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ABSTRACT: Planar, terpyridine-based metal complexes with the Sierpinski triangular motif and alkylated corners undergo a second
self-assembly event to give megastructural Sierpinski pyramids; assembly is driven by the facile lipophilic—lipophilic association of
the alkyl moieties and complementary perfect fit of the triangular building blocks. Confirmation of the 3D, pyramidal structures was
verified and supported by a combination of TEM, AFM, and multiscale simulation techniques.

N ature has evolved over millions of years to present design
principles for the self-assembly of objects of specific size,
shape, and functionality using proteins as building blocks.
Some viruses that infect Archaea (a separate kingdom of life
between bacteria and eukaryotes) induce the formation of
micromolar 7-fold rotationally symmetrical pyramid structures
[virus-associated pyramids (VAPs)] from a single 10 kDa
protein (PVAP) in the archaeal plasma membrane that creates
100 nm windows allowing the mature virus to escape. This
supramolecular assembly requires one in-plane interaction
within the triangular facets and one out-of-plane interaction at
the edges of the pyramid from a single protein.'”> The
proteins’ 3D structure controls the pathways and robustness of
the self-assembly process. Development of synthetic analogues
of the protein-like assembly for the generation of precisely
ordered, functional materials has the potential to develop new
classes of designer materials with a high degree-of-structural-
purity that could have impact in such areas as metamaterials,
nonlinear optics,”” energy and nanoscale devices," molecular
encapsulation,” and “smart” materials applications.'*~"*

A fundamental tenet underpinning these and other
applications involves the ease-of-construction associated with
single-step, high yield, and well-defined assembly protocols.
The recently reported self-assembly of otherwise difficult-to-
obtain materials (Figure 1), possessing diverse, structurally
precise, and well-defined motifs has been demonstrated by (1)
incorporation of supporting strategic functionalities and sites-
of-connectivity within monomers leading to an overall
quantitative conversion; ' (2) use of exact stoichiometry
with regard to polyfunctional monomers leading to precision
construction;'” (3) logical matching of preassembled building
blocks that can facilitate the generation of complex multi-
metallomaterials through multicomponent disassembly and
rearrangement;ls’lg and (4) balance of metal connectivity,
coordination directivity, and external parameters (e.g., temper-
ature, concentration, etc.) resulting in architecturally different
assemblies. These concepts provide a multidivergent founda-
tion regarding the ability to craft designer nano- and macro-
molecular materials.*
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As the construction of target structures becomes more
predictable, but also more complex, it was beneficial to use
monomers that possess —OCH;*"** or —F*>** tags to help
confirm the symmetry of the resultant product(s) using 'H or
'F NMR or to change the localized electron demand.”* Since
these intermediates need to be totally soluble throughout the
self-assembly process, use of lipophilic OC,H; —
OC,,H,s** " and OC,H,y — OC  H,,*7** 7% appendages
was required to enhance the stability of complex aggregates
(also see ref 46). In addition, the 7—x, dipolar, and bromo-
bonding interactions of 1,2-dibromo-4,5-dialkoxybenzenes,
studied by Cukiernik et al.,***” were utilized for assembly of
our 4,5-dialkoxy “V”-type building blocks. This combination
produced the desired “V”-monomers possessing —OCHj,
—0C¢H,;, —OC,(H,,, —OC;4H;;, and —OC,,H,; moieties
for the apex positions in the triangular constructs. These
simple triangles opened a pathway for easy access to more
complex motifs. In particular, as illustrated in Figure 1, the
simple triangle 1a, derived from three “V’-monomers with the
—OCy,H,s chains™® with precisely 3 equiv of “K”-monomer
possessing the —OCH; marker and 9 equiv of the same metal
easily generated the desired larger Sierpinski triangle 1b, as the
initial sole product.

The established quantitative stoichiometric control exhibited
in the construction of the initial Sierpinski triangle'” provides
the synthetic freedom to precisely control the size and shape of
the resultant assemblies. Thus, the same monomers that
generated the simple triangle (1:1; bis terpyridine to metal)
and the G1 Sierpinski triangle (1:1:3; bis terpyridine to tetrakis
terpyridine to metal) afforded a G2 Sierpinski triangle (1:4:9;
bis terpyridine to tetrakis terpyridine to metal) (Figure la—c).

Received: January 30, 2020
Published: March 4, 2020

https://dx.doi.org/10.1021/jacs.0c01168
J. Am. Chem. Soc. 2020, 142, 5526—5530


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajarshi+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting-Zheng+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+J.+Endres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zilu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+N.+Moorefield"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mary+Jane+Saunders"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mary+Jane+Saunders"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suman+Ghorai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anil+K.+Patri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chrys+Wesdemiotis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrey+V.+Dobrynin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+R.+Newkome"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+R.+Newkome"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.0c01168&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c01168?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c01168?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c01168?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c01168?goto=supporting-info&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.0c01168?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

Figure 1. 2D Sierpinski triangle construction based on precise stoichiometry, complementary building block design, and metal-complex lability.

Notably, since the elementary trimer 1a and GI1 triangle 1b
are each composed to the requisite 60°-based, bis terpyridine,
vertex-based monomers, and an already defined ratio of tetrakis
terpyridine and metal, we anticipated the precise combination
of trimer 1a and G1 1b with tetrakis terpyridine and added
metal (1:12:24 or 1:9:18, respectively) would self-assemble
and generate the G2 triangle 1c; the key to the process is the
lability of the metal”” complex. The incorporation of the
lipophilic alkyl chains at the vertices of the triangles offers the
enhanced self-assembly and will be discussed below.

The alkylated, related G3 triangle was generated in 95%
yield by a simple one-step, puzzle-like process.”” The
construction of a G2 Sierpinski triangle with two C4 alkyl
chains at the vertices and with —OCHj; facial moieties, as
spectral NMR markers, in the presence of Cd(NO;),-4H,0
(ratio 1:4:9) offers an opportunity to look for complex
aggregates. The reaction sequence was repeated but using the
longer C,, alkyl moieties; however, attempts to analyze the
resultant product(s) were frustrated by complicated NMR and
mass spectra data that were contaminated with larger peaks. To
ascertain additional data and further explore our results,
imaging of these samples was conducted at the Nano-
technology Core Facility of the USFDA. TEM images (Figure
2a and 2b) revealed and suggested the formation of large
triangular-shaped particles. The 3D AFM image of Figure 2b is
shown in Figure 2c. The results show (Figure 2c) a sharp,
crystalline-like, 3D structure, with the large structure
possessing edge lengths in the 300—400 nm range and with
a height of 150 nm; there is a clear polygon base and apex with
each lateral base and apex forming a triangle. This is the
description of a well-defined, triangular pyramid.

We have also performed detailed and coarse-grained
molecular dynamics simulations to establish stability and
possible pathways for assembly of the pyramidal structures (see
Supporting Information (SI) for details). This was done to
cover multiple length and time scales controlling the self-
assembly process. In particular, Figure 3a, b present pyramid
self-assembly driven by aggregation of the alkyl chains attached
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Figure 2. TEM of the third generation triangle (2a) and its close-up
view (2b) and the corresponding 3D AFM image of its self-assembled

pyramid (2c).

Figure 3. Simulation snapshots of G3 2D Sierpinski triangle (a); G1
3D pyramid structure (b); illustration of the possible multipyramid
assembly (c), obtained by energy optimization of the preassembled
multipyramid structure.

at corners of the 2D Sierpinski triangle 3a. To establish the
effect of alkyl chain length on the self-assembly process, we
have performed multiscale molecular dynamics simulations
(see SI). These simulations have shown that with increasing
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length of the alkyl chains, the molecular pyramid framework is
formed by the corner-to-corner assembly of four planar
Sierpinski-type triangles (Figure 3a and Figure S2). The
thermodynamic stability of such aggregates significantly
improves with increasing the alkyl chain length. As we have
shown in the SI, there exists a linear scaling relation between
the energy difference required for separation of the triangular
facet of the pyramid and the length of the alkyl chains forming
aggregates at pyramid corners. Furthermore, the pyramids
could continue to stack generating a higher-order, Sierpinski
pyramid, based on highly ordered megastructures, as illustrated
in Figure 3c. This is in agreement with the AFM image in
Figure 2c¢ displaying two high-definition, well-resolved, sharp
triangles indicative of the ordered assembly of the G2 triangle
2c, whereas, a lateral, side-on view revealed a nearly perfect
pyramidal structure (edge distance: 300 nm X height: 150
nm).

The potential to “glue” the connective lipophilic arms via a
self-assembly process offers attractive possibilities for secon-
dary aggregation scenarios. As well as tying these tiles together
in a 3D manner, the potential to craft 2D materials is
envisioned. The specific positioning of the sites of connectivity
needs to be evaluated, since there can be vertex as well as facial
connectivity, or both, based on different types of “strings”.
Interactions of these tiles at the solvent—water interface will
need to be evaluated for 2D patterning, and this can also be
considered for molecular squares, based on Pd/Pt connectivity.

Protein self-assembly has become a powerful tool and
inspiration for development of materials with advanced
properties. Although the mechanism of assembly of the 3D
viral pyramid is not yet fully elucidated, it does require the
PVAP hydrophobic N-terminal transmembrane helix segment
along with the C-terminal hydrophilic domains to form protein
sheets that consist of two layers." The spontaneous generation
of these Sierpinski pyramids is demonstrated to occur via
stacking of the Sierpinski triangles with molecular-directed
intertwinement of the alkyl side chains. Essentially, these
materials exhibit first-order assembly to generate a triangle
followed by second-order assembly to give the higher
architecture pyramids. Both mechanisms require identical
subunits with different functional motifs within the monomer
that dictate structural associations and creation of these three-
dimensional aggregates.
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