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anocavities have attracted great

interest due to their potential ap-

plications as sensors, catalyst carri-
ers, nanoreactors, and delivery vessels;' >
broader applications can be envisioned if
hollow nanostructures could be prepared
with tailored composition and morphology.
The various nanocavities employed by Na-
ture, such as lipid vesicles and gated ionic
channels, clearly demonstrate the poten-
tials of such controls.

Synthetic nanocavities have been real-
ized only in a few systems. Vesicles and
nanotubes were prepared by self-
assembly of amphiphiles such as block
copolymers® and lipid-like small
molecules.””® However, as a result of the
self-assembly, these nanostructures are
largely dictated by the chemical nature of
the constituent amphiphiles and cannot
be readily tailored. A second class of
nanocavity was derived from core—shell
nanoparticles (NPs), by sacrificing the
core component.’® ' The size and shape
of the resulting cavities can be readily
controlled by the choice of the initial
core,'™1% though the overall shells were
generally isotropic and lacked openings.
Such cavities are not ideal for applica-
tions such as channels or joints for
nanodevices. Mesoscale (0.1—10 pm)
hollow structures with openings were
previously reported,’”” =% but few ex-
amples in the literature were of open
nanocavities (<100 nm). Nanocages pre-
pared by etching AgNPs with HAuCl,
have multiple openings,?’ and nanotubes
prepared by amphiphile self-assembly of-
ten have inherent open ends.”® In gen-
eral, however, introducing openings in
the nanocavity has been a major chal-
lenge, and rational control of the size and
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ABSTRACT A templated fabrication of open nanocavities is reported, where rational control of partial polymer

attachment on sacrificial metal cores introduces openings in the polymer shells. This approach provides a facile

means to modify the structural features of polymer nanocavities by manipulating the surface chemistry of colloidal

nanoparticles. In particular, the anisotropic geometry of gold nanorods is exploited to promote the anisotropic

polymer attachment, such that two diametric openings occurred in the polymer shell. After etching the gold

nanorods, this approach yields open nanochannels that are tunable in both diameter and length. The synthetic

scope of the anisotropic core/shell nanoparticles is expanded, supporting the previously proposed mechanism. We

demonstrate that reducing the symmetry of nano-objects could open up new ways to create structural features

using simple assembly and etching techniques. The thermostability of the open polymer nanostructures is also

investigated.

KEYWORDS: nanocavity - anisotropic encapsulation - etching - linear

aggregation - self-assembly

position of the openings has yet to be
realized.

Here, we report a templated fabrica-
tion of open polymer nanocavities that
resulted from rational control of partial
polymer attachment on sacrificial metal
cores (Figure 1a). By etching these cores,
openings appeared at positions initially
not covered by the polymer. This strategy
is an advancement of our previously re-
ported synthesis of Janus (two-sided)
NPs, whereby the competitive binding of
hydrophobic (L,, e.g., 2-dipalmitoyl-sn-
glycero-3-phosphothioethanol (sodium
salt) (2); see Table 1) and hydrophilic
ligands (Lg, e.g., diethylamine (5)) on Au
nanospheres (AuNSs) led to anisotropic
attachment of amphiphilic diblock co-
polymer, polystyrene-block-poly(acrylic
acid) (PS-b-PAA).?2 (In the following text,
the abbreviation aniso-(La+Lg-NP)@
PSPAA is used to represent such anisotro-
pic core/shell nanostructures.) The syn-
thetic scope was now expanded,
including a variety of cores, polymers,
and ligand combinations. This allowed
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Figure 1. (a) Schematics for the anisotropically encapsulated
AuNSs and AuNRs, and the formation of the respective nano-
cavities; (b—d) TEM images of anisotropically encapsulated
AuNSs, AgNCs, and AuNRs, respectively; (e-g) corresponding
polymer cavities after etching the metal cores in samples
(b—d). Scale bars: 50 nm.

the structural features of the partial polymer shell
to be tailored by modifying the surface chemistry
of the metal cores. In particular, openings can be cre-
ated and rationally controlled in polymer nanostruc-
tures, which are generally more stable than those
generated by the self-assembly of small molecules.

RESULTS AND DISCUSSION

The anisotropic core/shell NPs were prepared by a
one-step synthesis: a mixture of AuNSs, PS-b-PAA, L,,
and Lg in DMF/H,0 (4:1) was heated at 110 °C for 2 h
and then slowly cooled to room temperature.?? As the
critical micelle concentration of PS-b-PAA decreased
with temperature, the polymer became less soluble in
solution and selectively assembled on La-covered re-
gions of the AuNS. The polystyrene (PS) blocks formed
a spheroidal shell to minimize the surface/volume ra-
tio, while the soluble poly(acrylic acid) (PAA) blocks cre-
ated a corona layer on the surface (Figure 1a), introduc-
ing charge and steric repulsion against aggregation.
After the synthesis, the solution was diluted by water
to extract DMF from the PS cores and trap the polymer
micelles in kinetically stable states. The solution was
then centrifuged to remove excess reactants and empty
polymer micelles before the product was characterized
by transmission electron microscopy (TEM). The compe-
tition between L, and Lg determines the ligand cover-
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age ratio on AuNSs,?2 which could be tuned by the
choice of the ligands and their concentrations.

A variety of ligands were found to be compatible
with this synthesis. L, could be thiol-ended molecules
with aliphatic chains (1-octadecanethiol (1) and 2) or
aromatic groups (2-naphthalenethiol (3) and
4-ethylthiophenol (4)), while Lg typically has polar (2-
mercaptoacetic acid (7) and 4-mercaptobenzoic acid
(8)) or short aliphatic groups (5 and 1-ethanethiol (6)).
A full list of the tested ligand combinations is given in
Table 1 with references to the corresponding TEM im-
ages. The relative lengths of PS or PAA chains are not
essential to the anisotropic encapsulation; PS;s4-b-
PAAgo, PS144-b-PAA,g, and PS,p4-b-PAAs, have all been
shown to be viable (Table 1 and Figure 2). Moreover,
several types of metal NPs were found to be compat-
ible, including (a) the negatively charged, citrate-
stabilized AuNSs,? (b) the positively charged, hexade-
cyltrimethylammonium bromide (CTAB)-stabilized Au
nanorods (AuNRs, Figures 1d and 5a), and (c) the
charge-neutral, polyvinylpyrrolidone (PVP)-stabilized

TABLE 1. Chemical Structures of the Tested Hydrophobic
(La) and Hydrophilic Ligands (Lg) and the Known
Conditions That Gave aniso-NP@PSPAA Using Different
Combinations of Cores, Polymers, Ly, and Lg

HSVV%WM
____________ MR S
Lg| ™ HS™™  HS™SCOOH HS-@-COOH
5 6 7 8

Core  Polymer L Lg Reference St\:jc;itz?:sa
AU@ PS.sPAAy, 2 5 Ref22 @ @
Au@ PSisPAAy, 2 6 Figuelb @@ @
AU@ PS.sPAA, 2 8 Figure2a @ (@
Au@ PSisPAAy, 2 7 Figure2b (@ (@
Au@ PSisPAAy, 1 7 Figue2c @ (@
Au@ PS:sPAAy, 3 6 Figure5c @59
AU@ PSisPAAy; 3 6 Figure 2d @
Au@ PSiPAAy 4 6 Figure 2e @
AU@ PS..PAA; 2 6 Figure2f @ @
Au@ PS4PAA; 2 8 Figure2g @ @
AU@ PS.:PAA;, 2 8 Figure 2h @
Aug® PS..PAA;; 2 8 Figure 1d e
Aug® PS,PAA,, 2 8 Figure 2i e
Ag O PS;s,PAAx;, 2 6 Figure 1c (&,

“Structures reported here have been produced in experiments but may not reflect
the complete scope attainable by varying the Ly/Lg ratio.
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Figure 2. Typical TEM images of the (a) aniso-(2+8-AuNS)@
PS154PAAg ([8]1/[2] = 1.37); (b) aniso-(2+7-AuNS)@
PS154PAA6 ([71/[2] = 0.27); (c) aniso-(1+7-AuNS)@
PS154sPAAg ([71/[1] = 5.0, 150 °C); (d) aniso-(3+6-AuNS)@
PS154PAAg ([6]/[3] = 7.41, 150 °C, 3 h); (e) aniso-(4+6-
AuNS)@PS,5,PAA,, ([6]/[4] = 2.40, 130 °C, 6 h); () aniso-
(2+6-AuNS)@PS,,,PAA,; ([6]/[2] = 1.27); (g) aniso-(2+8-
AuNS)@PS,44,PAA; ([8]/[2] = 1.37, Vome/Vh,0 = 3.5); (h) aniso-
(2+6-AuNS)@PS,0,PAAs; ([6]/[2] = 3.17); and (i) aniso-(2+8-
AuNR)@PS;5,PAA, ([8]/[2] = 2.28). Conditions were Vpye/
Vi,0 = 3.5, heated at 110 °C for 2 h unless otherwise stated.
Polymer attachment is less uniform for systems in (d) and (e)
probably due to the unique packing of the ligands 3 and 4.
Scale bars: 50 nm.

Ag nanocubes (AgNCs, Figure 1¢). In the latter two
cases, the excess capping ligands from the NP synthe-
sis (CTAB and PVP) have to be removed before the en-
capsulation. This ensured the domination of NP surface
by La and Lg, which dictate the polymer attachment.

A new type of Janus NPs was observed when 2 and
6 were used as ligands. At [6]/[2] = 1.27, the resulting
aniso-(2+6-AuNS)@PSPAA were highly uniform and re-
vealed only a slight opening of ~8 nm wide, about
1/50 of the total AuNS (d = 25.7 £ 1.9 nm) surface area
(Figure 1b). Previously, the openings generated using
ligands 2 and 5, at its smallest, were ~1/3 of total Au
surface area (at [5]/[2] = 22), where the spheroidal poly-
mer micelles were roughly tangent to the AuNSs.??
The etching of these anisotropic structures led to only
unimpressive shallow nanopockets (Figure S1d in Sup-
porting Information). Attempts to further reduce the
openings by decreasing the [5]/[2] ratio, however, did
not lead to continually smaller openings but instead
gave fully encapsulated AuNSs (e.g., at [5]/[2] = 1.27,
Figure S5a in Supporting Information). At low concen-
trations, ligand 5 appeared to have been completely
ousted by 2. In comparison, a strong Au-binding ligand
such as 6 allowed the retaining of an even small hydro-
philic region in the aniso-(2+6-AuNS)@PSPAA. With
the small openings in the polymer shells, the AuNSs ap-
peared to sink deeper in the spheroidal micelles, creat-
ing a thick polymer wall at the openings. This unique
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structure led to deep nanopockets after removal of the
Au core (Figure 1e).

The distinctive symmetry of AgQNCs and AuNRs led
to interesting development of partial polymer cover-
age on these NPs. The polymer openings on AgNCs
were quite irregular, often occurring at one or several
cube faces. In contrast, the aniso-(2+8-AuNR)@PSPAA
were highly uniform, with two openings occurring on
both ends of each AuNRs (Figure 1d). As far as we know,
the specific encapsulation on the sides but not the
ends of AuNRs has not been achieved using any kind
of shell. In both cases, complete encapsulation ensued
when Lg was not used (Figure S5b in Supporting Infor-
mation),? thereby reaffirming the role of Lg ligands and
its competition with L, in the formation of the anisotro-
pic polymer shells. The preferential attachment of poly-
mer on the sides of AuNRs could be due to (a) the stron-
ger affinity of L to the {111} facets at both ends,?* (b)
the less efficient packing of L, at the high-curvature sur-
face, or (c) the larger strain of polymer micelle at both
ends. On the basis of the predominant appearance of
openings on the {100} facets of AgNCs (Figure 1¢f), it
appears that the ligand distribution was facet-specific,
but evidently, this distribution was also influenced by
polymer adsorption since not all {100} facets of AgNCs
were exposed and the exposed area only consists of a
small portion of the underlying facet.

Previously, the fully encapsulated iso-AuNS@PSPAA
were shown to withstand CN~ etching for months, pos-
sibly because the ions cannot diffuse through the hy-
drophobic PS layer.?>2¢ In contrast, the cores of aniso-
AuNS@PSPAA readily dissolved when incubated in
aqueous KCN (4 mM), as evident from the rapid disap-
pearance of the surface plasmon absorption at 530 nm
in ultraviolet—visible (UV—vis) spectra (Figure S7a in
Supporting Information). The hydrophilic ligand layer
obviously did not prevent the diffusion of both CN~ and
[Au(CN)4]~. After etching, the polymer particles were
purified by dialysis to remove excess reactants. The re-
sulting hollow polymer particles can tolerate high-salt
solutions (e.g., 1 M NaCl at pH 10) similar to the iso-
AUNS@PSPAA.?” This extraordinary colloidal stability
promises broad compatibility for future applications.
While all of the aniso-AuNS@PSPAA characterized by
TEM may not orient at the right perspectives to reveal
the openings in the shell, few of them retained the
AuNSs after the etching (Figure 1e). Statistics from 882
etched particles of aniso-(2+6-AuNS)@PSPAA indicated
that 47% of them were hollow with observable open-
ings, 48% were hollow without apparent openings, and
only 4.9% still enclosed a AuNS. On the basis of these
data, it can be estimated that the yield of the original
aniso-AuNS@PSPAA was probably close to 95%. The
nanopockets from aniso-(2+6-AuNS)@PSPAA (Figure
1e) have deeper cavities with smaller openings (width
= 9.9 * 2.4 nm) than those from aniso-(2+5-AuNS)@
PSPAA (Figure S1d in Supporting Information). The
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Figure 3. (a) Distribution of the diameter of (red) the aniso-(2+6-AuNS)@PSPAA core and (blue) the hollow cavity after
etching. Distribution of (b) diameter and (c) length of (red) aniso-(2+8-AuNR)@PSPAA core and (blue) the hollow tube af-

ter etching.

overall hollow polymer structure was found to retain
the shape of the template (daws = 25.7 nm), despite a
slight shrinking of the cavity (d = 20.4 = 2.2 nm) (Fig-
ure 3a). The openings became slightly larger after the
etching, increasing from 8 to 9.9 nm. The structural in-
tegrity of the PS layer after removal of the internal sup-
port is most obvious in the case of aniso-(2+6-AgNC)@
PSPAA, whereby the resulting cavity generally
maintained the cubic shape (Figure 1f).

This is likely a result of the glassy nature of PS in
the absence of organic solvent.?® Unlike the micelles as-
sembled from small molecules, the PS-b-PAA micelles
are obviously resistant to the dissociation/reformation
dynamics which would otherwise have eliminated the
structural memory. Nevertheless, the polymer became
more liquid-like at elevated temperature. The hollow
polymer nanocavities were still intact when incubated
at 60 °C in water for 2 h (Figure S5c in Supporting Infor-
mation), but at 90 °C, the hollow structures collapsed
(Figure 4a). The morphological transition occurred at a
temperature close to the glass transition temperature
of bulk polystyrene (100 °C).?° To distinguish the col-
lapsed polymer particles from the empty micelles of PS-
b-PAA self-assembly, partially etched aniso-AuNS@
PSPAA were induced to collapse. The remaining Au
residues were found completely encapsulated, and no
free AUNS was observed (Figure 4b). This clearly dem-
onstrated that these micelles were not from PS-b-PAA

collapsing inward shrinking

Figure 4. TEM images of (a) hollow NPs as shown in Figure
1e after fusing by heating at 90 °C, and (b) partially etched
aniso-AuNS@PSPAA sample after heating at 100 °C. (c) Sche-
matics of possible mechanisms, through which the hollow
polymer particles could fuse by either collapsing inward
(left) or shrinking of the PS core (right). Scale bars: 50 nm.
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reassembly. Moreover, it suggests that the hollow poly-
mer structure collapsed inward instead of withdrawing
like a liquid which would have turned the Au residues
outward (Figure 4c).

These results are unambiguous demonstration of
the structural stability of the PS-b-PAA micelles. The
size and morphology of the sacrificial cores and of the
resulting cavities served as excellent markers for the
structural degeneration under various conditions. The
uniformity in the core sizes and shell structures allowed
the collective behavior of the PS-b-PAA micelles to be
conveniently studied, and the exceptional stability of
the micelles in aqueous solution allowed the morpho-
logical transitions to be monitored directly by TEM
images.

Unlike the spheroidal nanopockets templated by
AuNSs or AgNCs, hollow polymer nanochannels (d =
16.9 £ 3.7 nm, | = 44.8 = 5.9 nm, Figure 1g) were fab-
ricated by removing Au from the aniso-(2+8-AuNR)@
PSPAA. They are somewhat smaller than the original
AuNRs (aspect ratio 2.4; d = 23.1 £ 34 nm, | = 56.7 =
5.5 nm, Figure 3b,c). Importantly, the channels have two
openings that resulted from the absence of polymer
coverage at the ends of AuNRs. Structural control of
these open nanochannels is facile in that the dimen-
sions of the channels could be easily tuned by the
choice of the template. AuNRs with high aspect ratio
(18.0; d = 19 nm, | = 387 nm) were successfully encap-
sulated and subsequently etched to give long
nanochannels with openings at both ends (Figure 5a,d,
d = 18 nm, | = 367 nm). Compared to the open
nanochannels prepared by amphiphile self-assembly,
the ones prepared by this templated approach are
more versatile and more robust. To our knowledge,
open nanochannels with monodispersed length have
not been prepared previously.

The unique symmetry of aniso-AuNR@PSPAA pro-
vided an opportunity to linearly assemble them. As the
Lg-coated surface is unstable in salt solution and the
polymer is highly stable, incubation of these NRs in ba-
sic NaCl solution led to highly specific end-to-end ag-
gregation (Figure 5b). After cross-linking the polymer
shells to secure the organization, the Au cores were
etched to give segmented nanochannels (Figure 5e). A

7,8
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Figure 5. TEM images of (a) aniso-AuNR@PSPAA with as-
pect ratio 18; (b) linearly assembled aniso-AuNR@PSPAA
(aspect ratio 2.4); (c) anisotropically encapsulated AuNS
chains; and (d—f) corresponding polymer cavities after
etching samples (a—c). Scale bars: 50 nm.

small percentage of the aniso-(2+8-AuNR)@PSPAA
had only one opening, which limited the growth of
the linear chains. On the basis of the survey of 914 poly-
mer particles, it was found that 87.5% of the original
aniso-(2+8-AuNR)@PSPAA had two openings, 11.1%
had one opening, and 1.4% had no opening. It is con-

METHODS

AuNSs,* AuNRs with low?' and high aspect ratio,*? and
AgNCs* were prepared based on the literature reports. The
anisotropic encapsulation of NPs (a general name for AuNSs,
AuNRs, and AgNCs), as listed in Table 1, was carried out accord-
ing to the procedures of our previous paper?? with modifications
(more details available in Supporting Information).

Anisotropic Encapsulation of AuNRs (Aspect Ratio 2.4 + 0.1;d = 23 nm,
I = 57 nm): The as-synthesized, CTAB-stabilized AuNRs (1.5 mL)
were concentrated by centrifugation to a volume of ~15 pL us-
ing 8100g for 10 min. The concentrated solution was then di-
luted with water to 1.5 mL and centrifuged to ~15 pL again to
further remove the excess CTAB. The deep green solution col-
lected was then diluted by water to a volume of 235 pL and then
added to 750 pL of DMF solution, which was prepared by mix-
ing PS144-b-PAA5 (80 L, 8 mg/mL in DMF), 8 (20 L, 2 mM in
EtOH), and DMF (670 p.L). Ligand 2 (40 p.L, 2 mg/mL in EtOH) was
then finally added to the reaction mixture. The total volume of
the final mixture was 1 mL, where Vpwe/Vi,o = 3, [PS144-b-PAAs]
= 0.039 mM, [2] = 0.22 mM, [8] = 0.04 mM. The mixture was
heated at 110 °C for 2 h and then allowed to cool down gradu-
ally until room temperature. Similar procedures were used for
the anisotropic encapsulation of high aspect ratio AuNRs and
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ceivable that, with further improvement of the synthe-
sis, this approach could lead to long, flexible nanochan-
nels that could be functionalized along the length.

The anisotropic encapsulation was also applied to
linear aggregates of AuNSs prepared by salt-induced
aggregation (see Supporting Information). Openings in
the polymer shells were found often at the ends and
turning points of the AuNS chains (Figure 5c), which be-
came obvious after the etching (Figure 5f). Since at
these positions the AuNSs would unlikely have specific
facets for the binding of Lg or specific packing for L, it is
most likely that the strain of polymer micelles at high-
curvature points is the dominant factor in determining
polymer distribution. This observation argues against
the selective La/Lg coordination on NPs as a sole deter-
mining factor for polymer coverage in aniso-
NP@PSPAA.

SUMMARY

In summary, we have demonstrated a new method
to introduce openings in polymer nanocavities, where
the templated approach provided facile and precise
controls of the polymer nanostructure. The size and
shape of the cavity could be tailored by the choice of
the sacrificial nanoparticles; the size of the openings
could be manipulated by ligand competition during the
anisotropic encapsulation; and the openings selec-
tively occurred at both ends of gold nanorods. This ap-
proach is advantageous considering the scalable colloi-
dal synthesis, the broad synthetic scope, and the
stability of the resulting polymer nanostructures. As so-
phisticated nanodevices in the future will not be solely
based on isotropic nanoparticles, breaking the symme-
try of nanoparticles, as demonstrated in this report, will
open up new ways to assemble nano-objects and to
create new structural features for rational functional
designs.

AgNCs; see Supporting Information for more details. Typically,
when PSuurb-PAAzg was used, the VDMF/VHZO = 3, while VDMF/VHZO
= 4.5 and 8 were used for PS;s54-b-PAAs, and PS404-b-PAAs,, re-
spectively. This is due to the different solubility of the polymers
related to the different PS length and PS/PAA ratio.

Linear Aggregation of Anisotropically Encapsulated AuNRs: One hun-
dred microliters of the as-synthesized aniso-(2+8-AuNR)@PSPAA
was purified by centrifugation to ~10 pL. To induce aggrega-
tion, NaOH (I wL, 5 M) and NaCl (40 uL, 5 M) were added to this
solution and the mixture was incubated overnight. The mixture
were then diluted with 1.5 mL water and centrifuged at 8100g to
remove the excess salt. Cross-linking of polymer shell for the lin-
early assembled aniso-(2+8-AuNR)@PSPAA was carried out by
adding 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) (50 pL, 5.22 mM) to the purified sample (100 pL).
The mixture was placed on a shaker for 30 min after which 2,2'-
(ethylenedioxy)bis(ethylamine) (21.36 uL, neat), the cross-linker,
was added to the mixture. The sample was left to react further for
30 min. After the completion of the reaction, the mixture was di-
luted with water to 1.5 mL and centrifuged at 8100g for 10 min
to remove the excess reactants.

Etching by KCN: Regardless of the morphology, the aniso-
NP@PSPAA sample (100 pL) was purified and concentrated to
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10 pL. Then KCN (1 L, 40 mM) was added to this concentrated
sample. (CAUTION: KCN is extremely poisonous even at low con-
centrations; it should be handled with great care. Never add
any acid to KCN solutions.) This mixture was left to react over-
night, or until the original color of the sample disappears. This
duration may vary from sample to sample. An aliquot (3 p.L) of
the sample was diluted with 8 L of negative stain for TEM analy-
sis without any purification. If the samples were used for further
analysis, the sample was then dialyzed against water using Spec-
tra/Por Dialysis Membrane (molecular weight cutoff = 25 000
Da) for 24 h. The residue supernatants and solutions were
treated with excess FeCl; to detoxify the CN™ ions by forming
[Fe(CN)el*~.

Characterizations: JEM 1400 transmission electron microscope
(JEOL) operated at 120 kV was used to obtain TEM images of
the samples. (NH4)sM0,0,4 (3.4 mM) was used as the negative
stain to improve contrast for all TEM images reported in this
study. UV—vis spectra were collected on a Cary100 UV —vis spec-
trophotometer. Centrifugation was conducted on a brushless
microcentrifuge Denville 260D angle rotor with centrifuging ra-
dius of 7.3 cm. Conversion to relative centrifugal force (RCF) was
calculated with the formula RCF = 1.118 X 107> X 7.3 (radius)
X (speed in rpm)>.
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