Discrete Functional Gold Nanoparticles:
Hydrogen Bond-Assisted Synthesis,
Magnetic Purification, Supramolecular
Dimer and Trimer Formation

Chun-Pong Chak," Shouhu Xuan,” Paula M. Mendes,* Jimmy C. Yu," Christopher H. K. Cheng,’ and

Ken Cham-Fai Leung®*

TCenter of Novel Functional Molecules, Department of Chemistry, The Chinese University of Hong Kong, Shatin, NT, Hong Kong, *College of Engineering and Physical
Sciences, School of Chemical Engineering, The University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom, and *Department of Biochemistry
(Medicine), The Chinese University of Hong Kong, Shatin, NT, Hong Kong

anoparticles (NPs) are powerful

tools for in vitro and in vivo diag-

nostic, imaging, immunolabeling,
and therapy due to their biomimetic fea-
tures, their high surface area to volume ra-
tio, and the possibility of modulating their
surface properties with biomolecules.' 3
The potential of nanoparticles in biology
and medicine has just begun to be realized,
and new avenues will be opened as our
ability to manipulate these materials
improves.** Significant advances have been
made over the past decade in the wet-
chemical syntheses of robust single-
component NPs in a wide range of sizes,
shapes, and protective organic layers. Typi-
cally, the composition of functional groups
in the NPs can be varied through ligand ex-
change by using different capping-ligand
mixtures.® However, with such approaches,
it is rather difficult to prepare nanoparticles
with a discrete number of chemical func-
tional groups. By way of an example,
alkanethiol-coated gold NPs”~'3 can be
functionalized by place exchange reactions
with different types of thiolate ligands hav-
ing designed terminal reactive end groups.
However, such displacement reactions pro-
duce randomly functionalized NPs so that
the number of newly displaced, reactive
ligands is uncertain and may vary from NP
to NP. To date, examples have been re-
ported wherein monofunctionalized nano-
particles have been prepared.'* 28 For in-
stance, Worden et al.'* and Sung et al.'®
developed solid-phase chemistry methods
to prepare gold nanoparticles with single
functional groups. These methodologies re-

Www.acsnano.org

ABSTRACT Amine monofunctional gold nanoparticles (1-AuNPs) were synthesized by employing a solid-

supported technique and pH-switchable pseudorotaxane formation. Purification was repeatedly facilitated using

crown ether peripherally coated superparamagnetic iron oxide microspheres to yield the monofunctional gold

nanoparticles in excellent yield. The product and its related intermediate superstructures were characterized by

IR and X-ray photoelectron spectroscopies. Novel supramolecular dimers and trimers were prepared by titrating the
1-AuNPs with bisDB24(8 and trisDB24(8 at different ratios. UV/visible absorption spectroscopic analyses of the

supramolecular dimer and trimer solutions, which were formed by mixing their separate components in different

ratios, indicated the gradual appearance of two distinct plasmonic resonance bands at 620 and ~700 nm.

Furthermore, TEM images of the dimers revealed a significant amount of dimer pairs on the surface, while the

TEM images of the trimers demonstrated the presence of both dimers and trimers. The trimers appeared as

triangular or near-linear shapes.
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lied on the covalent bonding of a bifunc-
tional ligand (e.g., thiol and carboxylic acid
groups) onto a Wang resin solid support
and the subsequent one-to-one place ex-
change reaction between the support-
bound thiol ligands and the gold nanopar-
ticles. After cleaving off from the solid
support, monofunctionalized nanoparticles
were obtained. However, the described
methods'*'® showed low percentage yields
of the resulting monofunctionalized NPs
that are associated with several covalent
bond-forming/breaking reactions. Other
limitations include long reaction times and
harsh reaction conditions. In the latest con-
cept developed by Kriger et al.,'® gold
nanoparticles were functionalized with
single carboxyl groups using nanoparticle
surface polymerization. This methodology
may provide better yields, but it lacks flex-
ibility on the physical properties of the
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nanoparticle surface coating. Thus, there is a pressing
need to develop effective strategies for functionalizing
and purifying nanoparticles with a controlled number
of chemical functional groups.

Research in supramolecular chemistry has pro-
gressed from the investigations of the basis of molecu-
lar recognition to the construction of novel functional
molecules, including molecular switches, molecular mo-
tors, artificial molecular muscles, and molecular
elevators.?>3° Furthermore, besides the design of novel
organic supramolecular architectures, recent years have
witnessed the application of supramolecular concepts
to the development of organic—inorganic hybrid ma-
terials®' with improved functionalities. For instance, het-
erosupramolecular approaches have provided a means
of enhancing recognition and sensing on surface ma-
terials, of building reversible nanometer-sized networks
and 3D architectures, as well as of incorporating biomi-
metic and gated chemistry in hybrid nanomaterials.>
Recent examples demonstrate that the combination of
supramolecular principles and inorganic nanomaterials
can lead to the fine-tuning of material properties, open-
ing new perspectives for the application of supramolec-
ular concepts.

Armed with this background, we report herein a
method to functionalize gold NPs (2 nm) specifically
with an amine group employing a solid-supported
technique using pH-switchable supramolecular recog-
nition motifs*>34 and nanoparticle-based magnetic
separation.>>3¢ Supramolecular recognition motifs in-
volving dibenzo[24]crown-8 (DB24C8) and dibenzylam-
monium (DBA), which form a 1:1 supramolecular com-
plex, namely, [DBACDB24C8] pseudorotaxane, 3
were selected for this study because of their capability
to function as pH-switchable templates. The pseudoro-
taxane, which is ON/OFF switchable upon pH changes,
is stabilized principally by [C—O---H—N"*] and
[C=0O---H—C—N*] hydrogen bonds with additional
secondary stabilization coming from electrostatic and
—r interactions. Multivalent assemblies between the
molecular recognition motifs to form pseudorotaxanes
are feasible via a self-sorting process. Magnetic separa-
tion is based on superparamagnetic iron oxide (SPIO)
NPs*® that are decorated with DB24C8 at the peripher-
ies. The DB24C8-functionalized SPIO NPs can be used to
harness all amine/ammonium-functionalized gold NPs
out of the reaction mixture by an externally applied
magnetic field. By employing these supramolecular ma-
terials as well as the magnetic recycling purification pro-
cesses, the yields in affording the discretely functional-
ized gold NPs will be greatly enhanced since most of
the low-yielding processes involving the covalent
bond-forming and -breaking reactions are eliminated.
Moreover, the solid-phase supports and the magnetic
particles are recyclable and reusable, rendering them as
versatile tools for the synthesis and purification of this
type of demanding NPs. In contrast, typical chromato-
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graphic separation and purification of products often
require a large amount of solvents and are time-
consuming. Characterization of the discrete functional
gold NPs by infrared (IR), UV/visible absorption, and
X-ray photoelectron spectroscopies and transmission
electron microscopy (TEM) confirms the formation of
amine monofunctional gold nanoparticles in near-
quantitative yield.

RESULTS AND DISCUSSION

To begin with, DB24C8-CO,H*' was treated (Figure
1) with isobutylchloroformate (IBCF) to form an anhy-
dride in situ prior to the addition of polystyrene (PS)
resin (PS Wang resin, poly(4-(4-vinylbenzyloxy)benzyl
alcohol), hydroxyl group functional density = 1.0—1.5
mmol/g) to give the DB24C8-decorated resin (PS-
DB24(8) in 77% yield. Then, the PS-DB24C8 was swelled
in a CH,Cl,/MeCN (6:1) mixture followed by the
self-assembly*2** with the DBA—disulfide ligand
1 - HPF4* to yield the PS-DB24C8D[1 - HPFg],. Subse-
quently, a slight excess of gold NPs (AuNPs, 2 nm) was
added to the poly(pseudorotaxane) structure PS-
DB24C8DI1 - HPF¢],.. This process resulted in the disul-
fide place exchange reaction between the disulfide
ligands 1 - HPFs and butyl thiolates, leading to the im-
mobilization of AuNPs to form the PS-

DB24C8D[1 - HPFs-AuNP],.. Accounting to the site isola-
tion effect from which the DB24C8 groups on PS were
not in close proximity, each self-assembled disulfide
ligand most likely reacted with only one AuNP. Finally,
the PS-DB24C8D[1 - HPFs-AuNP], structure was incu-
bated with a solution of EtsN in CH,Cl, for the deproto-
nation of all ammonium ions into amines. As a result,
the crown ether had lost its hydrogen-bonded binding
affinity toward the amine ligand, from which the AuNPs
bearing the amine ligand (1-AuNPs) were separated
out from the solid PS-DB24C8. Clearly, the product that
was isolated after the final deprotonation step not
only contained the 1-AuNPs but also might contain
the unreacted, physisorbed AuNPs, the unreacted depr-
onated ligand 1, and any AuNP with more than one
ligand attached to it (1,-AuNPs). Thus, an effective and
efficient purification method must be provided for the
complete isolation of the 1-AuNPs.

A purification procedure for the crude 1-AuNP mix-
ture was designed (Figure 2) and facilitated using the
DB24(C8-functionalized silica-coated SPIO microspheres
(SPIO—DB24(8, size ~200 nm). The SPIO—DB24C8
microspheres are composed of ~6 nm SPIO crystals
confined in thin silica shells, which are decorated with
the crown ethers by amide linkages.* These magnetic
microspheres are compatible with a dilute acid (i.e., tri-
fluoroacetic acid, H-TFA) and a dilute base (i.e., EtsN).
Fortunately, we found out that the amine ligand 1 in
the mixture could be effectively washed away using
EtOH at 0 °C without jeopardizing other AuNP-related
structures. Subsequently, the resulting ligand-free mix-
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Figure 1. Graphical representation of the solid-supported preparation of monofunctional gold nanoparticles, featuring su-
pramolecular recognition motifs in the form of dibenzo[24]crown-8 (DB24C8) on polystyrene (PS) resin and dibenzyl ammo-

nium (DBA)—disulfide ligand.

ture was treated with H-TFA and the SPIO—DB24C8.
The protonated 1 - HTFA-AuNPs were captured by the
SPIO—DB24C8 microspheres, which were subsequently
attracted by an externally applied magnetic field. The
unreacted excess of AuNPs, which were not self-
assembled on the SPIO—DB24C8 microspheres, were
washed away. While the magnetic field was still being
applied to the 1 - HTFA-AuNPs-functionalized
SPIO—DB24C8 microspheres, the microspheres were

1) Wash away

SNis, M,
§

9/9

2) H-TFA
1-AuNP

+ AuNP + Ligand 1
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subjected to a base treatment with Et;N for the depro-
tonation of all ammonium ions, releasing the purified
1-AuNPs. The SPIO—DB24C8 microspheres were reused
for repeated purification cycles. We found out experi-
mentally that complete isolation of the 1-AuNPs can be
obtained after repeating the purification process 5—7
times using the SPIO—DB24C8 micropheres. The over-
all conversion yields are 3.0 mg of 1-AuNP per gram of
PS resin (—OH density = 1.0—1.5 mmol/g) and 2.3 mg

1) Externally applied magnetic field
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Figure 2. Graphical representation of the magnetic purification process for the 1-AuNPs from the crude mixture.
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of 1-AuNP per gram of PS-DB24C8 (—DB24C8 density
~ 1.0 mmol/g). The yield is near quantitative after sev-
eral repeated purification steps.

The characterization of the step-by-step intermedi-
ate structures was monitored by FTIR, far-IR (Figure 3
and Table S1 in Supporting Information), and XPS spec-
troscopies (Figures S9—S13 in Supporting Informa-
tion). From the FTIR spectrum of the PS resin, three
main IR absorptions are observed and assigned (Figure
3A,a).% They are O—H stretching (~3400 cm™"), alkane
C—H stretching (2920 and 2960 cm "), and aromatic ab-
sorptions (~1600, 1200— 1500, and ~900), which re-
veal the presence of hydroxyl groups, PS alkane back-
bone, and benzyl aromatic rings, respectively. For the
FTIR spectrum of the PS-DB24C8 (Figure 3A,b),*’ the ab-
sorption bands are similar to those of the PS resin ex-
cept for the appearance of a sharp carbonyl absorption
at 1741 cm™', which originates from the ester linkage
after the condensation reaction between the PS resin
and DB24C8-CO,H. When the ligand 1 - HPF4 was
treated with the PS-DB24(8 followed by a washing pro-
cess, the remaining solid gave (Figure 3A,c) two new
sets of IR modes at ~3230—3260 cm™' (N* —H stretch-
ing) and 840 cm ™" (para-substituted aromatic C—H).
Moreover, the percentage transmission (%T) of the car-
bonyl absorption at 1735 cm ™" increased, revealing the
successful self-assembly of the ester-containing ligand
1 HPFs onto the PS-DB24C8 to form the poly(pseudo-
rotaxane) PS-DB24C8D[1 - HPF¢],.. After the subsequent
addition of AuNPs followed by a washing step, the re-
maining solid gave similar FTIR absorption bands (Fig-
ure 3A,d) to those found in the PS-DB24C8D[1 - HPF¢],
(Figure 3A,c). However, by comparing the far-IR spec-
trum of the PS-DB24C8D[1 - HPF], (Figure 3B,a) with
that of the remaining solid (Figure 3B,b), a new absorp-
tion band at 249 cm ™" and other new weak bands were
identified that correspond to the Au—S absorption.*4°
Thus, the observation of these new bands demon-
strates the successful immobilization of the AuNPs onto
the PS-DB24C8D[1 - HPF¢], structure to form the PS-
DB24C8D[1 - HPFs-AuNP],.. Following the magnetic pu-
rification steps, the 1-AuNPs were also characterized by
both FTIR and far-IR spectroscopies. Major absorption
bands were observed (Figures 3A,e,B,c) at ~3400 cm ™'
(N—H stretching), 2852 and 2925 cm™" (alkane C—H
stretching), 1733 cm ™' ((=O0 absorption), 1600 cm~’
(aromatic overtone), 1384 cm ™' (CHs symmetrical defor-
mation, from the n-butylthiolate ligands), 804 cm™'
(para-substituted aromatic C—H), and 249 and 250

~T (Au—S absorption). The absorption bands, which
are assigned to the C—H asymmetric and symmetric
methylene stretching vibration, are shifted to lower
wavenumbers from 2920 to 2852 cm ™' and from 2960
to 2925 cm~'.>° Among these observed major IR ab-
sorption bands, the secondary amine (R;N—H) bend-
ing, the secondary ammonium (R,N*—H) stretching,
C—S and S—S absorption bands are too weak to be ob-
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Figure 4. TEM images of (A) SPIO—DB24C8 microsphere;
(B,C) SPIO—DB24C8D[1 - HTFA-AuNP],; and (D) remaining
SPIO—DB24C8 microspheres after base treatment of the
SPI0O—DB24C8D[1 - HTFA-AuNP],,.

served. Furthermore, the characterization of the inter-
mediate nanostructures (i.e., SPIO-NH,, SPIO—DB24CS8,
and SPIO—DB24C8D[1 - HTFA-AuNP],) was also moni-
tored by FTIR spectroscopy (Figure S8 in Supporting In-
formation).

XPS spectra were also acquired for the PS resin, PS-
DB24(C8, PS-DB24C8D[1 - HPF¢],,, PS-DB24C8D[1 - HPF¢-
AuNP],, and 1-AuNP samples (Figures S9—S13 in Sup-
porting Information). As expected, XPS analyses of the
PS resin and PS-DB24C8 showed (Figures S9 and S10 in
Supporting Information) the presence of carbon and
oxygen. However, XPS spectrum of the PS-
DB24C8D[1 - HPF¢], revealed (Figure S11 in Supporting
Information) additional peaks at 685 eV (F 1s), 400 eV (N
1s), and 162 eV (S 2p), which demonstrate the success-
ful self-assembly of the DBA—disulfide ligand 1 - HPF,

onto the PS-DB24C8 to form the PS-

DB24C8D[1 - HPF¢],.. In addition to these peaks, XPS
spectra of the PS-DB24C8D[1 - HPF4-AuNP], (Figure S12
in Supporting Information) and 1-AuNP (Figure S13 in
Supporting Information) exhibited the characteristic Au
4fs/, (86 eV) and Au4f,), (83 eV) peaks, confirming that
AuNPs were immobilized on the PS-DB24C8D[1 - HPF¢],
to form the PS-DB24C8D[1 - HPF4-AuNP], and then re-
leased to form the 1-AuNPs.

TEM was employed for the structural characteriza-
tion of the nanostructures obtained at the different
magnetic purification steps (Figure 4). Figure 4A re-
veals the morphology of a typical SPIO—DB24C8 micro-
sphere with a diameter of 220 nm. The SPIO—DB24C8
microspheres were used to abstract all the functional-
ized AuNPs by forming the hydrogen-bonded supramo-
lecular pseudorotaxane structures in a multivalent man-
ner. The nanostructures SPIO—DB24C8D([1 - HTFA-
AuNP], were characterized by TEM (Figure 4B,C). It is
clearly observed that smaller AuNPs (2 nm) are well de-
posited on the periphery of the SPIO—DB24C8 micro-
spheres. Energy dispersive X-ray (EDX) spectroscopy
was performed for the elemental analysis of
SPIO—DB24C8D[1 - HTFA-AuUNP], that showed the
presence of Au, Fe, C, O, Si, and Cu (Figure S7b in Sup-
porting Information). The presence of Au in the EDX
spectrum of SPIO—DB24C8D[1 - HTFA-AuNP],, which is
different from the EDX spectra of SPIO—DB24C8 before
(Figure S7a in Supporting Information) and after (Fig-
ure S7c in Supporting Information) base treatment, in-
dicates the successful self-assembly and isolation of the
functionalized AuNPs from the crude mixture. Further-
more, Figure 4D shows the TEM image of the
SPIO—DB24C8 microspheres after treatment of
SPIO—DB24C82[1 - HTFA-AuUNP], with a base and sub-
sequent isolation of the purified 1-AuNPs. In particular,
small AuNPs were not observed at the periphery of the

Qﬁo@ofko 23
BisDB24C8 et il
H-TFA / CH,Cl, ijg%—‘% 21{\—

e,

p/ami—Q\:“

1-AuNP NAA N

Supramolecular Dimer
BisDB24C8 o [1+ HTFA-AuNP],

! il
TR

\Wﬂ

H-TFA / CH,Cl,

Supramolecular
/_'/)é z{{ Trimer
TrisDB24C8 2[1-HTFA-AuNP];

Figure 5. Supramolecular self-assembly of the 1-AuNPs with bisDB24C8 and trisDB24C8 to afford the dimers
bisDB24C8D[1 - HTFA-AuNP]; and trimers trisDB24C8D[1 - HTFA-AuNP];, respectively.
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Figure 6. Stacked UV/visible absorption spectra (CH,Cl,, 298 K) of (a) 1-AuNP titrated with
different amounts of bisDB24C8 (w/w = 1:1, 2:1, and 3.5:1) and (b) 1-AuNP titrated with dif-

— 1-AuNP

—— 1-AuNP / BisDB24C8 (1:1)
1-AuNP / BisDB24C8 (2:1)

— — 1-AuNP / BisDB24C8 (3.5:1)

first protonated by H-TFA in CH,Cl,
and then mixed with either the
bisDB24C8 or trisDB24C8 to afford
the corresponding supramolecular
dimers bisDB24C8D([1 - HTFA-AuNP],
or the supramolecular trimers
trisDB24C8D[1 - HTFA-AuUNPI;.

The obtained AuNP structures in-
cluding their dimers and trimers were
investigated by UV/visible absorption
spectroscopy (Figure 6). The 2 nm bu-
tylated AuNP demonstrated the well-
known plasmonic band at A ~ 520
nm,'7495354 while the monofunctional
1-AuNP revealed the same plasmonic
absorption at A ~ 520 nm as well as a
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800  shoulder peak at A ~ 260 nm, origi-
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1-AuNP / TrisDB24C8 (1:2.5)
— — 1-AuNP / TrisDB24C8 (1:4)

T T
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ferent amounts of trisDB24C8 (w/w = 1:1, 1:2.5, and 1:4).

SPIO—DB24C8 microspheres, a result that indicates an
effective and complete isolation of the purified 1-AuNPs
using the pH-switchable, hydrogen-bonded molecular
recognition units.

It is assumed that, when the purified monofunc-
tional 1-AuNPs are treated with divalent linkers, dimers
will form. The characterization of these dimers is fea-
sible by UV/visible spectroscopy and TEM inspection.
Herein, the pH-switchable supramolecular motifs have
been exploited (Figure 5) to form supramolecular
dimers and trimers by virtue of the self-assembly using
bisDB24C8 and trisDB24C8 compounds. Briefly, the
bisDB24C8 was synthesized via a divalent condensa-
tion reaction between DB24C8-CO,H and hydro-
quinone, while the trifurcated trisDB24C8 was synthe-
sized via a 1,3-dipolar cycloaddition reaction—"click”
chemistry approach®'>? with high efficiencies between
the DB24(C8-CO,CH,C(=CH and 1,3,5-
tris(azidomethyl)benzene. The purified 1-AuNPs were
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nating from the aromatic absorption
of the attached ligand (Figure S5 in
Supporting Information).

Since it is a difficult task to mea-
sure the amounts of the bisDB24C8
and trisDB24C8 in exact stoichiomet-
ric ratios for the self-assembly with
1-AuNP, it is necessary to perform
several titration experiments by mix-
ing the purified 1-HTFA-AuNPs with
the linkers in different ratios (w/w). In
particular, a series of supramolecular
species was obtained by mixing the
purified 1 - HTFA-AuNPs with
bisDB24C8 in CH,Cl, in different ra-
tios: 1:1, 2:1, and 3.5:1 (w/w). After the
800 addition of bisDB24C8 linker and
1-AuNP in a ratio of 1:1 (w/w), the ab-
sorption increased in intensity and
completely red-shifted to ~700 and
620 nm (Figure 6a).”> The appearance
of the sharp plasmonic absorption band at ~700 nm in-
dicates the formation of AuNP aggregates where the
AuNPs are in close proximity. When the amounts of the
1-AuNP increase in the solutions (w/w = 2:1 and 3.5:
1), the plasmonic absorption band at ~700 nm disap-
peared but with the observation of new red-shifted lo-
cal absorption maxima at ~580 nm. These results
suggest that modest amounts of AuUNP aggregate are
still present in these mixtures.

Similarly, the 1-AuNPs were titrated with the
trisDB24C8 linker in different ratios (w/w = 1:1, 1:2.5,
and 1:4). A sharp plasmonic absorption at ~700 nm in-
dicates AUNP aggregation was observed for the ratio of
1:2.5 between 1-AuNP and trisDB24C8 (Figure 6b). The
intensity of this plasmonic absorption, however, is not
as strong as that observed using the bisDB24C8. Addi-
tions of base into the solutions, which contain the su-
pramolecular species, disrupt the self-assemblies. The
UV/visible spectrum of the resulting solution is simply

Wwww.acsnano.org
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Figure 7. Transmission electron microscopic images of (a,b)
the supramolecular dimers prepared by mixing 1-AuNPs ([1-
AuNP] ~ 0.2 mg/mL) with bisDB24C8 in the ratio of 1:1 w/w,
and (c,d) the supramolecular trimers prepared by mixing
1-AuNPs ([1-AuNP] ~ 0.2 mg/mL) with trisDB24C8 in the ra-
tio of 1:2.5 w/w. Note the blue circles indicate the dimers,
and the red circles indicate the trimers.

the sum of their UV/visible spectra of separate compo-
nents. Consequently, these observations prove the suc-
cessful self-assembly between the 1-AuNPs and the
linkers as the form of supramolecular species. Further-
more, the actual structural identities of these supramo-
lecular species could be revealed by immobilizing them
on a surface and observing the surface under TEM.

A control experiment has been performed in the ab-
sence of the PS-DB24C8 resin. Therefore, the AuNPs
were randomly functionalized with ligand 1 by means
of an uncontrolled place exchange reaction. When
these randomly ligand-functionalized AuNPs were
treated with different amounts the bisDB24C8, 3D net-
work scaffolds were formed (Figure S14 in Supporting
Information) and revealed maximum plasmon bands at
620 and 700 nm (Figure S15 in Supporting Informa-
tion). Another control experiment has been performed
by treating the 1-AuNPs with DB24C8 (instead of
bisDB24C8) and HTFA. The DB24C8 macrocycle self-
assembles with 1-HTFA-AuNPs to yield the supramo-
lecular complex DB24C82[1 - HTFA-AuUNPI. The result-
ing mixture was analyzed by TEM, which reveals an
image with segregated nanoparticles (Figure S16b in
Supporting Information).

The titrated solutions, which contain the supramo-
lecular species, were analyzed by TEM. For the solution
of 1-AuNP/bisDB24C8 (w/w = 1:1) as revealed by TEM
analysis (Figure 7a,b), significant amounts of dimer pairs
are observed. The apparent spacing between two
AuNPs in the dimer structures ranges from 2.8 to 4.7
nm (Figures S18—S20 in Supporting Information).
Among other solutions with different titration ratios,
the TEM images of the solution w/w = 1:1 yield higher
number of dimers (Figure S17a in Supporting Informa-
tion). No higher order supramolecular structures (trim-
ers, tetramer, etc.) are observed under TEM (Figure 8a).
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Figure 8. Statistical distributions in TEM analysis of the so-
lution (a) 1-AuNP/bisDB24C8 (w/w = 1:1) and (b) 1-AuNP/
trisDB24C8 (w/w = 1:2.5). Spectra with approximately 100
particles were analyzed.

Therefore, the obtained product did not contain any
multifunctional AuNPs (difunctional, trifunctional, etc.,
1,-AuNPs) but only monofunctional 1-AuNPs in near-
quantitative yield. It is a fact that the supramolecular
species are concentration-dependent. Thus, the obser-
vation of individual NPs in the mixture, which was ana-
lyzed by TEM, may be attributed to the lowered binding
affinity of the supramolecular species at a low concen-
tration during the sample coatings.

On the other hand, the solution of 1-AuNP/
trisDB24C8 (w/w = 1:2.5) was analyzed by TEM (Figure
7¢,d). Both dimers and trimers are observed (Figure 7d;
dimer, blue circle; trimer, red circle). Among other solu-
tions with different titration ratios, the TEM images of
the solution w/w = 1:2.5 yield higher number of tri-
mers (Figure S17b in Supporting Information). No
tetramers or higher order supramolecular structures
are observed under TEM (Figure 8b). The apparent spac-
ing between the AuNPs in the trimer structures ranges
from 1.5 to 5.1 nm (Figures S21—S523 in Supporting In-
formation). Interestingly, the trimers mostly appear as
triangular shapes but with a small amount of near-linear
ones. The possibility of forming the novel near-linear tri-
mers may be attributed to the adaptation of a folded
trisDB24C8 conformation (Figure S23 in Supporting In-
formation) as well as the aliphatic attractive force be-
tween the AuNPs' surfaces offered by numerous n-butyl
peripheral surface groups (Figure 9).

SUMMARY

For the first time, amine monofunctional gold nano-
particles (1-AuNPs) were synthesized and purified in a
hydrogen-bonded supramolecular manner using a
crown-ether-decorated polystyrene resin and crown-
ether-decorated superparamagnetic iron oxide nano-
particles. The purified monofunctional gold nanoparti-
cles were characterized by TEM, IR, XPS, and UV/visible
absorption spectroscopies. The pH-switchable,
hydrogen-bonded molecular recognition motifs have
been proven as versatile templates. By using our ap-
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Formation of the supramolecular
dimers and trimers of the monofunc-
tional gold nanoparticles has been ob-
served under TEM and characterized
by the distinctive plasmonic absorp-
tions. The strategy presented herein
will allow one to control precisely the
number of active molecules per nano-
particle, thus offering unprecedented
opportunities to more effectively pro-
mote different biological and medical
applications.** For instance, by ex-
ploiting well-defined 1:1
biomolecule—NP conjugates, it will
be possible to study, at a truly molec-
ular scale, the structure and the dy-
namic organization of the plasma
membrane (i.e., by tracking the mo-

Linear
¢ Supramolecular
Trimer

Aliphatic attractive force between
"sticky" n-butyl chains

Figure 9. TEM images revealing the near-linear supramolecular trimers and the graphical
representation of the formation of near-linear supramolecular trimers by virtue of the ali-
phatic attractive force between the AuNPs’ surfaces offered by the numerous n-butyl periph-
eral surface groups.

proach, the product 1-AuNPs was obtained in near-
quantitative yield, which has been confirmed by a com-
plete shift to form a plasmonic resonance band in the
UV/visible absorption spectrum with bisDB24C8 (w/w
= 1:1). In addition to the reusability and recyclability of
the material systems, the preparation and purification
cycles could be repeated numerous times. Chromato-
graphic separation of products is not required.

METHODS

PS-DB24(8. To a mixture of DB24C8-CO,H (0.74 g, 1.51 mmol)
in DMF (5 mL) and NEt3 (0.21 mL, 1.50 mmol) at —3 °C was added
IBCF (0.20 mL, 1.54 mmol) to give a pale yellow solution. After
30 min, PS resin (2.13 g, preswollen in DMF (10 mL) for 1 h) and
a catalytic amount of DMAP were added to give a pale brown so-
lution with the dispersion of resin. The reaction was stirred over-
night at ambient temperature. The resulting solution was fil-
tered and washed with CH,Cl, several times. The filtered resin
was obtained as the PS-DB24C8. Furthermore, the excess sol-
vents of the filtrate were evaporated. The resulting solid was re-
dissolved in CHCls;, and the solution was washed with saturated
NaHCO;, water, and 2 M HCI. The pH of the solution was carefully
adjusted to 4. The organic layer was washed with saturated
NaCl, dried (anhydrous MgSQ,), and filtered. Then, the filtrate
was evaporated to dryness under reduced pressure to give a
white solid. The remaining amount of the DB24C8-CO,H as in
the filtrate was determined by 'H NMR with the addition of
known amount of MeNO, (5.4 L) as an internal standard. By
comparing the integration ratio between the methyl hydrogen
signal from the internal standard and the ethylene glycol hydro-
gen signal from the crown ether, the yield of the reaction was
found to be 77%. The PS-DB24C8 was characterized by the pres-
ence of the significant C=O absorption band at 1741 cm™' in
the FT-IR spectrum (KBr, solid). A control experiment was done
with the same procedure, but the solvent was changed to CH,Cl,,
from which no reaction occurred, that is, 100% of the DB24C8-
CO,H was present in the filtrate.

PS-DB24C8DI1 - HPF¢],. All the resin PS-DB24C8 prepared from
the previous step was swelled in CH,Cl, (10.3 mL) and MeCN
(1.7 mL) with gentle mechanical shaking. Compound 1 - HPF¢
(0.48 g, 0.82 mmol) was added to the resin suspension at 40 °C
for 1 h and at ambient temperature for 2 h. Subsequently, the
resin was filtered and washed with CH,Cl, (10 mL): FTIR (KBr,
solid) v = 3231 and 3252 cm ™' [NH,], 1735 cm ™' [(=0].

tion of individual intracellular pro-

teins). Such studies have been so far
a major challenge in cell biology.>* In the same man-
ner, sophisticated nanoparticle—biomolecule hybrid
systems, in which the number of biomolecules per
nanoparticle is precisely controlled, would allow more
accurate detection of molecules associated with par-
ticular diseases, offering drastic improvements in dis-
ease detection, therapy, and prevention.' %3¢

PS-DB24(8D[1 - HPFs-AuNP],. Butanethiolate-coated gold nano-
particles (10.0 mg), as prepared from the modified literature pro-
cedure,' were added to a solution of PS-DB24C8DI[1 - HPFg], in
CH,Cl, (10.3 mL) and MeCN (1.7 mL). The mixture was shaken
gently at 40 °C for 4 h and at ambient temperature for 24 h. The
resulting resin was then filtered and washed with CH,Cl, (10
mL): FTIR (KBr, solid) v = 3233 cm™' [N*H,], 1737 cm™' [(=O0];
far-IR (suspension in paraffin oil) v = 249 cm™' [Au—S].

1-AuNP. The resin PS-DB24C8D[1 - HPFs-AuNP], was sus-
pended in CH,Cl, (10.3 mL) and MeCN (1.7 mL). NEt; (0.23 mL)
was added to the suspension with gentle mechanical shaking for
40 min at ambient temperature. The resin was then filtered and
washed with CH,Cl, (10 mL). The filtrate was evaporated in
vacuo, and the residue was washed with cold EtOH. Finally, the
resulting solid was dissolved in CH,Cl,. Purification was facili-
tated with SPIO—DB24CS8: First, a solution of SPIO—DB24C8 (1.0
g) in CH,Cl, (3 mL) was sonicated for 10 min. The crude 1-AuNP
products in CH,Cl, were mixed with the SPIO—DB24C8 solution.
H-TFA (0.15 mL, 1.95 mmol) was added to the mixture and
shaken mechanically for 15 min. A magnet was placed near the
reaction flask to magnetically attract all of the magnetic particles.
The supernatant was discarded and placed aside, while the mag-
netic particles were washed with CH,Cl, under the application
of magnetic field. A solution of EtzN (0.28 mL, 2.00 mmol) in
CH,Cl; (5 mL) was added to the resulting magnetic particles.
The solution was then mechanically shaked for 15 min. A mag-
net was placed near the reaction flask to magnetically attract all
the magnetic particles, and then the supernatant was collected,
washed with H,0, and dried in vacuo to give the purified
1-AuNPs (6.3 mg): FTIR (KBr, solid) v = 1733 cm™! [(=0], 804
cm™! [para-subsituted aromatic C—HJ; far-IR (suspension in par-
affin oil) v = 249 cm™" [Au—S]; UV/visible (CH,Cl,, L mg™' cm™)
e = 2.00, 0.84, Amax = 265.5 and 525 nm. Conversion yields: 3.0
mg of 1-AuNP per gram of PS resin (—OH density = 1.0—1.5
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mmol/g) and 2.3 mg of 1-AuNP per gram of PS-DB24C8
(—DB24C8 density ~ 1.0 mmol/g).

General Procedures for the Self-Assembly of Supramolecular Dimers and
Trimers. The purified 1-AuNPs were mixed with different ratios
(w/w) of bisDB24C8 and trisDB24C8 in a CH,Cl,/H-TFA (22:1) so-
lution to form the bisDB24C8D[1 - HTFA-AuNP], and
trisDB24C8D[1 - HTFA-AuNPI;, respectively. The concentration
of the 1-AuNP was 0.2 = 0.05 mg/mL in CH,Cl,/H-TFA (22:1). Al-
iquots of these solutions were used directly for TEM and UV/vis-
ible spectroscopic measurements.
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