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ABSTRACT: The decoration of 2D nanostructures using
heteroepitaxial growth is of great importance to achieve functional
assemblies employed in biomedical, electrical, and mechanical S
applications. Although the functionalization of polymers before Interface
self-assembly has been investigated, the exploration of direct
surface modification in the third dimension from 2D nanostruc-

tures has, to date, been unexplored. Here, we used living N / g
e . . AN “
crystallization-driven self-assembly to fabricate poly(e-caprolac- RAFnactive/active
2 layered platelets Dye Functionalisation

tone)-based 2D platelets with controlled size. Importantly, surface
modification of the platelets in the third dimension was achieved
by using functional monomers and light-induced polymerization. This method allows us to selectively regulate the height and
fluorescence properties of the nanostructures. Using this approach, we gained unprecedented spatial control over the surface
functionality in the specific region of complex 2D platelets.

B INTRODUCTION Scheme 1. Route of Preparation of the Highly Controlled
2D PCL-Based Platelets via Living CDSA and Surface
Modification on Platelets by Light-Induced Polymerization
Growth

Two-dimensional (2D) nanostructures, with plate-like mor-
phology, have attracted considerable interest due to many of
their unique characteristics of large surface area, adjustable
aspect ratio, defined shape (i.e., hexagon, rectangle, spindle),
layered structure, packing ability, and their modifiable optical,
medical, catalytic, and mechanical properties.' > These
advantages have been employed in many applications, for
example, as disease-targeted carriers,” electronic circuit
templates,” and local-environment monitors/reactors.” , g
Crystallization-driven self-assembly (CDSA) has emerged as - > N / Lightiin d:e AN /
a powerful strategy to create 2D nanostructures of various pcLbpoma  LVINE' CDSA programmable p°|ym§risation Growth  surface modified
sizes, contributing crystalline core promoted self-assembly, et 2Dplatelets platelets
which allows flat platelet structures to be formed due to the
low interfacial tension of the crystallized block.”™'® For
elevating the uniformity of assemblies, Manners and Winnik
first reported the concept of “living” CDSA for 1D and 2D
structures, where they separated the crystallite nucleation and
growth processes, reducing the polydispersity of nanostruc-
tures formed.'””* The well-defined assemblies achieved
through CDSA are versatile for a broad range of
applications,”’ ~*° from drug delivery,”*™*° electronic devi-
ces,’* ™ and reactor substrates’* 7 to emulsion stabilizers.*®
Currently, 2D platelets with various functionalities are built Received: ~ August 11, 2023
using prefunctionalized polymers. However, there are two Revised:  October 12, 2023
main drawbacks using this method; first, the functionality Accepted:  October 13, 2023
within the 2D structure is limited to the chemistry of the Published: November 8, 2023
prefunctionalized polymers, and second, the incorporation of
functional polymers can affect the self-assembly and in turn the

=]

nanostructures that they adopt. To date, there are very few
examples that use living CDSA to prepare 3D assemblies that
includes seeded growth from a surface™ and self-assembly in
solution.**™** However, modification in the third dimension
from a flat 2D surface has not been investigated before, which
allows the formation of more complex structures that could be
used for multiple applications. Specifically, the spatial growth

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacs.3c08770

v ACS PUbl ications 25274 J. Am. Chem. Soc. 2023, 145, 25274—25282


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianlai+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zaizai+Tong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yujie+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+C.+Arno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shixing+Lei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laihui+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+Y.+Rho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Calum+T.+J.+Ferguson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Calum+T.+J.+Ferguson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+Manners"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+P.+Dove"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachel+K.+O%E2%80%99Reilly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c08770&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08770?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08770?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08770?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08770?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08770?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jacsat/145/46?ref=pdf
https://pubs.acs.org/toc/jacsat/145/46?ref=pdf
https://pubs.acs.org/toc/jacsat/145/46?ref=pdf
https://pubs.acs.org/toc/jacsat/145/46?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08770?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08770?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c08770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Journal of the American Chemical Society pubs.acs.org/JACS
a
»\,\j\%’:’\:\ CDSA Sonication ‘Living’ CDSA
N G
L, e o g _3 T /
vy g ﬁ fes s A~ \
’1(0/\/\/Y° o s)l\s/\ & ~AANAA
[}
Semi-crystalline Polydisperse Uniform Controllable
PCL-b-PDMA cylinders seeds 2D platelets
b DMA 4vp

2VP

gDMAEMA-I

Figure 1. Precise control of 2D platelet growth. (a) The synthesis route for PCL/PCL-b-PDMA platelets by a living CDSA approach. (b) 2D
platelets composed of PCL/PCL-b-PX (X represents types of corona including DMA, NAM, 4VP, 2VP, DMAEMA, gDMAEMA-I). Scale bar = 2
pum. The crystalline seeds are prepared from the PCL-b-PDMA cylinder. Typical living CDSA procedure: 10 L of unimer solution (10 mg/mL,
PCL/PCL-b-PX in a 1:1 w/w ratio dissolved in THF) was added to 1 mL of seed solution (0.01 mg/mL in ethanol).

from a 2D surface may enable patterning of the 2D structure in
the third dimension (extending to the Z axis, not only in the
XY plane), introducing variations in 3D topology over the 2D
structure. Moreover, the selective addition of functional
monomers, such as dyes, at different positions of a 2D platelet
would enable the separation of different functionalities within a
nanostructure. To facilitate the formation of a range of
different structures, this modification should be undertaken
postassembly using a methodology that does not disrupt the
preformed nanomaterial. Currently the epitaxial decoration of
anisotropic assemblies is very challenging due to the limited
fabrication approaches that can be employed while maintaining
the integrity of the assembled structure.”’~*

Surface modification strategies such as spin-coating,
physical/chemical deposition, heat treatment, and ion
implantation have long been utilized to alter the properties
of synthetic nanostructures by introducing different functional
groups or layers on the surface.**™*® However, these
conventional approaches have inevitable limitations. For
example, heat treatment is unsuitable for heat-sensitive
materials, and spin-coating and deposition approaches limit
surface interaction and adhesion durability, which hinder the
selective and spatial control over the resulting structures.*”>’
To overcome these limitations, surface-initiated modification
has been explored as an alternative strategy that provides
precise control over the density and chemical composition of
the modified surface. For this, initiating groups are
immobilized on the surface, enabling the growth of the
polymer chain from the nanostructure. However, only a few
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examples of precise modifications from surfaces (e.g., silicon
wafer, metal, glass) have been investigated and these have
mainly been limited to fixed, rigid, and unadjusted sub-
strates.””' 7>

Here, we report an efficient method to modify 2D CDSA
platelets in the third dimension, altering their topology and
functionality (Scheme 1). We demonstrate the fabrication of
multilayered 2D platelets with different functionality (corona
or end group) that can be further surface modified via light-
induced polymerization. Fluorescent monomers can also be
attached to platelet surfaces using the same strategy, allowing
visible tracking of the 2D nanostructured assemblies.
Importantly, we can modify specific regions of the 2D platelet
in the third dimension by altering the height or fluorescence
properties of the surface.

B RESULTS AND DISCUSSION

Controlling Platelet Growth. Poly(é-caprolactone)-b-
poly(N,N-dimethylacrylamide) (PCL-b-PDMA) was synthe-
sized using a hydroxy-terminated dual-head reversible
addition/fragmentation chain transfer (RAFT) agent, which
could undergo ring-opening polymerization (ROP) followed
by RAFT polymerization (see Schemes S1 and S2, Figures S1—
S5 for details).> Following a reported procedure, the resulting
PCLgy-b-PDMA, 44 block copolymer (BCP) was used to form
polydisperse cylinders via CDSA, then sonication to obtain
small crystalline seeds for further living CDSA (Figures 1la, S6,
and S7), to form 2D platelets (seeds located on the center of
platelets and parallel to the long axis, Figure S8).°> The
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Figure 2. Multilayer platelet construction. (a) Mechanism of preparing multilayered platelets by sequential seeded growth. (b) AFM and TEM
images of quadruple-layered homocorona platelets (four-layered PCL/PCL-b-PDMA platelets) and triple heterocorona platelets of Lyya-Lpmaema-
Lpmaemav Loma-Lave-Lnaw and Lpyaema-LgpmaevarLave (Lpwma represents a PCL/PCL-b-PDMA layer) via sequential seeded growth. Scale bar:
1 um. TEM images were stained with 1 wt % uranyl acetate in water. (c) CLSM and STED images of fluorescent modified multilayered platelets by
sequential epitaxial growth of fluorescent or nonfluorescent modified PCL/PCL-b-PDMA blending unimers. Scale bar = 2 pm.

addition of unimers (PCL/PCL-b-PDMA) to these preformed
seeds led to controlled growth of 2D platelets. The presence of
PCL homopolymer directs the epitaxial growth toward 2D
structures as expected, while a preference for 1D cylindrical
structures is observed when only PCL-b-PDMA is used.** The
ratio of the homopolymer to block copolymer in the unimer
solution governs the eventual size of the platelet. By increasing
PCL content (mpcy:Mpcr p-poma from 0.25 to 5.00 wt %), the
average size of platelets increased in length from ca. 770 to
1462 nm (Figure S9). Notably, the dimensions of the platelets
could be controlled by varying the unimer-to-seed ratio
(mpcL:mpcrppoma = 1:1). This was characterized by trans-
mission electron microscopy (TEM, Figure 1b), atomic force
microscopy (AFM, Figure S10), and confocal laser scanning
microscopy (CLSM, Figure S10). A linear relationship
between the measured area and unimer-to-seed mass ratio

25276

indicated predictable epitaxial growth of 2D platelets that
could be observed up to a ratio of 80 (Figure S10). However,
the aspect ratio (ratio of length to width) remained relatively
stable at around 1.85 (1.77—1.91) across the range of unimer-
to-seed ratios. Low dispersity (<1.02) was observed for all 2D
platelets (Table S1).

To investigate the influence of the corona block, different
functional block copolymers (PCL-b-PX, where X represents
types of corona) were incorporated into the 2D platelets.
Using a range of functional monomers, such as 4-
acryloylmorpholine (NAM), 4-vinylpyridine (4VP), 2-vinyl-
pyridine (2VP), 2-(dimethylamino)ethyl methacrylate
(DMAEMA), and quaternized DMAEMA-I, block copolymers
with various chemistries were synthesized via RAFT polymer-
ization (Schemes S4 and SS, Figures S14—S19, Table S2).
Interestingly, platelets with different coronas were shown to
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Figure 3. In situ surface modification via light-induced polymerization (photoiniferter polymerization). (a) Strategy of surface modification of
CDSA platelets prepared via light-induced polymerization growth. Typical light-induced polymerization procedure: prepared platelets (in ethanol)
and monomer mixed solution was degassed under a nitrogen flow for 30 min in an ice bath, then was placed in the UV cross-linker and irradiated
with 405 nm light under 25 °C for 4 h. (The role of PCL-b-PDMA is to act as a stabilizer, enhancing colloidal stability in the solvent and preventing
precipitation, also no change of Tyndall effect before and after cooling as shown in Figure S30.) (b) Relationship of platelet height against the
concentrations of DMA monomer (0, 10, 25, 50, 75, 100, 200, and 400 mass equivalents to platelets mass) by photoiniferter polymerization. (c)
AFM height profiles of platelets reacted with different concentrations of DMA.

adopt different morphologies. In particular, the vinylpyridine copolymer PCL-b-PDMA-ACM, Scheme S3, Figures S11—
(P2VP and P4VP)-based coronas lead to spindle-like S$13).”° The modified polymers can generate spatially defined
nanostructures (Figure 1b). The incorporation of these BCPs fluorescent layered platelets by living CDSA. Through

did not adversely affect the living CDSA process; all corona adjusting the addition sequences of fluorescent and non-
systems generate well-defined 2D platelets at various unimer- fluorescent polymer unimers into a seed solution, various kinds
to-seed ratios of S, 10, 15, and 20 (Figures S20—S24). of patterned platelets (dark and green areas within the

Multilayer 2D Platelet Construction. Having accom- “patterned platelets” correspond to nonfluorescent and
plished 2D epitaxial growth using 1D short seeds, we fluorescent regions, respectively) were fabricated and visualized
investigated whether a secondary layer could be grown from by CLSM and stimulated emission depletion (STED)
prepared platelets (Figure 2a). Double-layered platelets microscopy (Figures 2c, S27). Using these methods, we
containing two regions, an inner layer and an outer layer, could observe the formation of complex 2D structures with a
can be generated by the sequential addition of blending spatially confined surface functionality. Moreover, no detect-
unimers (mhomopolymer:mblock copolymer = 1:1, Figure S25). PCL able diffusion of luminescent polymers across the area of the
and PCL-b-PDMA blend unimers have a preference for 2D platelets was observed over time (2, 10, and 35 days, Figure
growing from the exposed crystalline plane, as it is more S28). Furthermore, this shows that no chain transformation in
energetically favored. Consequently, when additional unimers the platelet local environment occurred through this process.
are introduced, they tend to deposit on the edges of PCL- In Situ Surface Modification. The surface modification of
based platelets rather than initiating spontaneous nucleation.”’ 2D PCL-based platelets was investigated in order to modify the
Furthermore, well-defined triple-layered and quadruple-layered structure in the third dimension to enhance the tunability of
platelets were prepared following a similar procedure, as the nanostructures (Figure 3a). The assemblies were observed
observed by AFM and TEM (Figures 2b, S25). To further by AFM, exhibiting a uniform height of 10 nm across the
explore heterocorona chemistry, the multilayered platelets with platelets (Figure S29). Photoiniferter polymerization of DMA
different coronas were targeted. All corona modifications on the surface of platelets was carried out under UV irradiation
demonstrated good compatibility with heterocoronas in a and a nitrogen atmosphere. Considering the degradable nature
sequential seeded growth process (Figures 2b, $26). of PCL, prolonged radiation time may induce photo-

To further prove the precision and scope of this method, the degradation of the platelets;””*" therefore, the UV radiation

fluorescent dye aminochloromaleimide (ACM) was utilized to was minimized to 4 h. Following dialysis to remove unreacted
functionalize polymers (homopolymer PCL-ACM and block monomer, the height change of platelets was observed to 20
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Figure 4. Spatial selective modulation on 2D platelets’ surface via light-induced polymerization (PET-RAFT polymerization). (a) Design of
spatially selective modification on the surface of platelets. Reaction conditions: platelets, monomer, and photocatalysts (eosin Y, 0.01 equiv) mixed
solution was degassed under a nitrogen flow for 30 min in an ice-bath, then was placed in the self-made light setup and irradiated with green light
under 25 °C for 4 h. (b) AFM images and height profiles of double-layered platelet before and after light-induced polymerization with DMA
monomer. Scale bar = 1 ym. (c) CLSM (hybrid detector) images of a multilayered platelet with 2, 3, 4, and S layers, respectively (left to right).
Specific layers in the multilayered platelet, containing active RAFT end groups, were chain extended with the ABM dye monomer through PET-

RAFT polymerization. Scale bar = § pm.

nm (100 mass equivalents of DMA to platelets), and platelet
morphology was maintained by AFM analysis, revealing a
successful surface functionalization via in situ light-induced
polymerization. Moreover, a clear shift in the molecular weight
of the bimodal distributions was confirmed by SEC, with good
overlap of the refractive index and UV traces (4,,, = 309 nm,
Figure S29), showing the successful polymerization and
retention of the RAFT end group. To further confirm the
applicability of this approach, the aminobromomaleimide
methacrylate (ABMMA)-based fluorescent monomer was
polymerized to the surface of platelets via the same procedure
(Scheme S6). As observed by CLSM, the overlap of
fluorescent and bright field channels confirmed that the

fluorescent dye was distributed uniformly on the surface of the
platelets (Figure S31).

After successful surface modification with a homogeneous
monomer and fluorescent monomer by light-induced polymer-
ization, we sought to explore whether the platelet height could
be precisely tuned by varying the equivalents of the monomer
added. Arrangements from 10 to 400 mass equivalents of DMA
were used for the photoiniferter polymerization process. AFM
analysis confirmed that the height of the platelets changed as
expected and increased in a linear relationship between platelet
height and monomer concentration, ranging from 11 to 20 nm
with 10—100 mass equivalents of DMA (Figures 3b,c, S32).
Interestingly, when the concentration of DMA was increased
to higher equivalents (more than 200 mass equiv), the height
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remained at ca. 22 nm (Figure S$32). Furthermore, NMR
spectroscopic analysis showed an increase in the ratio of the
PDMA block to the PCL block, indicating the DP of PDMA
increased. It exhibited a linear curve below 200 equiv and then
plateaued, which is associated with the height results
(relationship of DMA concentration and platelet height,
Figures S34 and 35, Table S3). This phenomenon may be
ascribed to three reasons: (1) the chain ends aggregating on
the surface of the platelets or the active polymer chains
becoming bulkier, limiting the active RAFT group’s ability to
further react with the free monomer; (2) the degradation of
the RAFT agent (trithiocarbonate), especially the fragmented
thiyl radical;"” and (3) the uncontrolled polymerization rate
when [DMA]/[RAFT agent] was very high.60 Furthermore,
the behavior of the chains standing upright and polymer chain
conformation on the surface of PCL-based platelets is
intricately linked to factors such as grafting density, molecular
weight, and mean square radius of gyration (R,) of corona
segments in ethanol, requiring further investigation in the
future. Encouraged by the promising results that platelets
assembled via CDSA could act as a template for surface
decoration, we investigated whether heterogeneous monomers
could also be applied in this system (Figures S36 and S37).
Photoiniferter polymerization successfully achieved the
addition of the heterogeneous DMAEMA monomer. A
significant increase in molecular weight was detected by SEC
analysis, requiring further investigation of the photo-induced
polymerization for this system.

Spatial Selective Modulation in the Third Dimension.
To satisfy more specific application scenarios such as
pharmaceutical encapsulation and microelectronic devices,
selective functionalization on a specific region of the platelet
was investigated using in situ surface modification (Figure 4a).
Modulating the position of the RAFT active group in the
specific layer of the platelets is a facile way for postassembly
surface modification, providing the chain-extending ability to
postpolymerize only on the layer containing the RAFT group
(Scheme S7 and Figures S38—S40). To achieve this,
multilayered platelets were generated by living CDSA using
alternate layers of unimers with/without RAFT agent. This
offers an efficient route to construct complex hierarchical
structures by selective spatial modification on the surface of 2D
platelets. In this work, light-induced polymerization (photo-
iniferter) was used to extend the chain of the polymers that
had a living chain end (Figure 4a).

Using this strategy, the ability to conduct surface polymer-
ization is restricted to the layer containing the RAFT group.
From AFM analysis, the height of the inner layer containing
the RAFT group was shown to increase by about 10.1 + 1.6
nm, while the outer layer, free from the RAFT group, remained
at the original height (Figures 4b, S41, and S42). Furthermore,
when the RAFT group was located in the outer layer, the
height of the outer layer was shown to increase in height by 6.2
+ 1.1 nm as compared to the inner layer, which again
remained the same (Figures 4b, $43, and S44). This work to
our knowledge demonstrated for the first time selective surface
modification from 2D platelets in the third dimension. To
further demonstrate this selective modification method, a
fluorescent dye was incorporated using photoiniferter polymer-
ization to visualize the spatially defined regions of the
multilayered platelets (Figure 4a). By performing photo-
iniferter polymerization with dye functionalized monomer,
the platelets were successfully modified to emit a green
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fluorescence in specific regions, which allowed for their
tracking using CLSM and STED. However, limited dye
incorporation due to ineflicient photoiniferter polymerization
resulted in poor fluorescent image resolution (Figure $45). To
overcome this limitation and enhance the polymerization
efficiency, photoinduced electron/energy transfer RAFT
(PET-RAFT) polymerization was introduced into this system
(Figure S46). PET-RAFT polymerization of prepared platelets
was carried out using the fluorescent monomer (10 equiv) and
photocatalyst eosin Y (0.01 equiv) under green light radiation
for 4 h; see the SI for details. Upon incorporation of the
fluorescent monomer to the regions containing an active
RAFT end group, the segregation of domains could be
observed by fluorescence imaging. The centrosymmetric
multilayered platelets formed by sequentially adding RAFT
or RAFT end group removed polymer to a solution of seeds,
and were then polymerized with fluorescent dye by PET-
RAFT. The green ring-like multilayered platelets were
visualized by CLSM and STED, proving the formation of a
complex hierarchical structures spatially defined by post
surface modification (Figure 4c).

B CONCLUSIONS

In summary, we report a living crystallization-driven self-
assembly method for the formation of uniform 2D platelets by
adding PCL-based homopolymer and different corona
chemistry block copolymer blends with controlled spatial
dimensions and uniform dispersity. Multilayered platelets were
accessed by selective sequential addition of fluorescent
modified PCL blends to the 1D or 2D precursors, exhibiting
excellent trace tracking ability and colloidal stability with
integral structural morphology. Furthermore, in situ light-
induced (photoiniferter or PET-RAFT) polymerization was
used to selectively modify and spatially functionalize the
surface of the platelets using DMA or dye as a monomer.
Moreover, uniform platelets with different heights were
prepared by tuning the monomer concentration during the
light-induced polymerization process. This exhibited good
control and a linear relationship of surface height growth upto
and including the addition of 100 mass equivalents of DMA.
The ability of in situ photodecoration of the surface of 2D
platelets opens the possibility of controlled selective and spatial
surface functionalization of soft materials, possibly exploiting
the huge diversity of applications in material science and
polymer chemistry.
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