMG
Cores from 1D PFDMS-b-P2VP Seeds. In the aforemen-
tioned studies we studied the seeded growth of a blend in
which the BCP and homopolymer possessed the same
crystallizable core-forming PFDMG block, but different
from that of the 1D seeds, where the core was PFDMS.
Next, we studied the seeded growth of blends where the
two components have a different crystallizable core-
forming block. Specifically, we explored whether the
PFDMG,,-b-PDMS,¢,/PFDMS,, or PFDMS,,-b-
PDMS;6s/PFDMG,, blends would undergo controlled
platelet formation in the presence of 1D PFDMS,;-b-
P2VPs,, seeds. Therefore in this case, a lattice mismatch
for the core-forming blocks also exists between both of
the two blend components rather than solely between the
blend and the seed as in the experiments described in
Section (a).

We first investigated platelet formation by PFDMG.,-b-
PDMS,6,/PFDMS,, blends under the same conditions
used to generate platelets shown in Figure 2 (Scheme 1,
IT). This resulted in the formation of well-defined plate-
lets (An = 1.93 x 105 NM?, Ay = 1.99 x 105 nm?, Ay/An = 1.03,
0/An = 0.18) in which their core was composed of a mix-
ture of PFDMS and PFDMG (Figure 3a and Figure Su).
Knowing that in these platelets only the BCP is the source
of Ge, we then used STEM-EDX elemental mapping to
obtain more insight into the blend component distribu-
tion in the platelet structure (Figure 3a-d). Interestingly,
unlike the case of the PFDMG,,-b-PDMS,s,/PFDMG,,
platelets above, Ge mapping demonstrated an even distri-
bution of this element, and hence the BCP, in the central
and terminal regions of the platelet with no detectable
preference with respect to its localization in the central
region.

Surprisingly, performing an analogous experiment for
PFDMS,,-b-PDMS;63/PFDMG,, blend platelet formation
(Scheme 1, III), resulted in the deposition of a precipitate
in the vial used for experiment. TEM analysis of the su-
pernatant showed the generation of polydisperse, irregu-
lar elongated platelet-type structures (Figure Si2). The
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inability to form 2D platelet structures in this case can be
explained by potential differences in the crystallization
rates of PFDMS and PFDMG homopolymers (see Discus-
sion section, below).

Figure 3. (a) Dark field TEM image, (b) STEM-EDX Si-
mapping, (c¢) STEM-EDX Ge-mapping, and (d) overlaid
STEM-EDX Si and Ge maps of the PFDMG,,-b-
PDMS,¢,/PFDMS,; platelets (A, = 1.93 x 105 nm?, Aw/An = 1.03,
0/An = 018). Scale bars 200 nm.

(c). Growth of 2D Multiblock Platelets with a PFDMS
Core from 2D PFDMG-b-PDMS/PFDMG Platelet Precur-
sors. Having successfully accomplished 2D heteroepitaxial
growth using 1D seeds, we then targeted the use of the
resulting 2D platelets as seed precursors for the subse-
quent heteroepitaxial growth of a second platelet region
on the platelet periphery. To achieve this, we used
PFDMG,,-b-PDMS,s,/PFDMG,, platelets (A, = 1.74 x 105
nm?, Ay/An = 1.06, 6/An = 0.24), shown in Figure 2, as seed
micelles for the growth of a PFDMS,-b-
PDMS;63s/PFDMS,, outer segment (Scheme 1, IV) under
the same, aforementioned conditions. This resulted in the
formation of well-defined concentric rectangular platelet
block comicelles (A = 3.00 x 105 nm?, Ay, = 3.14 x 105 NM?,
Aw/A, = 105, o/A, = o0.22) in which PFDMG,,-b-
PDMS,s,/PFDMG., comprised the central platelet block
and PFDMS,,-b-PDMS;es/PFDMS,, generated the newly-
formed outer region (Figure 4 and Figure S13). As shown
in the AFM image in Figure 4a, in the resulting 2D plate-
let block comicelles the central PFDMG,,-b-
PDMS,s,/PFDMG:., region preserved its patchy structure
observed in Figure 2a. Interestingly, based on the increase
in length but virtually unchanged width, the subsequently
added PFDMS,,-b-PDMS,c3/PFDMS,, blend was mainly
deposited in a terminal direction relative to the seed

platelet rather than a lateral direction (along the short
axis). As with the data obtained for the seed platelets
themselves (Figure 2a-b), an AFM height profile at the
center of the platelets along their short axis (red line, Fig-
ure 4a,b) showed a greater cylindrical seed micelle height
relative to the PFDMG,,-b-PDMS,s,/PFDMG,, region (~20
nm vs. ~11 nm). A height analysis of a region composed
only of the newly-formed PFDMS,,-b-PDMS;s3/PFDMS,,
platelet region (blue line, Figure 4a,b) revealed a slightly
larger value in the center compared to the edge (~12 nm

Vs ~9 nm).
20
15 4
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Figure 4. (a) AFM height image and (b) height profile of
concentric rectangular platelet block comicelles (A, = 3.00 x
105 nm?, Aw/An = 1.05, 6/An = 0.22) prepared through the se-
quential addition of the PFDMG.,-b-PDMS.¢,/PFDMG,, and
PFDMS,,-b-PDMS,4s/PFDMS,, blends to PFDMS,;-b-P2VP,,,
cylindrical seed micelles. (c) Dark field TEM image, (d)
STEM-EDX Si-mapping, (e) STEM-EDX Ge-mapping, and (f)

overlaid STEM-EDX Si and Ge maps of the platelet block
comicelles similar to those shown in (a). Scale bars 500 nm.

In addition, STEM-EDX analysis was employed to fur-
ther characterize these platelet block comicelles (Figure
4c-f and Figure Si13c¢-f). As shown in Figure 4c¢, in the dark
field TEM image of the resulting block comicelle, the cen-
tral PFDMG.,-b-PDMS,s,/PFDMG.,, platelet is easily dis-
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tinguishable from the outer region derived from
PFDMS,,-b-PDMS;63/PFDMS,, as the former appears
brighter than the latter as a result of stronger inelastic
electron scattering of Ge. Furthermore, Si-mapping (Fig-
ure 4d) showed an interesting pattern in which the two
termini of the central block corresponding to the platelet
precursor appear sparser in their Si content (Figure 4e)
suggesting a higher concentration of Ge in this region.
Also, Ge-mapping (Figure 4e) confirmed that this element
is confined to the central platelet block.

In order to gain insight into the structures of PFDMG
and PFDMS cores in these platelet block comicelles, this
sample was analyzed by selected area electron diffraction
(SAED). As shown in Figure 5, SAED measurements re-
vealed that the two platelet regions in the platelet block
comicelles have identical electron diffraction (ED) pat-
terns with three pairs of diffraction spots, confirming the
presence of a single crystalline core with monoclinic
symmetry.® Based on these measurements, a constant
value for the lattice spacing of 6.3 A was obtained for both
the inner region (with a PFDMG core) and the outer re-
gion (with a PFDMS core) of the platelet block comicelles.
These results are entirely consistent with heteroepitaxial
growth (see Discussion section below for further analy-
sis).

(110)

ool [
;*‘.uw)

) 500 nm

Figure 5. Bright field TEM image and SAED patterns for
concentric rectangular platelet block comicelles (A, = 3.00 x
105 nm?, Aw/An = 1.05, 6/An = 0.22) prepared through the se-
quential addition of the PFDMG,,-b-PDMS,s,/PFDMG,, and
PFDMS,,-b-PDMSs4s/PFDMS,, blends to PFDMS,s-b-P2VP4,
cylindrical seed micelles. ED patterns on left and right corre-
spond to PFDMS- and PFDMG-containing platelet blocks,
respectively.>4

(d). Growth of 2D Platelets with a PFDMG Core from 2D
PFDMS-b-PDMS/PFDMS Platelet Precursors. Finally, we
investigated whether it was possible to use PFDMS,,-b-
PDMS;63s/PFDMS,, platelets as seeds for the subsequent
growth of an outer PFDMG,,-b-PDMS,,/PFDMG,, region.
To explore this possibility, 2D  PFDMS,,-b-
PDMS;63/PFDMS,, platelets were first prepared using
PFDMS,s-b-P2VPs,, cylindrical seeds (L, = 680 nm, Lw/Ln
=1.03, 6/L, = 0.15) under the same conditions as described
above (A, = 1.46 x 105 nm?, Ay = 1.59 x 105 nm?, Ay/An =
1.09, 0/An = 0.31) (Scheme 1,V and Figure Si4). These
platelets were then used as seeds for the growth of
PFDMG,,-b-PDMS,¢,/PFDMG., blocks (Scheme 1,VI). In
doing so, well-defined platelet block comicelles with dis-
tinct core regions were formed (An = 1.08 x 10° nm?, Ay, =

1.09 x 10° nm?, Ay,/An = 1.01, 6/A, = 0.10) (Figure 6 and Fig-
ure Si5a,b). Unlike the concentric platelet block comi-
celles formed by the sequential addition of the PFDMG.,-
b-PDMS.¢,/PFDMG., and PFDMS,,-b-PDMS;6s/PFDMS,,
blends to PFDMS,;-b-P2VP,,, cylindrical seed micelles,
the addition of PFDMG,,-b-PDMS,s,/PFDMG,, blend
unimer to PFDMS,,-b-PDMS;es/PFDMS,, seed platelets
resulted in the growth of the newly-formed platelet in
both the terminal and lateral directions relative the plate-
let precursor (Figure 6). As shown in Figure 6a,b, the
AFM height profile at the center of the platelet perpen-
dicular to its lateral axis (red line) showed a height for the
cylindrical seed micelle of ~16 nm. As for the previously
described 2D structures, this protrudes from the surface
and on moving toward the lateral edges of the platelet the
height initially falls to ~10 nm, corresponding to the
PFDMS,,-b-PDMS;63s/PFDMS,, central platelet inner re-
gion. On reaching the newly-grown outer region derived
from the PFDMG,,-b-PDMS,¢,/PFDMG,, blend a slight
increase to ~13 nm was detected. This value then dropped
slightly again to ~9 nm in the regions close to the lateral
edges of the platelet. In contrast, an AFM height scan of a
newly-formed region from PFDMG,,-b-
PDMS,6,/PFDMG,, near a platelet terminus (blue line,
Figure 6a,b) showed, as expected, an absence of the pro-
truding seed, with a value of ~10 nm at the center, and an
increase to ~15 nm to the sides. This suggests that the
center may be richer in PFDMG,, homopolymer with a
higher fraction of PFDMG,,-b-PDMS,s, BCP nearer the
platelet edge, where the corona would also make a con-
tribution to the detected height. Consistent with the
height profile at the central region of the platelet (red
line, Figure 6a,b), the height drops again to ~9 nm at the
lateral edges.

The two platelet regions of these block comicelles are
clearly distinguishable in their corresponding dark field
TEM image (Figure 6c¢) with the PFDMS,,-b-
PDMS,63/PFDMS,, inner region overwhelmingly less
bright than that derived from the PFDMG,,-b-
PDMS,.6,/PFDMG., blend on the platelet periphery. This
is once again consistent with the higher electron scatter-
ing expected for Ge relative to Si. Using STEM-EDX in
elemental mapping mode (Figure 6d-f), an uneven distri-
bution of Si was observed in the platelet block co-micelle
structure (Figure 6d) with, as expected, a higher concen-
tration in the central region, reflecting the presence of Si
in both the PFDMS core and PDMS corona. In striking
contrast, the absence of Ge in the inner platelet block
results in a “hollow” pattern for the Ge map (Figure 6e),
confirming the presence of distinct core-forming seg-
ments in the resulting 2D platelet structures (Figure 6e).
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Figure 6. (a) AFM height image and (b) height profile of
concentric rectangular platelet block comicelles (A, = 1.08 x
10 nm?, Aw/An = 1.01, /A, = 0.10) prepared through the se-
quential addition of the PFDMS,,-b-PDMS;63/PFDMS,; and
PFDMG.,-b-PDMS,6,/PFDMG,, blends to PFDMS,s-b-
P2VP.,, cylindrical seed micelles. (c) Dark field TEM image,
(d) STEM-EDX Si-mapping, (e) STEM-EDX Ge-mapping, and
(f) overlaid STEM-EDX Si and Ge maps of the platelet block
comicelles similar to those shown in (a). Inset in (c) shows
the EDX line analysis across the platelet where the orange
and blue lines correspond to Si and Ge analyses, respectively.
Scale bars 500 nm (c-f).

DISCUSSION

(i) Formation of Platelets with PFDMG and Mixed
PFDMG/PFDMS cores. In the first set of experiments we
showed that 2D platelets of controlled dimensions with
PFDMG cores (Figure 1a-f) can be formed by the addition
of PFDMGs5-b-PDMS,,s/PFDMG;; unimer blend to 1D
PFDMS,s-b-P2VPs,, cylinder seeds at 45 C. The formation
of these platelets was shown to proceed via a “living”
CDSA mechanism where the area (A,) of the near uniform
platelets formed increases linearly with an increase in the
Munimer/Mseed Tatio (Figure 1g). This result clearly shows
that uniform platelets can be formed when lattice mis-
match exists between the crystallizable segments of the

unimer blend components and that of the core-forming
block in the 1D seed micelles via heteroexpitaxial growth.

An important question to consider is the relative distri-
butions of the BCP and homopolymer components of the
blend in the newly-formed regions of the platelet sur-
rounding the seed. Dark field TEM images of PFDMGs,,-b-
PDMS,.¢,/PFDMG:., platelets revealed an interesting fea-
ture whereby regions near the ends of the PFDMS,;-b-
P2VP,,, cylinder seeds are brighter than the platelet ter-
mini (Figure 2c). This appears to be a consequence of the
greater thickness in this region relative to those further
from the seed (Figure 2b). Further insight into the distri-
bution of BCP and homopolymer in the platelet structure
was revealed by STEM-EDX measurements (Figure 2d-f).
Si-mapping showed that this element is mainly located in
the central region of the platelets lateral to the seed but
also close to the ends. As the PDMS corona-forming block
of the PFDMG,,-b-PDMS,s, BCP is the only source of Si,
this implies that that the BCP is predominantly present in
these regions. This suggests that, in this case, the increase
in electron scattering observed by dark field TEM in the
region close to the seed termini (Figure 2c) is a result of
the greater height, and hence path length present, rather
than an increased concentration of Ge associated with a
larger fraction of homopolymer.

We also examined the possibility of platelet formation
using analogous seeded growth of PFDMG,,-b-
PDMS,s,/PFDMS,, and PFDMS,,-b-PDMS,es/PFDMG,,
unimer blends in which lattice mismatch exists between
crystallizable segments of each blend component. It was
found that only the addition of PFDMG.,-b-
PDMS,6,/PFDMS,, unimer blend to the PFDMS,-b-
P2VPy,, cylindrical seeds resulted in the formation of
well-defined 2D platelets (Figure 3). In contrast, the use of
a PFDMS,,-b-PDMS;6s/PFDMG,, unimer blend led to the
formation of a precipitate and polydisperse, irregular
platelet-type structures remained in the supernatant
(Figure S12). The difference in the self-assembly behavior
of these two systems is likely to result from the differ-
ences in the crystallization rates of PFDMS and PFDMG
homopolymers. This may be a consequence of their re-
spective solubilities which influence their relative rates of
deposition on the micelle termini. We therefore deter-
mined the relative solubility of the two homopolymers
PFDMS,, and PFDMG:., in hexane/cyclohexane as a repre-
sentative marginal solvent system (1:1 v/v) (see Supporting
Information for the detailed experimental procedure).
NMR analysis involving the integration of the cyclopenta-
dienyl protons relative to benzene as an internal standard
revealed that PFDMS homopolymer is considerably (ca.
45%) more soluble than PFDMG homopolymer in this
medium. This difference could result in particularly inef-
ficient co-crystallization of PFDMG homopolymer with
PFDMS,,-b-PDMS;6s BCP and, hence, the formation of ill-
defined structures. On the other hand, in the PFDMG,,-b-
PDMS,s,/PFDMS,, system the PDMS corona-forming
block would be expected to slow the deposition of the
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PFDMG core-forming block, which in turn could provide
sufficient time for co-crystallization with PFDMS homo-
polymer to form well-defined platelets by heteroepitaxial
growth.

Examination of the PFDMG,,-b-PDMS,¢,/PFDMS,,
platelets using STEM-EDX analysis revealed that, unlike
the PFDMG.,-b-PDMS,s,/PFDMG.,, case, the BCP appears
to be evenly distributed over the newly-formed platelet
region with no preference for its localization in the cen-
tral region (Figure 3). This result highlights an interesting
consequence of the lattice mismatch between the crystal-
lizable core-forming block in the BCP and homopolymer
in the blend on the type of the platelet formed. Thus,
while using a unimer blend with the same crystalline,
core-forming polymer resulted in the preferred localiza-
tion of the BCP in the central region of the platelet lateral
to the seed, using a unimer blend composed of crystalline
blocks with a lattice mismatch led to the platelets in
which BCP was apparently relatively evenly distributed in
their backbone. In the future it will be interesting to ex-
plore whether analogous effects are observed when blend
combinations are studied with different crystallizable
polymers in the future.

(ii) Formation of Concentric Rectangular Platelet Block
Comicelles. After successful demonstration of platelet
formation via heteroepitaxial growth using 1D seed mi-
celles, generation of well-defined platelet block comi-
celles using 2D seed precursors was explored. It was
found that 2D seed platelets with PFDMG or PFDMS
cores were able to form platelet block comicelles upon the
addition of PFDMS,,;-b-PDMS;6s/PFDMS,, or PFDMG,,-b-
PDMS,6,/PFDMG,, unimer blends, respectively. However,
different modes of growth were observed in each case.
While the addition of a PFDMS,,-b-PDMS;es/PFDMS,,
unimer blend to platelet seeds with PFDMG cores result-
ed in the growth of the platelets in the terminal rather
than lateral direction relative to the seed (Figures 4 and
5), addition of PFDMG.,-b-PDMS,s,/PFDMG,, unimer
blend to platelet seeds with PFDMS cores led to growth in
both directions (Figure 6). This observation is indicative
of a significant difference in the growth mechanism in
each case and suggests a potentially useful role for the
seed platelets in guiding the growth direction of the add-
ed blend unimer. Importantly, identical spot-type ED
patterns for the two platelet blocks in a block comicelle
resulting from the sequential addition of the PFDMG,-b-
PDMS,5,/PFDMG,, and PFDMS,,-b-PDMS,s/PFDMS,,
blends to PFDMS,s-b-P2VP,,, cylindrical seed micelles
were observed (Figure 5). This corresponded to an identi-
cal lattice spacing value of 6.3 A for each platelet region.
We have previously shown that the lattice spacing values
for PFDMS and PFDMG homopolymers are 6.3 and 5.9 A,
respectively.>®® The observation that in these platelet
block comicelles a lattice spacing value of 6.3 A rather
than 5.9 A was obtained for the inner PFEDMG-containing
platelet region indicated that the central PFDMS,;-b-
P2VP5,, cylindrical seed micelles dictate the lattice spac-

ing for the added PFDMG-based blend. This is indicative
of a heteroepitaxial growth mechanism in 2D. This lattice
spacing is then also transferred to the region subsequent-
ly formed by the PFDMS-based blend, as expected.>+

SUMMARY

We have demonstrated that living CDSA of blends of
PFDMS- or PFDMG-containing BCPs together with the
corresponding homopolymers allows the formation of
well-defined platelet and platelet block comicelles using
either 1D cylindrical or 2D platelet seed micelles via a het-
eroepitaxial growth mechanism. Platelet block comicelles
with alternating PFDMS and PFDMG cores of varying
sequence were constructed. It was shown that the type of
seed platelet plays an important role in the growth direc-
tion of the added block. Thus, when PFDMG,,-b-
PDMS,.¢,/PFDMG:., platelets were used as seeds, the add-
ed PFDMS,-b-PDMS,¢3/PFDMS,, unimer tended to main-
ly grow terminal to the seed micelles, whereas the use of
PFDMS,,-b-PDMS;63/ PFDMS,, seed platelets directed the
growth of the added PFDMG.,-b-PDMS,¢,/PFDMG.,
unimer in both terminal and lateral directions. SAED
analysis of platelet block comicelles formed by the se-
quential addition of the PFDMG,,-b-PDMS,s,/PFDMG,,
and PFDMS,,-b-PDMS;¢s/PFDMS,; blends to PFDMS,;-b-
P2VPs,, cylindrical seed micelles indicated that the lattice
structure of the inner PFDMG-containing platelet block is
governed by the lattice spacing of the central PFDMS-
containing cylindrical seed micelle, as expected for a het-
eroepitaxial growth mechanism.

The factors influencing the relative locations of the
added BCP and homopolymer blend components in the
resulting 2D platelets are not yet completely resolved.
Based on STEM-EDX studies, in the PFDMG.,-b-
PDMS,¢,/PFDMG:., platelets, where the BCP and homo-
polymer share the same type of crystalline polymer, the
BCP was found to mainly localize in the central region.
On the other hand, in the PFDMG,,-b-PDMS,,/PFDMS,,
system, where the two crystalline segments are different,
BCPs were approximately evenly distributed in the result-
ing platelets.

Further studies to elucidate the growth mechanism for
these and related 2D materials are clearly needed and are
currently underway. It appears likely that, in the case of
cylindrical seeds, initial growth occurs at the seed termini
and the component to deposit first will be dictated by a
combination of relative solubility and crystallization rate.
Based on our results on seeded homoepitaxial growth of
BCP/homopolymer blends reported earlier,'® it appears
that following an initial addition to the seed termini, sub-
sequent encapsulation of the seed to afford a rectangular
platelet must be rapid as monitoring of the growth indi-
cates that terminal and lateral growth are almost simulta-
neous. We are also investigating potential applications of
the structures. In particular, transposing this approach to
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blends containing other crystalline core-forming blocks -

such as m-conjugated materials, which also undergo living
CDSA,* is of considerable interest and may allow the cre-
ation of 2D heterojunctions and other functional assem-
blies.
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