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ABSTRACT

Nucleated self-assembly in selective solvents of core-crystalline block copolymers (BCPs) is
a special case of living supramolecular polymerization, leading to rod-like micelles of controlled
and uniform length. For the crystallization-driven self-assembly of PFS-containing BCPs (PFS =
polyferrocenyldimethylsilane), the formation of block comicelles by sequential addition of
different BCPs is well established. But there are only a few examples of living copolymerization,
the simultaneous addition of pairs of BCPs with different corona-forming chains. At present,
relatively little is known about the competitive kinetics of different BCPs crystallizing on a
common seed. Here we report a systematic study of competitive seeded growth kinetics of pairs
of linear PFS-containing BCPs and show that one can manipulate the kinetics to control the
morphology of the comicelles. We found that the seeded-growth kinetics of the individual BCP
unimer dominates the co-assembly behavior and thus the morphology of the corona. Patchy
comicelles with microphase-segregated corona chains are formed when the epitaxial growth rates
of the two different BCPs on the common seed are similar. In contrast, factors that lead to

dissimilar growth rates (long corona-forming blocks or introduction of charges on



corona-forming chains) promote large-scale separation of the corona blocks, leading to block
comicelles. Because the termini of the comicelles remain living, they can further direct the
growth of unimers, resulting in hierarchical block comicelles with patchy blocks and
single-component (homo) blocks. Furthermore, the patchy comicelles can be loaded with either
gold or platinum nanoparticles, generating organic-inorganic hybrid materials with potential

application in catalysis.



1. INTRODUCTION

Supramolecular polymers are defined as a “polymeric array of unimers that are held together
by highly directional and reversible noncovalent interactions”.! This topic has attracted broad
interest in the fields of polymer and material science.*’ A variety of non-covalent interactions
have been employed to construct supramolecular polymers.®!7 One major issue is how to realize
“living” supramolecular polymerization to prepare supramolecular polymers with a very narrow
length distribution.!3?? The key problem is to inhibit spontaneous polymerization through kinetic
control under the conditions of cooperative growth.!?> To this end, Sugiyasu, Takeuchi, and
co-workers discovered a living supramolecular polymerization of porphyrin-based monomers
initiated upon addition of supramolecular seeds. In their system, the monomers in solution
spontaneously formed small colloidal J-aggregates that rearranged in the presence of
H-aggregates to form long fiber-like structures. They found that the reaction kinetics in this
system were analogous to that of conventional living chain polymerization.?> Miyajima, Aida and
coworkers developed the concept of a “meta-stable” monomer, which is conformationally
restricted from step-growth polymerization, but undergoes chain-growth polymerization with

living characteristics upon addition of rationally designed initiators. "

The formation of protein fibers in biological systems has been considered as a type of
supramolecular polymerization in which the unimers that polymerize are themselves polymers.
For example, amyloid fibers grow by protein deposition at both ends of seed fragments, and actin
filaments grow and shrink by attachment and detachment of G-actin monomers at the two
filament ends.”> In contrast, in tubulin polymerization, protein unimers deposit on a single
growing terminus.?* Thus non-covalent polymerization in these biological systems can exhibit

either unidirectional or bidirectional growth.

Another kind of non-covalent polymerization of macromolecular unimers occurs in selective
solvents with block copolymers (BCPs) with a long corona-forming block and a shorter
crystallizable core-forming block. Microphase separation of the core-forming block can lead to

elongated fiber-like micelles via a process referred to as crystallization-driven self-assembly



(CDSA).?>3% This is a nucleated growth process. Particularly in the case of BCPs with
polyferrocenyldimethylsilane (PFS) as the core-forming block, micelle growth has many of the
characteristics of living polymerization: the degree of supramolecular polymerization is
controlled by the monomer (unimer) to initiator (seed) ratio, leading to rod-like micelles very
uniform in length. Because the micelle ends are open to further growth, the micelles can be
elongated by the addition of unimer, and if the newly added unimer has a chemically different
corona-forming structure, block comicelles can be obtained. Thus sequential living CDSA

represents a powerful approach to generating novel block structures. 26273942

In contrast with the homopolymerization examples described above, copolymerization
involves the simultaneous polymerization of two or more monomers. There are only rare reports
of the co-assembly of low molecular weight unimers. An important example reported by Meijer,
de Greef and coworkers involved chiral induction of helix formation by a mixture of R- and
S-chiral enantiomers of oligo(p-phenylenevinylene) derivative. The co-assembly rate was highly
dependent on the ratio between both chiral monomers.** Aida et al. found that the co-assembly of
a racemic mixture of fluorinated chiral hexabenzocoronene on a common seed resulted in a
tubular block structure. In their case, the helical senses of the newly formed block were solely
determined by those of the helical seeds. However, they could not distinguish whether the block
structure was an ABC triblock copolymer or a mixture of AB and AC diblock copolymers.* For
CDSA of crystalline-coil BCPs, the copolymerization analog is the competitive addition to a
growing micelle of two BCPs with a common crystallizable block. This situation can be
achieved by feeding a blend of two BCPs to a seed solution. This co-assembly approach
represents an alternative, more versatile, and simpler route to generating micelles with two or

more chemically different corona chains.*>*¢

In 2010, we reported the co-assembly of two linear PFS-containing BCPs,
PFS-b-polyisoprene (PFS-b-PI) and PFS-b-polydimethylsiloxane (PFS-b-PDMS) by seeded
growth from a common micelle seed.*’ In this early study, we wished to examine how

differences in corona composition and chain length affected the structure of the elongated



micelles formed. We found, for example, that the corona chains influence the packing density of
BCP molecules in the micelles, as demonstrated by pronounced differences in the number of
BCP molecules per nanometer; a property that we refer to as the linear aggregation number,
Nagg L. In spite of the large y value for the PI and PDMS components (ypyppms = 0.13 at 25 °C),*8
no evidence for corona chain segregation could be found by transmission electron microscopy

(TEM), even after selectively staining the PI block with OsO4.*

More recently we studied the co-assembly of a brush BCP and a linear BCP and examined
how the steric bulk of the brush-like corona chains affected living CDSA behavior.*® Starting
with linear PFSes-b-PMVSs70 (PMVS = polymethylvinylsiloxane, the subscripts refer to the
mean number of monomer units), bottlebrush arms were created on PMVS block by a thiol-ene
reaction with three different alklythiols (CoH2n+1-SH, n = 6, 12, 18, denoted BCP6, BCP12, and
BCP18, respectively). The rate of micelle growth was retarded by the increasing length of
alklythiols, and for BCP18, only a fraction of the unimers in solution added to the seed micelle.
Since linear and brush BCPs added at different rates to the seed micelles, we examined the
co-assembly behavior of the mixture of these two unimers. A fascinating morphology of tapered
patches of PMVSe70 (visualized by OsOy staining) and the Cig brush (visualized by AFM) was
observed. Co-assembly experiments of equimolar mixtures of PFSes-b-PMV Sg70 with BCP6 and
BCP12 led to elongated micelles in which a gradient structure with patches of BCP12 could be
visualized by OsOys staining, whereas no patches could be resolved in the experiment with BCP6.
In order to explain the tapered structure of the micelles formed by co-assembly, we proposed a
kinetic model in which the epitaxial addition rates of the different individual linear and brush
BCPs combined with cumulative steric interactions of the brush block. The results indicate a
preferential consumption of the linear BCP during the initial stage of micelle growth. As the
linear unimer was consumed, the composition of the micelles changed in favor of brush BCP18,

leading to a segmented, gradient comicelle architecture.

These examples suggest that the co-assembly of pairs of PFS BCPs with different corona

chains has features in common with the living copolymerization of molecular monomers,>*4’



where very similar reactivity ratios will lead to nearly random copolymers and differences in
reactivity ratios can lead to the formation of blocky or gradient structures.*’ This idea opens the
door to the construction of a broad variety of interesting and novel structures. While relatively
little is known about reactivity ratios for the competitive assembly of pairs of core-crystalline
polymers, the example of the co-assembly of PFSes-b-PMVSe00 with BCP18 described above

indicates that strongly cooperative effects are possible.*

We would like to explore simpler examples, involving the competitive co-assembly of pairs
of linear PFS-containing BCPs. We choose examples in which we could selectively stain the
corona chains of one of the BCPs. In this way we could use the micelle morphology as a
qualitative measure of sequence distribution and compare competitive addition experiments with
kinetic studies of micelle growth rates for the individual BCPs. Our working hypothesis was that
similar growth rates of the two BCPs would lead to micelles with small surface patches due to
microphase segregation of proximate corona chains along the cylindrical backbone. In contrast,
we imagined that pronounced differences in the individual unimer addition rates to the growing
micelles would lead to well-defined block co-micelles in which the individual blocks have

spatially distinct coronas.

In this report, we describe experiments that examine competitive kinetics of living CDSA of
pairs of PFS-containing linear BCPs in which the corona chains undergo spontaneous phase
separation and no external staining is needed to see the patchy structure in TEM images. The
polymers include PFS-b-PNIPAM and PFS-H-P2VP (PNIPAM = poly(N-isopropylacrylamide),
P2VP = poly(2-vinlypridine)), as well as a lightly quaternized derivative of PFS-H-P2VP
(PFS-5-P2VP?). We show that when the individual BCPs add at similar rates to seed micelles
present in solution, one obtains patchy micelles characterized by small patches associated with
local microphase segregation. When we changed the structure of one of the BCPs in a way that
decreased the rate at which it adds epitaxially to the seed micelles, block comicelles were
obtained. These results demonstrate the importance of growth kinetics in the co-assembly

process and offer a simple method to tailor the micelle structure. The open ends of the patchy



micelles remained active for further growth, and in this way, multi-block co-micelles with patchy
blocks and single-component (homo) blocks were obtained. The P2VP patches in these micelles
could be decorated with either gold or platinum nanoparticles, yielding organic-inorganic hybrid

material with potential application in catalysis.

2. RESULTS AND DISCUSSION

Coassembly experiments were carried out by the simultaneous addition of two
PFS-containing BCPs as a concentrated solution in tetrahydrofuran (THF) to seed micelles in
isopropanol (iPrOH). The seed micelles direct the living epitaxial growth of both unimers on

their open termini (see experimental details in Supporting Information, SI).
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Chart 1. Structures of PFS-b-PNIPAM, PFS-b-P2VP, and PFS-b-P2VPR Diblock Copolymers. In the lower
two structures, x takes a value of 1 to 3.50

2.1 Coassembly of PFS3s5-b-P2V P49 and PFS2s-b-PNIPAM 199

In our initial experiments, we examined the co-assembly of a 1:1 by weight mixture of
PFS35-b-P2VP40 and PFS2-b-PNIPAMig9 (Chart 1). Short micelle fragments of
PFS35-b-P2VP4oo (Ln = 40 £ 13 nm, Lw/Ln = 1.11, Figure S1 in SI) were employed as seeds. As
shown in the TEM images Figure 1 and Figure S2, this led to elongated micelles, uniform in

length as expected for seeded growth where no new nuclei form and all the added unimer grows



onto the seeds.??” In addition, one can see that these micelles have a patchy texture (Figure 1a,d)
in which the P2VP corona appears dark and the PNIPAM corona is hardly visible. The higher
contrast for P2VP is related to its higher electron density. In some of the micelles, the central
seed fragment can be distinguished, with tufts of P2VP domains apparent at various intervals
along the micelle. Additional images at two different magnifications are presented in Figure
S2-S3. Different patterns of patchy micelles are obtained if one uses an excess of one of the
BCPs in the seeded growth experiment. A 3:1 mass ratio of PFS3s-b-P2VPs to
PFS26-b-PNIPAMi9o leads to the elongated micelles seen in Figure 1b,e and Figure S3a, with
much thicker and denser coronas, reflecting the higher P2VP content. In contrast, micelles
prepared from a 1:3 mass ratio of these two BCPs (Figure lc,f and Figure S3c) appear much
thinner. Aside from the thick dark patch indicating the location of the PFS3s-b-P2V P40 seed, one

sees only occasional patches of the P2VP corona along the micelle.

Figure 1. TEM images and corresponding schematic diagrams of the patchy micelles with segregated
corona chains. The mass ratios of PFSss-b-P2VP4o0 to PFS26-b-PNIPAMigo are (a) and (d) 1:1, (b) and



(e) 3:1, (c) and (f) 1:3, respectively. (d), (e) and (f) are magnified TEM images of the micelles in (a), (b),
and (c). The brackets indicate the position of PFSzs-b-P2VPa400 seeds. The yellow, blue, and red colors in
the schematic diagrams indicate PFS, P2VP, and PNIPAM segments, respectively.

Another interesting feature of these co-assembled micelles became apparent when we
controlled the molar ratio of the two BCPs. Here we found that the overall length of patchy
micelles depended upon the composition of the unimer mixture. For example, their length
increased as the fraction of PFS35-b-P2VP400 unimer in the mixture increased, even though the
unimer-mixture-to-seed molar ratio remained constant (Figure S4). The overall length is a
reflection of the way the BCP molecules pack in adding to the micelle, as measured by the linear
aggregation number (Nagg), the number of BCP molecules per nm length of the micelles. We

return to this topic in in Section 2.5 below.

On a length scale of tens of nanometers, the structure of the micelles is a reflection of the
order in which the two different BCPs added to the growing micelle. On a shorter length scale,
structure can arise from phase segregation as the micelles dry on the grid. In order to understand
the factors that can drive this demixing, we examine the Hansen solubility parameters of the two
corona polymers. These values are collected in Table 1, where the total solubility parameter o is
calculated from the sum of squares of the individual dispersion dp, dipolar dp and hydrogen
bonding components on. The difference in total solubility parameters between PNIPAM (0 = 22.9
MPa'?) and P2VP (6 = 20.8 MPa'?) is larger than the difference in Hildebrand solubility
parameters of PDMS (6 = 15.1 MPa'?) and PI (§ = 16.5 MPa'?),3! for which no phase
segregation could be detected in the comicelles formed by PFS-b-PDMS and PFS-b-PLY
Schmalz et al. observed patchy cylindrical micelles in the self-assembly of
polystyrene-b-polyethylene-b-poly(methyl  methacrylate)  (PS-b-PE-b-PMMA) with a
core-crystalline PE middle block.*** The microphase separation between the PS and PMMA
corona chains could be detected in spite of the very small solubility parameter difference
between PS (6 = 18.6 MPa'?) and PMMA (6 = 18.3 MPa!?). They further confirmed the
underlying coronal microphase separation in solution by using 2D 'H nuclear Overhauser effect

spectroscopy (NOESY).??



To examine this situation further, we calculate the Flory-Huggins interaction parameter

between the corona chains (ypniam-p2ve) via eq 1.%2

V
XPNIPAM-P2VP = ﬁ [(5PNIPAM,D - 5P2VP,D)2 + 0'25(5PNIPAM,P - 5P2VP,P)2 + 0'25(5PNIPAM,H - 5P2VP,H )2] (1)

Here 1 is the geometric mean molar volume of the polymer segments (which are very similar),
R 1s the gas constant, and 7 is the absolute temperature. In this way, we calculate ypnipam-p2vp =
1.0 at 298 K. Based on the degree of polymerization of PNIPAM and P2VP, the critical value of

% (teriticat) for phase separation in the bulk state can be calculated to be 0.0075 from eq 2,

-1/2

1 12 \2
Acritical = E (Neneam + Neave

)
where N is the degree of polymerization of each corona block. The calculated ypnipam-p2ve is
significantly higher than ycrisical, indicating the incompatibility between P2VP and PNIPAM and
predicting that their mixture should phase separate.

Depending on the relative growth rates of the two BCP unimers and their concentrations,
one might expect a gradient sequence along the cylinder axis. However, patchiness is mainly due
to microphase separation of the two corona blocks. While it is possible that microphase
separation occurs upon drying, we think that it is more likely that the patchy corona structure
arises from an underlying microphase separation between P2VP and PNIPAM in solution, since

their properties are quite different.

Table 1. Hansen solubility and molar volume of PNIPAM>*, P2VP*, and iPrOH."!

Polymers Molar Volume Hansen Solubility Parameters (MPa'?)

or Solvent ¥ (cm*/mole) op op on R

PNIPAM 108.0 19.2 2.0 12.3 22.9
P2VP 107.8 17.9 8.8 5.9 20.8
iPrOH 76.6 15.8 6.1 16.4 23.6
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a. 0> =0p” + op* + Oon’

Several years ago, we reported the CDSA of a polystyrene-arm-polyisoprene-
arm-polyferrocenylsilane (PS-arm-PI-arm-PFS) miktoarm star terpolymer, in which cylindrical
micelles were formed with a PFS crystalline core and a segregated, patchy PS/PI corona.’! In
ABC triblock or star-like terpolymers with a crystallizable B block, the immiscible A and C
blocks are covalently connected to the B block and thus are anchored at proximate locations
along the cylindrical backbone. Therefore, both the A and the C blocks add to the growing
micelle at the same time. Additionally, if one wants to modify the micelle structure, one has to

synthesize new ABC BCPs, which is often very time-consuming.

In contrast, introducing blends of two linear PFS-containing BCP unimers into the
seeded-growth process is a simple and effective approach for preparing patchy cylindrical
micelles. Most importantly, one can use pairs of these BCPs to examine the competitive addition
kinetics in the formation of cylindrical comicelles. One can imagine that the specific addition
rate of a given BCP to an end of a growing micelle will depend upon its affinity for epitaxial
attachment to the exposed PFS face of the micelle. Such growth is balanced by steric interactions
of the soluble BCP chain with corona chains protruding from the growing end of the micelle. To
explore this feature further, we compare the growth rate of the patchy comicelles with the growth

rates of the corresponding single-component micelles.

2.2 Competitive Kinetics of Micelle Formation

The kinetics of micelle growth was studied by monitoring its length as a function of time
after adding equimolar amounts of each unimer to the seed suspension (see experimental details
in SI). First we investigated the growth rate of each individual BCP on the short seeds of
PFS35-b-P2VP4p0. The increase in length as a function of time is presented in Figure S5 for
PFS26-b-PNIPAM 99 unimer and in Figure S6 for PFS3s5-5-P2VPso0 unimer, accompanied by
histograms of the length distribution that show that the distribution of lengths remains narrow.

The growth rates are initially rapid, reaching 25 % to 40 % of the final length in ca. 10 min, but

11



then the growth rate slows substantially (Figure 2). The lengths appear to reach their final value
after 7 days and remain almost the same after 80 to 110 days aging at 23 °C. Thus we assume
that all of the unimers initially present in the solution have added onto the micelles.?6?’
Therefore, we use the lengths after aging these samples for 80 to 110 days as the final micelle
length. The growth rate is defined as L¢/Lfina, Where L is the length increment of the micelle at
time ¢, while Lfina is the final length increment (total length - seed length, Lfinat = Liotal - Lseed)
determined after aging each sample. As shown in Figure 2, the growth rates of PFS35-b-P2V P40
and PFS6-b-PNIPAM99 are similar. When experiments were carried out with a mixture (1:1
molar ratio) of these two unimers, the micelle growth rate was almost identical (the TEM images
used to construct this plot are presented in Figure S7). All of the three growth curves overlap
well, indicating that both unimers have a nearly equal opportunity to grow on the ends of the
seeds. While we have not attempted to fit these data to a kinetic model, we believe this similarity
in growth rate for the two different unimers is likely critical for the formation of locally

phase-separated patches as the elongation of micelles proceeds.
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Figure 2. The growth kinetics plots of different unimers on PFSss-b-P2VPa4oo seeds. Lt is the length
increment of the micelle at time t, while Lsina is the final length increment (total length - seed length) after
aging at least 80 days. Equimolar amounts of each unimer were injected to the diluted seed solution.
Black squares: PFS26-b-PNIPAM1go; Green pentagons: PFSze-b-PNIPAMs20; Red circles:
PFSazs-b-P2VPag0; Blue triangles: mixture of PFS26-b-PNIPAM19o and PFS3s-b-P2VPa4oo (molar ratio 1:1).
Note that for PFSss-b-P2VP400?, pink stars, the sample did not reach its final length after 110 days, and
we arbitrarily set the length at that time as Liotar.
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Another more subtle feature of the competitive addition of the two BCPs to the seed micelle
becomes apparent upon close inspection of the images of final micelles formed by the 1:1
mixture. Here it appears that the sizes of the patches are not uniformly distributed along the
micelle. We used Image] to measure the P2VP patch size as a function of the distance from the
central seed for all of the patches on 21 different micelles. The results are shown in Figure S8.
While there is considerable scatter in the data, there is a trend to smaller P2VP patches as the
distance from the seed increases from 50 nm to 600 nm. This can be attributed to the decrease of

free PFS35-b-P2VP40 concentration in the solution during the epitaxial growth.

2.3 Kinetic Manipulation of the Micelle Formation

Decreasing the Growth Rate of PFS-b-P2VP by Quaternization (PFS3s-b-P2VP492).
According to arguments presented in the previous section, if one type of unimer adds more
rapidly to the ends of the growing micelle than the other in a simultaneous addition experiment,
the final structure of the micelles formed should reflect this difference in addition rate. To test
this idea, we took a sample of PFS3s5-b-P2VP4o0 and partially quaternized a small fraction of the
pyridine groups with methyl iodide to obtain PFS3s-h-P2VP40o?. Based on previous work from
our laboratory, we knew that even small extents of quaternization of PFS-b-P2VP significantly
affected the morphology of the micelles.”® Here we limited the extent of methylation of the
pyridine groups to 1 mol % to ensure the solubility of the quaternized unimer PFS3s-b-P2VPu4po?
in THF (see NMR in Figure S9). This corresponds to an average of about four 2VP? units per
BCP chain. In a typical experiment, PFS35-b-P2VP40o? unimer was injected to a suspension of
PFS35-b-P2VP4oo seeds in iPrOH. TEM images of the micelles formed after various aging times
as well as histograms of the micelle length are shown in Figure S10. Even after aging for 110
days, the average micelle length was only ca. 190 nm. The growth of the unimer could still be
detected and these micelles did not reach their final length. Recall that for PFS35-b-P2V Py itself,
the micelles would have reached a length of ca. 470 nm in 7 days (Figure S6, SI). In order to
compare the data for PFS35-b-P2VPu4oo? with that for PFS26-h-PNIPAM 99 and PFS3s-b-P2V P40,

we arbitrarily set Lfinat = 190 nm to calculate an apparent growth rate. As seen in the bottom line

13



in Figure 2, this polymer added much more slowly to PFS35-b-P2VP4oo seeds than the other two

unimer samples.

To confirm the idea that corona modification was responsible for the striking decrease in
growth rate, we carried out a second set of experiments in which we added an aliquot of
PFS35-b-P2VP4o? in THF to seed micelles of PFS2-PNIPAM 9o (Ln = 290 + 76 nm, Ly/ Ln =
1.07, c.f., Figure S11) in iPrOH. Epitaxial growth in these CDSA experiments led to A’BA’
triblock comicelles with PFS2¢-b-PNIPAM 9o as the B block and PFS3s-b-P2VP4o? as the A’
block, reaching a length of ca. 500 nm over 45 days and ca. 520 nm after 80 days. TEM images
and corresponding length histograms are presented in Figure S12. The results clearly show that

this small extent of quaternization of PFS3s-b-P2VPso0 unimer significantly decreased its

seeded-growth rate.
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Figure 3. TEM images and corresponding schematic diagrams of the block comicelles obtained by adding
the mixed unimers of PFSss-b-P2VP400? and PFS2s-b-PNIPAM1go (molar ratio 1:1) to (a)-(b)
PFS3s5-b-P2VP400 seeds (Ln = 40 £ 13 nm), and (c)-(d) PFS26-b-PNIPAM1go seeds (Ln = 442 + 59 nm),
respectively. (a) and (c) show the micelles before staining by Karstedt’s catalyst, while (b) and (d) show
the micelles after staining. The yellow, blue, red, and green colors in the schematic diagrams indicate

PFS, P2VP, PNIPAM, and positive charges, respectively.

We then carried out competition experiments in which we added a 1:1 (molar ratio) mixture

of PFS35-b-P2VP40o? and PFS26-b-PNIPAM 9 in THF to suspensions of seed micelles in iPrOH.
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When we used 40 nm PFS3s-b-P2VPasoo seed micelles, block comicelles were obtained rather
than patchy micelles (Figure 3a). To enhance the contrast, we treated the samples with Karstedt’s
catalyst (platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex) to stain the P2VP block
and the P2VP component of the P2VP? block with Pt NPs.’’® Figure 3b shows that the
predominant structures are A’BABA’ pentablock comicelles with PFS35-P2VP4go? end blocks
(A’) and a PFS35-P2VP4o0 center block (A). The length of the middle block (seed) is not
obviously changed from that of the original seed micelles, suggesting that PFS3s-h-P2VP40?
unimers seldom grow directly onto the seeds.

We also added the mixed unimers to the 442 nm PFSs-b-PNIPAM99 seeds. Here A’BA’
triblock comicelles can be seen, particularly after staining with Pt NPs (Figure 3c-d). The length
of the PFS26-b-PNIPAM19o B block increased from Ly, = 442 nm to 1100 nm, whereas the length
of the PFS35-b-P2VP4oo? (A’) block was only ca. 52 nm long. In Figure 3, we were unable to
resolve PFS3s-b-P2VP40? domains in the elongated PFS26-b-PNIPAMi9 B block even after
staining. It is likely that some of PFS35-b-P2VP4o? unimers have been incorporated into the
PFS26-b-PNIPAMi9o blocks of the comicelles during the co-assembly. However, as a minor
component in these blocks, they cannot be detected in the TEM images by staining. These results
indicate that the growth rate of PFS26-b-PNIPAMigo unimer is much faster than that of
PFS35-b-P2VP4o? unimer, and is consistent with the results of the individual kinetics
experiments shown in Figure 2. These results confirm that one can take advantage of competitive
kinetics in CDSA experiments to manipulate the structure of the elongated micelles that can be

formed.

Decreasing the growth rate of PFS-b-PNIPAM by increasing PNIPAM length
(PFS26-b-PNIPAMS529). Previous experiments in our laboratory showed that the growth rate of
PFS26-b-PNIPAMs20 micelles in iPrOH was very slow.’® This is likely due to the increase in
solubility of the BCP and steric hindrance of the PNIPAM segment when its degree of
polymerization is increased. Here we examined the seeded growth rate of PFS26-b-PNIPAMs2o

micelles onto 40 nm PFS35-b-P2VP4o seed micelles. TEM images and corresponding histograms
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of the length distribution are presented in Figure S13. It takes more than 35 days for the micelles
to reach their final length, and the time evolution of Li/Lfinal is plotted in Figure 2. One can see
that the growth rate for these single-component micelles is significantly slower than those for
PFS26-b-PNIPAMi99 or PFS35-b-P2VP400. We then carried out competition experiments adding a
1:1 (molar ratio) mixture of PFS26-b-PNIPAMs20/PFS35-b-P2V P49 to the 40 nm PFS35-5-P2VP4oo

seed micelles.

As shown in Figure 4, only block comicelles rather than patchy comicelles can be observed.
After selectively staining the PFS3s-b-P2VP4oo chains, we found the length of the seed block
(dark segment in Figure 4b) increased from 40 nm to 210 nm. This result indicates that most of
the PFS35-P2VP40o unimers added epitaxially onto the seeds and the growing micelles before
PFS26-b-PNIPAMs20 unimers added. After consumption of the PFS3s5-b-P2VP4qo, the growth of
the PFS26-b-PNIPAMs2 dominated the seeded-growth process, resulting in B’AB’ triblock
comicelles with PFS35-P2VP4go as the A block and PFS26-PNIPAMsyo as the B’ blocks. This
experiment demonstrates that by choosing a BCP partner with a slower growth rate, for either
component, block comicelles rather than patchy comicelles can be obtained. In other words,
knowledge of the growth kinetics enables one to alter the growth sequence of the unimers. This
method offers us a sophisticated strategy for controlling the morphology of the micelles obtained
by the CDSA process.

(b)

200 nm \ 200 nm A
I I i

Figure 4. TEM images and corresponding schematic diagrams of the block comicelles (a) before and (b)
after staining by Karstedt's catalyst. These micelles are obtained by adding the mixed unimers of
PFS35-b-P2VP400 and PFS26-b-PNIPAMs20 (Molar ratio 1:1) to PFSss-b-P2VPaoo seeds (Ln =40 + 13 nm).
The yellow, blue, and red colors in the schematic diagrams indicate PFS, P2VP, and PNIPAM

segments, respectively.
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2.4 Controlling the Length and the Morphology of the Patchy Micelles

Since the seeded-growth of unimer in CDSA is a living process, the length of the cylindrical
micelles can be controlled by varying the ratio of unimer to seed.’®?’ Here, this strategy is
employed to control the Ilength of patchy micelles. The PFS35-6-P2VPso and
PFS26-b-PNIPAM 99 unimers were premixed (weight ratio 1:1) in THF to get a solution with ¢ =
10 mg/mL. Then different amounts of unimer solution (up to 25 puL) were injected into the 40 nm
PFS35-b-P2VP4po seed solution (0.005 mg/mL). As shown in Figure S14, patchy cylindrical
micelles with uniform length can be obtained. The length of the micelles increases linearly as the
increase of the mass ratio of unimer to seed. This living growth behavior is consistent with

expectations based on a living CDSA process.?%?’

We also have control of the overall morphology of these structures. For example, when
longer PFS26-b-PNIPAM190 micelles (length: 442 nm) are employed as seeds for this unimer
mixture, we obtain triblock comicelles with a single-component (homo) middle block and patchy
end blocks (Figure 5a). If instead, we use as our seed structure a patchy micelle grown off a 40
nm PFS35-b-P2VP4oo micelle fragments (c.f., Figure 1a) to direct the growth of PFS35-b-P2VP4o0
unimer, then we get triblock comicelles with patchy middle block and homo end blocks (Figure
5b). If the triblock comicelles shown in Figure 5a are employed as seeds, pentablock comicelles
with patchy blocks and homoblocks can be obtained (Figure 5c¢). These experiments demonstrate
the versatility of living CDSA in forming complex partially patchy structures with control over

composition and length.

§ @ it
! Homo '\,\oﬂ\o

oy
patchy ‘?vatch

Patchy Homo Patchy Homo Patchy Homo  Homo Patchy Homo Patchy Homo
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Figure 5. TEM images and corresponding schematic diagrams of (a) patchy-homo-patchy triblock
comicelles, (b) homo-patchy-homo triblock comicelles, and (c) homo-patchy-homo-patchy-homo
pentablock comicelles. The yellow, blue, and red colors in the schematic diagrams indicate PFS, P2VP,
and PNIPAM segments, respectively.

2.5 The Linear Aggregation Number of the Patchy Cylindrical Micelles

As shown in Figure 1, and Figures S4-S6, we found that when equimolar amounts of
unimers or unimer mixtures were added to aliquots of the same seed solution, the final lengths of
the micelles were different. Increasing the mole fraction of PFS26-b-PNIPAMi9o in the unimer
mixture with PFS35-b-P2V P49 led to a decrease of the final length of the comicelles (Figure S4).
Since each micelle contains on average the same number of BCP molecules, this difference must
reflect differences in the packing density of BCPs in the micelle. A useful way to characterize
this property is in terms of the linear aggregation number Nagg1, Which describes the number of
BCP molecules per nm of micelle length. Since the overall aggregation number Nagg1 of the
PFS35-b-P2VP4o seed has been measured by laser light scattering (corresponding to Nage L sced =
2.0 molecules/nm),*® we can calculate Nage1 values of the various micelles formed by seeded

growth using eq 3.

_ munimerl munimer2 MO,seed Lseed,w
Na L~ ( + )
g9, M

N agg,L,seed (3)

unimerl M unimer2 mseed Lfinal,n
Here munimer 1s the mass of unimer, Munimer 1s the molecular weight of unimer, Mo sced is the
molecular weight of the BCP molecules in the seed, here PFS35-b-P2V P40, mseed 1s the mass of
seed, Lseed,w 18 the weight average length of the seed, and Lfinai,n is the number average length of
the newly added block. This analysis assumes that all of the unimer added to the seed solution
grows epitaxially onto the micelle seeds and that the micelles have reached their final length. The

calculation details can be found in the SI and the results are shown in Figure 6 and in Table 2.
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Figure 6. Plots of the comicelle length (red squares) and the linear aggregation number Nagg,L (blue
triangles) versus the molar ratio of PFSss-b-P2VPa400 t0 PFS26-b-PNIPAM1g0. Nagg,L values were
calculated according to Eq 3.

The Nagg L value of the homomicelles (HM1) formed by growing PFS3s-b-P2VP4o0 unimer
on PFS35-b-P2VP4g0 seeds is calculated to be 1.9, which is very close to the value obtained by
laser light scattering for the seed itself (NaggLsced = 2.0). As we have found previously, seeded
growth of a single component micelle does not lead to a change in the number of BCPs per unit
length. In contrast, we obtain a value of the Nagg1 = 3.4 for the homomicelles (HM2) formed by
growing PFS26-b-PNIPAM 90 unimer on PFS35-b-P2VP4go seeds. The fact that the newly added
block of HM2 is shorter than that of HM1, even though equimolar amounts of each were added
to the seeds, can be explained by a larger number of BCP molecules per unit length for HM2. For
the patchy comicelles, we find that the Nagg1 decreased as the mole fraction of PFS35-b-P2V P40
was increased (Figure 6). Because of the difference in how the BCP molecules pack in the
micelle core, the length of the patchy comicelles increased as the mole fraction of

PFS35-b-P2V P40 in the unimer mixture increased.

This analysis helps us understand micelle lengths in the experiments with mixtures of
unimers, but it does not tell us what structural features of the BCP determine the magnitude of
Nage1..5! In a previous publication, we reported that rod-like micelles of PFS6-b-PNIPAMs2g
were characterized by a very small value of Nagg1 (ca. 1 BCP/nm).>® The contrast with Nagg1 =
3.4 for PFSs-b-PNIPAM99 indicates that corona repulsion for the polymer with the longer
PNIPAM block must play an important role. It is also likely that the length of the PFS block is
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also important.

Table 2. Characteristics of the seed micelles, homomicelles (HM), and patchy micelles (PM)

-15 -18
Mseed 10 Nseed 10 Nunimer Ltotal,n Ltotal,w Ltotal,w/Ltotal,n Lﬁnal,n Nagg,L

(mg) (nm)°  (nm)* (nm)*
HM1* 0.02  2.70 2.17 471 480 1.02 431 1.9
HM2*  0.02 270 2.17 278 286 1.03 238 34
PMI®* 0.02 270 2.17 345 356 1.03 305 26
PM2° 0.02 270 2.17 335 346 1.03 296 2.7
PM3* 0.02 270 2.17 305 315 1.03 265 3.0

a. HM1: Homomicelle blocks formed by growing PFS3s-b-P2VP4go unimers on PFS35-b-P2V P40 seeds (Figure
S6); HM2: Homomicelle blocks formed by growing PFSs-b-PNIPAM 99 unimers on PFS35-b-P2VP4go seeds
(Figure S5).

b. PM1, PM2, and PM3: Patchy micelles by growing mixed unimers on PFS3s-b-P2VP4p seeds. The molar
ratio of PFS26-b-PNIPAM 99 to PFS35-b-P2V P4 are 1:3, 1:1, and 3:1, respectively (Figure S4).

C. Liotal,n: number average micelle length at 110 days (or 80 days for PM1, PM2, and PM3)

d. Liowl,w: weight average micelle length at 110 days (or 80 days for PM1, PM2, and PM3)

c. Lﬁnal,n = Ltotal,n — Lseed,n (Lseed =40 nm, Lseed,w =44 nm)

2.6 Loading of AuNP and PtNP to the Patchy Micelles

As reported by Schmalz, Greiner et al., cylindrical micelles with patchy coronas can be
employed as carriers for metal nanoparticles (NPs) if the patches can be modified with
appropriate functional groups to anchor the NPs.%? These hybrid structures can be employed in
heterogeneous catalysis.%® In their experiments, they carried out an aminolysis reaction with
N,N-dialkylethylenediamine on their PS-b-PE-b-PMMA triblock terpolymer to convert a fraction
of the MMA groups to pendant tertiary amine groups. They were then able to load the
PMMA-rich patches with gold nanoparticles (AuNPs). The patchy cylindrical micelles that we
report in this paper have patches rich in P2VP and patches rich in PNIPAM, both of which are
effective at binding AuNPs and PtNPs.%

We carried out these experiments on the patchy micelles shown in Figures la,d, prepared

from a 1:1 (by weight) mixture of PFS35-b-P2VP4oo and PFS26-b-PNIPAM ;9. To introduce gold
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ions, a suspension of these micelles in iPrOH was treated with a solution of HAuCly, also in
iPrOH. After successive sedimentation-redispersion cycles to remove excess HAuCls, AuNPs
could be generated in two different ways. Treatment of the micelle solution with NaBH4 led to
formation of AuNPs in situ. Also, deposition on a TEM grid of the micelles to which Au ions
were absorbed led to AuNP formation upon exposure to the electron beam. In Figure 7a and
Figure S15a we show an image of a patchy micelle loaded with AuNPs after treatment with
NaBHj. The inset at higher magnification shows that discrete AuNPs (diameter: ~ 1.5 nm) are
present in both P2VP and PNIPAM corona domains, but with a higher density in the P2VP-rich
patches. The corona chains are very effective at preventing the aggregation and fusion of the

NPs.

To introduce PtNPs, we treated the micelle suspension with Karstedt’s catalyst plus
1,1,3,3-tetramethyldisiloxane (TMDS). PtNPs are formed in situ by the reduction of Karstedt’s
catalyst. We have used this approach in the past to introduce tiny PtNPs into the P2VP corona of
block comicelles as a way of cross linking the corona chains.’”*® As shown in Figure 7b and
Figure S15b, this treatment leads to the PtNPs confined to the P2VP-rich patches of the micelles.
The selective loading of PtNPs not only helps us to clearly distinguish the P2VP domains in the
corona region by TEM, but it also does not perturb the PNIPAM domains. In solution, the
solvent swollen PNIPAM chains can enhance the colloidal stability of the organic-inorganic

hybrid micelles, facilitating potential applications in catalysis.

Figure 7. TEM images of the patchy comicelles loaded with (a) AUNPs and (b) PtNPs. The inset in (a)
shows a magnified TEM image of the hybrid micelles. These hybrid structures were prepared using the
patchy micelles shown in Figure 1a,d, in which a 1:1 (w/w) mixture of PFSss-b-P2VPa00 and
PFS26-b-PNIPAM19o were added to PFSss-b-P2VP400 seed micelles. Additional images and a brief
discussion of the difference in shape of these metal-NP decorated micelles are presented in Figure S15.
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3. CONCLUSION

We have examined a competitive kinetics approach to living crystallization-driven
self-assembly, using pairs of PFS-containing BCPs with different corona-forming chains, as a
way of generating both patchy micelles and block comicelles. This represents an example of
living supramolecular chain copolymerization. In these seeded growth experiments, mixtures of
two linear BCPs, PFS35-b-P2VP4g0 and PFS6-b-PNIPAM 90, were added to PFS35-6-P2VPago
seed micelles. Both polymers added epitaxially at similar rates to the open ends of the growing
micelles, leading to patchy micelles characterized by local microphase separation between the
P2VP and PNIPAM chains. If however, the two PFS-containing BCPs in the mixture, examined
separately, added to the seed micelles at very different rates, then this behavior carried over to
the competitive kinetics experiment. The BCP with the faster addition rate was more effective in
the initial addition to the seed micelles. As its unimer concentration in solution became depleted,
the BCP with the slower intrinsic addition rate contributed to the micelle growth. If the

difference in growth rate were large, then block comicelle-like structures were obtained.

The chemical structure of the polymer and the ratio of the lengths of the two blocks also
affects how the BCPs pack in the core of the micelle, as reflected in the magnitude of Nagg 1, the
number of BCP molecules per nm length of the micelle. Since the molecular weight and
aggregation number are known for the PFS3s5-b-P2VP4yo seed micelles used in many of these
experiments, we were able to determine mean Nag 1 values for a variety of different blend
structures. If the Nage 1 values of the individual BCP micelles are different, the mean Nag 1 value

in the blend structure is controlled by the molar ratio of the two unimers in the mixture.

These experiments raise the interesting question of what features of the PFS-containing BCP
structures affect the rate at which they add to seed micelles in a living CDSA process. We show
that a tiny extent of methylation (quaternization) of the 2VP groups of PFS3s-b-P2VPsg0
(PFS3s5-b-P2VP4ooQ) slows the growth rate substantially. Long corona-forming chains also slow
the growth rate. Here we compare PFS26-b-PNIPAM 99 with PFS26-b-PNIPAMsyo. It is also likely
that the length of the PFS block and the block ratio of the PFS block compared to the
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corona-forming block play important roles. These are issues that we hope to investigate in the
future. Finally, we show that these patchy micelles can serve as effective hosts for AuNPs and
PtNPs. For micelles with PNIPAM and P2VP patches in the corona, we show that AuNPs can
locate in both domains, whereas the PtNPs can be selectively loaded in the P2VP domains. Such
organic-inorganic hybrid cylindrical micelles can potentially be applied to heterogeneous

catalysis.
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