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Linear assemblies of nanoparticles show promising applications due to their collective
electronic, optical and magnetic properties. Rational design and controllable
organization of nanoparticles in one-dimensional structures can strongly benefit from
the marked similarity between conventional step-growth polymerization reactions and
directional step-wise assembly of nanoparticles in linear chains. Here we show different
aspects of the "polymerization” approach to the solution-based self-assembly of
polymer-functionalized metal nanoparticles with different chemical compositions,
shapes and dimensions. The self-assembly was triggered by inducing solvophobic
attraction between polymer ligands, due to the change in solvent quality. We show that
both anisotropic (patchy) nanoparticles and nanoparticles uniformly capped with
polymer molecules can self-assemble in linear chains. We explore the control of chain
length, morphology, and composition, discuss the ability to form isotropic and
hierarchical structures and show the properties and potential applications of linear
assemblies of plasmonic nanoparticles.

Introduction

Linear, one-dimensional assemblies of metal nanoparticles (NPs) have promising
applications in the sensing of chemical and biological species and in the fabri-
cation of waveguides and antennas." The collective optical properties of NP
assemblies depend on their aggregation number, the distance between the NPs in
the chain, NP collinearity and chain rigidity, to name just a few important char-
acteristics.>® For example, the structure and composition of NP chains influence
the spatial distribution of charge polarization, as well as the splitting and position
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of the plasmon resonance peak. Specific design rules have to be applied to the
fabrication of such assemblies, in order to achieve their best performance.

One of the promising approaches to the rational design of self-assembled NP
structures relies on a remarkable resemblance between linear polymer molecules
and one-dimensional NP assemblies, in which NP building blocks act as repeat
units linked with physical or chemical bonds. For example, for the chain of rod-
like NPs shown schematically in Fig. 1, it is possible to define the degree of
polymerization, x (equal to 3), the bond length and the bond angle.

Furthermore, building on this analogy, it would be possible to make the
correlation between the mean aggregation number of the NP chains and their
number average or weight average degree of polymerization, as well as poly-
dispersity index, PDI* as

) -
Yfzn“‘x X 2 PDI = 2 (1)
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where n, is the number of chains containing x NPs. Based on the similarity
between polymer molecules and linear assemblies of NPs, we introduce the
concept of nanoscopic monomers (nanomers) forming a colloidal analogue of
a molecular polymer, that is, a nanopolymer.

The analogy between molecular polymerization reactions and linear self-
assembly of NPs can benefit both areas of research. Direct visualization of
nanostructures formed in different stages of self-assembly and analysis of their
shape, composition and size distribution offers the capability to examine the
effect of reactivity of nanomers and explore the role of side reactions on nano-
polymer structure and composition. Such analysis would enable validation of
theoretical models developed for synthetic polymer chemistry. Furthermore,
nanoscience-specific techniques, e.g., the measurement of the red-shift of surface
plasmon resonance of metal NPs or small-angle X-ray scattering can be used for
the characterization of colloidal polymerization. On the other hand, strategies
developed in synthetic polymer chemistry, e.g., the copolymerization of como-
nomers with distinct properties, the synthesis of specific isomers, and control of
polymer molecular weight by using “chain stoppers”, offer a platform for the self-
assembly of nanopolymers with well-defined structure and properties.

Here we discuss different aspects of one-dimensional self-assembly of poly-
mer-functionalized metal NPs with different compositions, shapes and dimen-
sions. We show that both patchy and non-patchy NPs coated with polymer ligands
can assemble in nanopolymer chains, with a striking similarity between molec-
ular step-growth polymerization and nanoparticle assembly. We also show an
example of a higher-level organization of NP assemblies in complex, hierarchical

x=3
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Fig.1 A chain of three polymer-functionalized nanorod repeat units forming bonds with
a particular angle and length.
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structures. Finally, we demonstrate optical properties of linear assemblies of
plasmonic NPs, such as their surface enhanced Raman scattering (SERS), as well
as new properties of the chains of face-to-face assembled metal nanocubes, due to
the formation of a Fabry-Perot resonator structure.®

Experimental

Gold, silver and palladium NPs were synthesized using metal precursor salts as
described elsewhere.®** The syntheses were carried out in water, with cetyl-
trimethylammonium bromide (CTAB) used as a stabilizer. To exchange the CTAB
ligands with polymer molecules, a concentrated NP solution in water was added
to the solution of thiol-terminated polystyrene (PS) or thiol-terminated poly-
(styrene-co-isoprene) in tetrahydrofuran. The resulting solution was sonicated for
30 min and equilibrated for at least 24 h. The synthesis of two-component het-
erostructured iron oxide-gold NPs is reported elsewhere.* For these NPs, after the
replacement of CTAB ligands with PS molecules on the surface of the gold
constituent, an additional ligand exchange step was carried out to replace oleic
acid with dopamine-terminated polyethylene glycol on the iron oxide surface.

After completion of the ligand exchange procedure, the NPs were transferred
into dimethylformamide (DMF), a good solvent for both CTAB and PS. Linear NP
self-assembly was triggered by reducing the quality of solvent for the polymer
ligands. A solvent mixture containing DMF and water was added to the NP solution
to reach a pre-determined concentration of water, C,, in the solution. When thiol-
terminated poly(styrene-co-isoprene) was used as a ligand, after a particular self-
assembly time, the NP solution in the DMF-water mixture in the presence of
azobisisobutyronitrile (AIBN) was subjected to 5-25-min-long ultra-violet irradia-
tion using a UV-A lamp (Honle, UVAPrint 40C, A = 365 nm, intensity 30 mW cm™?),
to achieve permanent crosslinking of the self-assembled NP chains.

The evolution of the self-assembled structures was followed by monitoring the
shift in the extinction peak of the NPs using a Varian Cary 5000 spectrometer.
Raman scattering measurements were carried out using a Raman spectrometer
(DeltaNu Advantage Raman Series with a 785 nm laser line). Characterization of
NP dimensions and electrokinetic potential were carried on a Zetasizer Nano
instrument (Malvern) using a 633 nm HeNe laser. Imaging of the self-assembled
structures was carried out by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) using a Hitachi H-7000 transmission elec-
tron microscope and a Hitachi HD-2000 scanning transmission electron micro-
scope, respectively. A droplet of the NP solution was deposited on the carbon-
coated grid, and after ~60 s the solvent was removed with a tissue.

Results and discussion
Linear assembly of anisotropic (patchy) nanoparticles

End-functionalization of gold spherocylindrical and arrow-headed nanorods
(both denoted as NRs) with PS ligands was achieved by fine-tuning the concen-
tration of PS in the solution in tetrahydrofuran in the ligand exchange procedure,
so that CTAB was replaced only at the NR edges due to its weaker attachment to
the 111 crystalline plane at the NR ends.** The end-attachment of PS endowed
patchy NRs with two reactive sites (Fig. 2A). To induce linear NR self-assembly, the
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Fig. 2 (A) Schematic (top) and TEM image (bottom) of a gold NR end-tethered with PS
ligands. Scale bar is 100 nm. (B) SEM image of a linear chain of gold NRs end-tethered with
PS ligands. Scale bar is 500 nm. (C) Dark-field TEM image of PS-end-tethered gold arrow-
headed NRs self-assembled into a branched polymer (H-polymer). Scale bar 200 nm. SEM
image of the self-assembled network of gold NRs end-terminated with PS molecules.
Scale bar is 500 nm. In (B-D) the self-assembly occurred in the DMF-water solution at
Cw = 15 vol%.

reactivity of the patches was activated by introducing water to the NR solution in
DMF, thereby reducing solvent quality for the hydrophobic PS molecules. To
reduce the free surface energy of the system, the PS ligands screened unfavorable
interactions with the poor solvent by PS-PS association, thus forming a physical
bond between the NR ends. This process resulted in the formation of linear NR
chains shown in Fig. 2B. The self-assembly resembled molecular polymerization,
with individual NRs acting as monomers (or nanomers) forming a colloidal
analogue of a molecular polymer (nanopolymer). Similar to molecular polymers,
we observed the formation of other nanopolymer structures such as branched
H-polymers (Fig. 2C) and networks (Fig. 2D).

The evolution of the nanopolymers in the course of self-assembly was char-
acterized by statistical analysis of the self-assembled structures. By analogy with
molecular polymerization, the average number of NRs in the chains was defined
as the number average degree of polymerization, X,.

The self-assembly kinetics and statistics of the distribution of the degree of
polymerization of the nanopolymer followed closely those of a conventional
molecular step-growth polymerization.*® The value of X, of the nanopolymer
increased linearly with the self-assembly time ¢ as

X, = 2[M]okpt + 1, (2)

where [M], is the initial NR concentration and k, is the polymerization rate
constant. The relation X, ~ ¢ was characteristic of reaction-controlled step growth
polymerization, in which the reactivity of monomer functional groups does not
depend on the polymer’s degree of polymerization (Flory's assumption).* The rate
of assembly characterized as dX,/d¢ linearly increased with nanomer concentra-
tion (Fig. 3A). Furthermore, the variation in polydispersity index, PDI, of the
nanopolymers was similar to the change in PDI of step-growth polymers, which
increase as*'® PDI = 2 — 1/X,, and approach 2 at high conversion (Fig. 3B).
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Fig. 3 (A and B) Polymerization of NRs at initial NR concentration, [M]o, of 0.42 x 10~°
(solid blue triangles), 0.84 x 10~° (solid red diamonds), 1.24 x 10~° (solid green inverted
triangles), 1.76 x 107° (solid black squares), and 2.56 x 1077 (solid orange circles)
(mol L™Y). (A) Variation in the rate of NR polymerization, dX,/dt, plotted as a function of NR
concentration. (B) Variation in polydispersity index, PDI, in the course of NR polymeriza-
tion. The dashed line shows the theoretically expected variation PDI = (2 — 1/X,). (A) and
(B) are adapted from ref. 15. (C) Schematic of NR polymerization in the presence of
colloidal chain stoppers. The yellow and red colours correspond to the gold and iron oxide
constituents of the colloidal chain stoppers. (D) Variation in X, of the NR chains with self-
assembly time at different chain stopper concentrations. (C) and (D) are adapted from ref.
17. (E) Schematic of copolymerization of distinct nanomers shown with different colours;
(F) dark field TEM image of chains of copolymerized palladium and gold NRs. Scale bar is
500 nm. (F) is adapted from ref. 20.

By analogy with molecular polymers, we estimated the mean contour and
persistence lengths of the nanopolymers formed by the NRs, which at varying
solvent quality were up to 800 and 250 nm, respectively. We note that these
characteristics should be treated with caution, since they were determined by
analyzing NR images and may be affected by drying NR solutions.

We further explored the similarity between the self-assembly of patchy NRs
and polymer synthesis by using the strategies used in molecular step-growth
polymerization, namely, control of polymer molecular weight by using mono-
functional chain stoppers and copolymerization of chemically distinct nanomers.

Control of nanopolymer chain length

To control the value of X, in conventional step-growth polymerization, the stoi-
chiometry between bifunctional monomers is broken by adding a small amount
of monofunctional comonomers which “zip” growing polymer chains.* We
explored this approach for nanopolymers by introducing in the solution of self-
assembling bifunctional patchy NRs a small quantity of “monofunctional”
nanospheres (NSs), as illustrated in Fig. 3C."” The colloidal analogues of mono-
functional chain stoppers (CSs) were heterostructured NSs, which contained two
constituents: a reactive gold constituent capped with PS ligands and an iron oxide
constituent capped with dopamine-tethered polyethylene glycol. The ratio of the
dimensions of the gold and iron oxide components of the NSs was carefully tuned
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to ensure size complementarity between the end of the gold NR nanomer and the
reactive PS-capped gold domain of the CS (polyethylene glycol end-tethered to the
non-reactive iron oxide domain acted as a stabilizer). A barrier preventing further
NR or NS attachment to the “zipped” chain end was provided by a sufficiently
large size of the iron oxide domain.

The heterostructured CSs were mixed with the NRs in DMF in the ratio 0 =
[CS)/[NR] = 1.55, where [CS] and [NR] were the molar concentrations of the CSs
and the NRs, respectively. When the quality of the solvent for the PS ligands was
reduced by adding water to DMF to achieve C,, = 15 vol%, the two-patch NRs
assembled in linear chains, while the single-patch patch NSs attached to chain
end(s) and in this manner, “zipped” them to suppress further NR self-assembly.
The processes of self-assembly and chain zipping, as well as side reactions of
CSs were visualized at different stages of the self-assembly process by using
electron microscopy. Imaging of NPs was complemented by the analysis of the
shift in surface plasmon resonance of the NRs. In this manner, we were able to
ascertain the prevalence of side reactions of the monofunctional CSs such as
their dimerization or binding to junctions between adjacent NRs in the chains.
Based on the kinetic and statistical analysis of chain growth, we developed
a model of the kinetics of the colloidal polymerization in the presence of
a particular concentration of CSs. In particular, via statistical analysis of the
TEM images we accounted quantitatively for the contribution of side reactions
in the course of NR chain growth. The efficiency, E, of the CS attachment to the
end of the chain (the desired “zipping” step) enabled the prediction of X,, of the
nanopolymer as

— 1
X, = (3)
1 [CS]’
1 —Pnr + EEPCS INR]

where Pyy is the conversion of NRs into nanopolymers in the course of self-
assembly, and P¢s the conversion of CSs (defined as the fraction of NR ends and
CSs, respectively, that has reacted at a particular self-assembly time). The ability
to visualize and quantify the effect of side reactions highlighted the value of the
colloidal approach to polymerization.

The ratio [CS]/[NR] affected the length of the NR chains: for a particular
self-assembly time, the value of X, of the nanopolymer reduced with
increasing concentration of monofunctional CSs (Fig. 3D). The co-assembly of
CSs with the NR chains also resulted in a deviation from the linear dependence
of X, vs. t, which was characteristic of the NR self-assembly in the absence
of CSs.

By varying the ratio [CS]/[NR] at the beginning of the self-assembly process,
a particular value of X,, of the nanopolymer could be achieved and effectively
controlled by adjusting the initial concentration of colloidal CSs, in striking
similarity with molecular step-growth polymerization.

Step-growth copolymerization

Future applications of self-assembled nanostructures require NP ensembles with
a high degree of complexity, which may be achieved by heteroassembly of NPs
with different dimensions, shapes, and chemical compositions. For example, new
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optical modes, such as Fano resonance are expected for heterostructures of
NPs.'®* Since linear self-assembly of NPs is analogous to a polymerization reac-
tion, we explored the step-growth polymerization-based approach for the
assembly of nanocopolymers,* in which distinct NP repeat units were assembled
in linear chains, as shown in the scheme in Fig. 3E. Experimentally, this approach
was explored for the self-assembly of PS end-tethered gold and palladium NR
co-nanomers, and for the self-assembly of gold NRs with difference lengths in the
DMF-water mixture. A study of the co-assembly of gold NRs with different lengths
revealed that the polymerization rate reduced with increasing NR length, due to
the combined effect of reduced NR mobility and increased excluded volume. The
copolymerization of gold NRs with different lengths was examined to determine
the composition and microstructure of the resulting copolymer chains. When the
NRs with different length were co-assembled, the rate of copolymerization was
related to the rate of the homopolymerization as

kcopol = kif* + kao(1 — )7 + 2kiof(1 — ) (4)

where f = [NR,]o/([NR;]o + [NR;]o), and [NR;], and [NR,], are the molar concen-
trations of short and long NRs, respectively, at the beginning of the co-assembly
process. The constants k4, k», and k;, are the rate constants of the assembly of
two short NRs, two long NRs and a short and a long NRs, respectively.

The structure of the nanocopolymer was found to be random. The micro-
homogeneity factor (H) of the nanocopolymer was determined by analyzing the
distribution of dyads of two NP types in the nanocopolymer as

Pnp, - Pnp,—
H— NP; ~NP, NP; —NP; 5)

b
Pnp,_np, + 2PnpoNp,  Pnpy—Np, + 2PNp,-Np,

where Pis the fraction of dyads of a particular type. For molecular copolymers, the
value of H is 0, 1 and 2 for alternating, random and block copolymers, respec-
tively. TEM analysis of the structure of the copolymers of gold NRs with different
lengths revealed the values of H varying from 0.94 to 1.01, typical of a random
copolymer.*

Following the same strategy, we co-assembled (copolymerized) gold and
palladium NRs with lengths of ~180 and ~270 nm, respectively, that were
introduced in the solution at concentrations of 43 and 8.6 nM, respectively. The
coassembly yielded a random copolymer (shown in Fig. 3F) with a micro-
homogeneity factor H = 1.13.

Photocrosslinking of nanopolymers

Photocrosslinking of the polymer ligands bridging NRs in the nanopolymer was
used to gain control over the properties of the self-assembled chains.”* The NRs
end-terminated with poly(styrene-co-isoprene) (PS-co-PI) were dispersed in DMF
containing an initiator azobisisobutyronitrile (AIBN). The addition of water to this
mixed solution led to a reduction of the quality of the solvent for both PS-co-PI**
and AIBN, which resulted in two effects: the self-assembly of the NRs in linear
chains and the partition of the hydrophobic initiator in the PS-co-PI ligands
bridging the NRs (Fig. 4A). After a particular self-assembly time (determining the
value of X,,), the crosslinking reaction was triggered by illuminating the NR chains
with ultra-violet (UV) light. The UV-irradiation of the AIBN molecules created free
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Fig. 4 Photocrosslinking of self-assembled NR chains. (A) Schematic of chain cross-
linking. Top: The NRs end-functionalized with poly(styrene-co-isoprene) ligands are
mixed with a photoinitiator, AIBN (red dot), in the solution in DMF; middle: NR self-
assembly is triggered by adding of water to the NR solution in DMF. The hydrophobic AIBN
molecules partition in the copolymer between adjacent NRs in the chains; bottom: chain
photocrosslinking is initiated by the irradiation at 365 nm to crosslink the 3,4-isoprene
units in the copolymer. (B) Chemical reaction taking place in the copolymer during
photocrosslinking. A fragment of the NR chain before (C) and after (D) photocrosslinking.
The scale bars are 25 nm. (E) Effect of the photocrosslinking time on the average distance
between two adjacent NRs in the chain. (F) Effect of photocrosslinking on the NR self-
assembly, presented as a temporal shift of the surface plasmon resonance with time. After
1.5 h assembly (at X,, = 2.2), the NRs were irradiated for 25 min at 365 nm. The NR chain
growth was frozen at X,, = 2.2 (red circles), while without irradiation the self-assembly
continued and the value of X, increased. (A, C, D, E and F) are reproduced from ref. 21.

radicals which initiated the crosslinking of the 3,4-isoprene units in adjacent
PS-co-PI molecules (Fig. 4B).

One of the important outcomes of the NR chain photocrosslinking was
a decrease in the volume of the copolymer ligands bridging NR ends in the chain.
This effect resulted in a reduction of the gap separating two adjacent NRs
(Fig. 4C-E). Approximately 55% reduction in the inter-rod distance was achieved
after 25 min of UV-irradiation, in comparison with the non-crosslinked nano-
polymer. This effect has important implications for potential applications of NR
ensembles in surface-enhanced Raman scattering (SERS)-based sensing, since the
enhancement of the SERS signal increases with a reducing distance between
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plasmonic NPs.*»*® Furthermore, the crosslinking of the copolymer also resulted
in the quenching of the growth of the nanopolymer. This effect was caused by the
crosslinking of the terminal copolymer ligands at the NR chain ends, thus sup-
pressing the interpenetration of the copolymer molecules and preventing further
addition of nanomers to the chain. This effect is explicitly shown in Fig. 4F. After
the value of X, of 2.2 was reached (corresponding to a particular shift in the
surface plasmon resonance of the NR chains) and the polymer was crosslinked,
no further increase in X,, occurred within 25 h, nor variation in the NR chain
optical properties, while without irradiation the NR chains continued to grow
reaching a value of X, of 5.3 after 24 h.

Finally, the photocrosslinking of the copolymer ligands led to an increase of
collinearity of adjacent NRs in the chains. Crosslinked NR chains had a higher
fraction of bond angles exceeding 120°, compared to the non-crosslinked NR
chains. A higher rigidity of the photocrosslinked NR chains was attributed to
a reduced conformational entropy due to the reduction in the volume of the
polymer ligands connecting the NRs in the chains.

Linear assembly of isotropic (non-patchy) nanoparticles

We found that surface or shape anisotropy was not required for directional linear
self-assembly of polymer-functionalized NPs, in comparison with linear
assembly of bifunctional “patchy” NPs.>* In a poor solvent, NPs uniformly coated
with PS ligands also assembled in nanopolymers. This effect was attributed to
directional, anisotropic forces governing linear NP assembly and was examined
for gold NSs and silver and palladium nanocubes (NCs), all coated with PS
ligands.

Gold nanospheres. A cartoon of non-patchy gold NS uniformly surface-func-
tionalized with PS ligands is shown in Fig. 5A. Gold NSs with a mean diameter of
20 nm were capped with PS ligands of different molecular weights and dispersed
in DMF. The self-assembly was triggered by reducing solvent quality for the
polymer by adding water to the NS solution in DMF. Using two variables, namely,
the quality of the solvent (by changing water concentration, Cy, in the mixed
solution from 2.5 to 15 vol%) and by varying PS molecular weight (from 5000 to
50 000 g mol'), we induced NS assembly in linear and globular structures
(Fig. 5B-D).*® The effect of solvent quality and polymer molecular weight on the
resulting structure of NS assemblies is summarized in a phase-like diagram
(Fig. 5G), which shows globular (G), chain (C), a mixed (G + C) and individual NS
(I) regimes. The formation of globules was favored for the NSs capped with high
molecular weight PS ligands at low water content, whereas for higher C,, values
(dependent on polymer molecular weight), linear NS assemblies were the domi-
nant species. At C,, = 15 vol%, regardless of the polymer molecular weight, the
NSs assembled only in a linear manner.

The schematics of two limiting configurations formed by three adjacent NSs in
the chains and globules are shown in Fig. 5E and H, respectively. The angle 6
between the lines connecting the center of the 2nd NS with the centers of adjacent
1st and 3rd NSs was 60° and 180° for the globular and linear assembly, and thus
determined the type of structure formed.

The formation of a particular structure (globular vs. linear) was governed by
the interplay of forces leading to the minimum total free energy of the system,
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Fig. 5 (A) Schematic of individual gold NSs functionalized with PS ligands. (B) TEM image
of individual PS-50k-functionalized gold NSs deposited from DMF. (C) TEM image of
globules formed by gold NSs functionalized with PS-50k after 1 h assembly in the DMF-
water solution at C,, = 5%. (D) TEM image of chains of gold NSs functionalized with PS-5k
after 1 h assembly in the DMF-water solution at C,, = 15%. (G) Phase diagram of self-
assembly of gold NSs. Schematics of three assembled gold NSs with 180° (E) and 60° (F)
the center of the second NS with the centers of adjacent 1st and 3rd NSs (H) schematic of
the factors determining NS self-assembly in linear and globular structures. The grafting
density of PS-50k on the NS surface was ~0.08 chains per nm? and the mean square end-
to-end distance for PS-50k was ~220 nm?. Adapted from ref. 25.

AE, = AE, + AE, (6)

where AE,, is the change in energy of repulsive electrostatic interactions and AEy,

is the change in energy representing a combined effect of hydrophobic/poor

solvency attraction forces. Short-range van der Waals interactions were ignored.
The value of AE;, was calculated as

AE, = AEy x AA, )

where AEy, is the reduction in the surface energy when two NSs form contact, v is

the interfacial tension between the collapsed PS ligands and the solvent, and AA is

the change in area of the interface when two NSs associate in a poor solvent.
The value of AE,; for two associating NSs was calculated as*®

m kT (ZD — ZR)

Ay = 5 - RIn| T—¢

7k (8)

where k is Boltzmann's constant, /g is the Bjerrum length, R is the NS radius, D is
the interparticle spacing and L is the distance between the first and third NS
(Fig. 5E and F).

The variation in AE; was evaluated for the assembly of NSs stabilized with PS
molecules with a molecular weight of 50 000 g mol " at C,, of 5 and 15 vol%, at
which the NPs assembled into the globules and the chains, respectively. Indeed,
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in agreement with experimental results, for C,, = 5 vol%, due to the stronger
contribution of the surface energy, the globular NS assembly (# = 60°) had
a minimum in AE; and was thus favored. At C,, = 15 vol%, the minimum value of
AEwas achieved at = 180° (corresponding to the NS chains), due to the stronger
and larger contribution of electrostatic repulsion.

We found that reduction in electrostatic repulsion achieved by addition of
salts or tetrahydrofuran (a solvent with a lower dielectric constant than DMF) to
the NS solution in the DMF/water mixture, resulted in a chain-to-globule transi-
tion. In addition, variation in the molecular weight of the polymer ligands could
be used to control the formation of a particular structure. The utilization of longer
polymer ligands resulted in a greater screening of the NS charge and the
propensity of NSs to form globular structures increased even at high solvent
polarity. Fig. 5H summarizes the role of different factors on the ability to form
linear nanopolymers or globular structures from non-patchy NSs.

Silver nanocubes. Silver NCs capped with PS ligands also assembled in linear
chains in the DMF-water mixture under suitable solvent quality and polarity.® We
varied the flexibility of these NC chains, as well as the shape and volume of
junctions formed by PS between adjacent NCs in the chains by varying the ratio
between the length of the PS ligands and the NC size. Chains of NSs coated with
PS molecules were used as a control system.

For PS-coated NCs, it was expected that due to the NC geometry, their face-to-
face assembly is preferred, due to the maximum reduction in solvent-exposed PS
surface area. For this binding modality, the formation of rigid chains was ex-
pected. We found, however, that PS ligands with a high molecular weight
screened the NC geometry, thus yielding fewer face-to-face NC contacts. Conse-
quently, chains with a larger number of kinks were formed, resembling assembly
of PS-coated NSs. Fig. 6 shows the chains formed by PS-capped silver NSs (Fig. 6A)

Increasing linearity

Increasing face-to-face contact area

+ -
€ 8 100 120 140 160 180
Angle (deg)

Fig. 6 (A) Chain of silver NSs; (B, C and D) representative TEM images of silver NCs
assembled in nanopolymer structures. Scale bars are 100 nm. (E) Fraction of « angles for
25 (green), 35 (red) and 45 nm (blue) silver NCs. (F) Fraction of 8 angles for 25 (green), 35
(red) and 45 nm (blue) silver NCs and silver NSs (pink). Adapted from ref. 5.
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and the chains of NCs at a reducing ratio of the PS length-to-NC size (top-to-
bottom, Fig. 6B-D). When the ratio of polymer length-to-NC size reduced, the
fraction of face-to-face NC contacts increased, the NC chains became more rigid
and exhibited a smaller number of kinks (Fig. 6E and F). Quantification of the
number of face-to-face contacts was carried out using a MATLAB code that ana-
lysed the TEM images of the self-assembled chains and measured the angles
formed by two or three adjacent NPs in the chains (Fig. 6E and F, insets). The
statistical analysis of the angles formed by two or three adjacent NCs confirmed
quantitatively the trend of increased NC collinearity with increasing ratio of NC
size-to-polymer length.

Palladium nanocubes. The self-assembly of uniformly functionalized NPs was
further studied for palladium NCs capped with PS molecules with a molecular
weight of 5000 and 50 000 g mol " (PS-5k and PS-50Kk, respectively).

The morphology of the self-assembled structures in the DMF/water mixture at
Cyw = 20 vol% depended on the length of the polymer ligands (controlled by its
molecular weight), in qualitative agreement with the results obtained for
assembly of gold NSs and silver NCs. Fig. 7 shows that for the same self-assembly
time and solvent quality, the structures formed by palladium NCs functionalized
with PS-5k exhibited a stronger trend to form linear structures than those formed
by the NCs capped with PS-50k. The latter had a larger aggregation number due to
the stronger solvophobic attraction between the longer polymer ligands. In
addition, the assemblies formed by PS-50k-capped palladium NCs had fewer face-
to-face contacts between adjacent NCs. The latter effect stemmed from the
screening of the cubic shape of the NCs with longer polymer ligands. In contrast,
palladium NCs capped with PS-5k showed the propensity to form chain-like and
open network assemblies.

Hierarchical assembly of nanoparticles

An extension of the anisotropic assembly of isotropically PS functionalized gold
NSs was the self-assembly of networks of globules composed of these NSs. Given
a sufficiently long incubation time of 24-48 h in the DMF-water mixture, the
globules of with an average diameter of approximately 85 nm (Fig. 8A) assembled
into chains and networks (Fig. 8B). We note that in the chains, the globules did
not merge to form larger entities, which could be rationalized by the enthalpic
penalty involved in the breaking of physical bonds to maximize PS-PS interac-
tions. In addition, although the solvent was not sufficiently polar to cause

Fig.7 TEM images of nanostructures formed by palladium NCs capped with (A) PS-5k and
(B) PS-50k in the DMF/water mixture at C,, = 20 vol%. Scale bars are 200 nm. Inset in (A)
shows an enlarged fragment of the NC chain. Scale bar is 10 nm.
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Fig. 8 (A) Individual globules formed by gold NSs isotropically functionalized with PS-50k
in the DMF-water solution at C,, = 7.5% after 1 h self-assembly. Networks of globules
formed from the globules after 24 h assembly (B) and after increasing C,, to 15 vol% at the
self-assembly time of 2 h.

anisotropic assembly of individual NSs, linear and network diffusion-controlled
assembly of the globules was favored due to the larger overall charge of the NS
globules, in comparison with individual NSs.*”

Furthermore, reducing solvent quality by increasing C,, from 5 to 15 vol%
resulted in qualitatively similar self-assembly of chains and networks of globules
at a reduced time of 2 h (Fig. 8C), due to the more efficient bonding of the NS
globules.

Plasmonic properties of nanopolymers

Nanopolymers display directional coupling of optical, electronic, and magnetic
properties as a result of interactions between the surface plasmons, excitons, or
magnetic moments, respectively, of individual NPs. The formation of a periodic
array of hot spots in the gaps between the NPs assembled in chains is important
for SERS applications of plasmonic nanopolymers, as they provide significant
signal enhancement of up to 10" orders of magnitude.?® Thus, the use of hot
spots enables the observation of single-molecule SERS and sets the limit for the
spatial resolution in scanning probe microscopy with high chemical specificity
(tip-enhanced Raman spectroscopy).>

Dynamic linear self-assembly of metal NPs provides the capability to explore
the role of order in NP assemblies on their SERS properties. While a direct
qualitative correlation exists between extinction and SERS of individual metal
NPs, it deteriorates dramatically in strongly coupled systems with a large distri-
bution of spatially localized resonances. At the same time, there is a direct
correlation between SERS enhancement and the dynamic evolution of electric
field enhancement in the hot spots, as assessed by solving numerically Maxwell's
equations by iteration over time.*

We assembled nanopolymers from gold NRs end-tethered with PS ligands and
found that for the nanopolymers formed by gold NRs exhibited a non-linear
increase with increasing X,. Fig. 9B shows the variation in the normalized
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Fig. 9 (A) Schematic representation of the Raman reporter partitioning in the gaps
between linearly self-assembled gold NRs. (B) Normalized SERS intensity with respect to
Xn of gold NR chains. Adapted from ref. 22. (C) Illustration of the hot spots localized
between adjacent NCs and adjacent NSs in the nanopolymers. (D) SERS profiles of oxazine
solution in DMF (red trace), and oxazine partitioned in the PS junctions binding adjacent
NSs (blue trace) in the chains and NCs (green traces) in the nanopolymer. Adapted from
ref. 5.

intensities of the Raman peak of a reporter molecule (oxazine) uptaken by the
chains of gold NRs and localized in the inter-NR gaps filled with PS (Fig. 9A). The
collinearity of the NR chains had a prodigious effect on the electric field, and
therefore resulted in SERS enhancement: for bent chains, there was a significant
reduction in extinction and SERS enhancement, compared to the co-linear NR
assemblies.

Furthermore, for plasmonic nanopolymers formed by face-to-face assembled
silver NCs (shown in Fig. 6), we found that the geometry of hot spots played an
important role in associated SERS enhancement factors (Fig. 9C). In comparison
with chains of silver NSs, nanopolymers formed by face-to-face bonded NCs
showed a higher SERS intensity (Fig. 9D). This effect was attributed to the larger
volume of hot spots and a nearly uniform electric field in the gaps between
collinear NCs, as well as new coupling modes in the plasmonic polymer formed by
the NCs. A pair of face-to-face assembled NCs formed a Fabry-Perot resonator®®
with a resonance wavelength determined by the NC dimensions and the size of
the inter-NC gap. When Fabry-Perot resonance corresponded to the excitation
wavelength, strong enhancement in electric field and SERS was observed.® Thus,
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the optical properties of plasmonic polymers can be programmed by using NP
building blocks with specific shapes in sub-wavelength sensing and imaging
enhancement.

Conclusions

We have shown that linear nanopolymer chains can be assembled from nanomers
with surface and shape anisotropy. This process follows the kinetics and statistics
of molecular step-growth polymerization. Following this analogy, we used the
strategies of molecular polymerization such as the utilization of chain stoppers
and copolymerization to precisely tune the morphology of the nanopolymers.
Photocrosslinking of the polymer ligands binding NPs in the nanopolymers
enabled control over interparticle distance, chain rigidity and the degree of
polymerization of the nanopolymer. We have also demonstrated that surface and
shape anisotropy of NPs is not a requirement for assembling one-dimensional NP
structures, since anisotropy may arise from the competition of nanoscale forces.
Isotropically functionalized metal NSs and NCs self-assembled into chains when
polymer ligand and self-assembly medium characteristics were judiciously
selected. We also demonstrate that the generated self-assembled structures may
form hierarchical self-assemblies, including chain networks and globular
networks. Lastly, the effect of self-assembled structure morphology with respect
to SERS enhancement was explored yielding important insight into the effects of
hot spot geometry and nanopolymer length on plasmonic performance. These
findings pave the way for the systematic design of self-assembled nanostructures
in the quest for their applications or in the exploration of new self-assembly
parameter spaces.
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