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Nanoparticles (NPs) may be exploited to make practical
materials that are capable of the selective detection of
(bio)molecules."” Sensing with NPs often depends on the
ability to selectively form aggregates. For instance, Mirkin
et al. introduced a bio-barcode amplification method for
ultrasensitive protein detection.’! Another important study
involves the detection of copper ions by hybrid AuNP
assemblies in click chemistry."!” The structures of AuNP-
based assemblies can also be controlled electrochemically or
by light.'"¥] However, despite these successes, controlling
the properties and structure of NP-based assemblies with
organic cross-linkers (CLs) still remains a challenge."! We
have previously shown that the molecular geometry of CLs
and the number of possible NP binding sites are related to the
formation of hybrid AuNP assemblies and their associated
optical properties.!’”

Herein we show that the aggregation and the optical
properties of AuNP assemblies are related to the electronic
properties of the CLs and the organic capping layers of the
AuNPs. The molecular structures of the CLs are shown in
Scheme 1 and consist of two vinylpyridine units bridged by an
arene (1) or a fluorinated arene (2).'"¥ In this study, we

CL1,X=H
X X CL2 X=F

Scheme 1. Molecular structures of the cross-linkers (CLs)"*"'® used to
generate assemblies with citrate- and TOAB-capped AuNPs.
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compare the formation of AuNP assemblies in water and
toluene using citrate- and tetraoctylammonium bromide
(TOAB)-capped AuNPs, respectively.'”??! Solutions of the
CLs (50 um in THF) were added stepwise to citrate-capped
AuNPs in water or to TOAB-capped AuNPs in toluene. A
distinct color change from red to deep blue/purple was
observed in all cases, indicating the formation of AuNP
assemblies (Figure 1; Supporting Information, Figure S1,
insets).1%>) The UV/Vis spectra of the AuNP-based assem-
blies formed in water with citrate-capped AuNPs and CLs
1 and 2 show significant but different changes upon increasing
the CL concentration from 0.0 to 3.7 pm.
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Figure 1. A,B) UV/Vis spectra in water of a) citrate-capped AuNPs and
of the hybrid AuNP assemblies generated from mixing the AuNPs with
THF solutions of b) CL 2 or ¢) CL 1 at two different final concen-
trations of the CL: A) [CL]=1.0 um, B) [CL]=2.8 uMm. Insets: photo-
graphs of solutions: (a), (b), and (c). The spectra were recorded 2 min
after mixing the components and fivefold dilution.”!

The intensity of the surface-coupled plasmon band at
Amax = 635-680 nm increases with a concurrent intensity
decrease of the band at 4,,,, ~ 519 nm, which corresponds to
unbound AuNPs (Supporting Information, Figure S1). The
AuNP aggregation is more pronounced with CL 1 (Figure 1).
Mechanistically, replacement of the negatively charged
citrate-capping layer of the AuNPs by the CLs might be
more favorable with an electron-rich system. The electron-
poor fluorinated arene of CL 2 is likely to decrease the
reactivity of its vinylpyridine units. Indeed, 2D “N-'H
correlation NMR spectroscopy showed the nitrogen signal
of CL 2 at 6 319.9 ppm, which is 4.2 ppm downfield than that
of CL 1 (Supporting Information, Figure S2). DFT calcula-
tions show no charge localization on the central aromatic
moiety of CL 1. For CL 2, a negative charge is present on this
moiety and a relative lower electron density on the pyridine
groups. These observations are in agreement with the
5N NMR data. The calculated charge distribution is hardly
effected by the solvent (toluene vs. H,O; Supporting Infor-
mation, Table S1). Apparently, the different electronic nature
of the CLs is expressed in the level of AuNP aggregation and
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Figure 2. A, B) UV/Vis spectra in water of a) citrate-capped AuNPs and
of the hybrid AuNP assemblies generated from mixing the AuNPs with
THF solutions of b) monopyridine ligand 3 (Supporting Information,
Scheme S1) or ¢) CL 1 at two different final concentrations of the
compounds: A) 1.0 um, B) 1.9 pm. Insets: photographs of solutions
(a), (b), and (c). The spectra were recorded 2 min after mixing the
components and fivefold dilution.

their optical properties. Control experiments with ligands
having only one vinylpyridine group do not result in
aggregation of the AuNPs (Figure 2; Supporting Information,
Scheme S1).

Transmission electron microscope (TEM) images were
taken to gain a qualitative representation of the hybrid AuNP
assemblies in solution. The aggregates seen in those images
(Figure 3 A,B) are in good agreement with the UV/Vis results
(Figure 1). The reaction of CL 1 ([CL]=1.0 um) and citrate-
capped AuNPs resulted in the formation of relatively dense
assemblies (Figure 3 A). The exchange of the citrate capping
layer by the CLs and the coordination of pyridine moieties to
the AuNPs are confirmed by the interparticle spacing of
(1.5 £ 0.3) nm. This observation is in good agreement with the
calculated length of the CLs (1.6 nm). To rule out drying
effects, we performed cryogenic (cryo-) TEM measurements

Figure 3. Representative TEM (top) and cryo-TEM (bottom) images of
hybrid AuNP assemblies generated from mixing citrate-capped AuNPs
in water with THF solutions of CL 1 (A,C) or CL 2 (B, D). Final
[CL]=1.0 uMm. Scale bar=100 nm. For additional images, see the
Supporting Information, Figure S3.
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with these water-soluble citrate-capped AuNPs (Fig-
ure 3C,D). Indeed, the cryo-TEM images revealed the
presence of smaller aggregates compared with the dry-TEM
measured. However, the aggregation of the citrate-capped
AuNPs is again more distinct with CL 1.

These observations seem straightforward; however,
aggregation of hybrid NPs is a complex phenomenon.*!
Interestingly, the level of aggregation with the two CLs is
reversed when TOAB-capped AuNPs in toluene are used
(Figure 4). For this capping-layer—solvent combination,
the AuNP-aggregation is more pronounced with CL 2. The
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Figure 4. A,B) UV/Vis spectra in THF of a) TOAB-capped AuNPs and
of the hybrid AuNP assemblies generated from mixing the AuNPs with
THF solutions of b) CL 1 or ¢) CL 2 at two different final concen-
trations of the CL: A) 1.0 pum, B) 2.8 um. Insets: photographs of
solutions (a), (b), and (c). The spectra were recorded 2 min after
mixing the components and fivefold dilution.””!

optical behavior during the AuNP aggregation is different
when the CL concentration is increased from 0.0 to 3.7 pm.
Initially, a decrease in the plasmon band at 4,,,, ~ 520 nm is
observable, which is followed by a red-shift toward A,
~ 570 nm. Increasing the CL concentration resulted in an
increase of the absorption intensity of this band (Supporting
Information, Figure S1). Control experiments show that using
a monopyridine ligand does not form aggregates with TOAB-
capped AuNPs (Figure5; Supporting Information,
Scheme S1). TEM images also support this trend (Supporting
Information, Figure S4). Dampening of the main plasmon
band was observed, showing that the stabilizing capping layer
of the AuNPs was exchanged with the monopyridine
ligand.”>?*l Note that the here used TOAB-AuNPs are
smaller (ca. 5 nm) than citrate-AuNPs (ca. 13 nm), and thus
more sensitive to damping.*!
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Figure 5. A,B) UV/Vis spectra in THF of a) TOAB-capped AuNPs and
of the hybrid AuNP assemblies generated from mixing the AuNPs with
THF solutions of b) ligand 4 or c) CL 2 at two different final
concentrations of the compounds: A) 1.0 um, B) 1.9 um. Insets: photo-
graphs of solutions (a), (b), and (c). The spectra were recorded 2 min
after mixing the components and fivefold dilution.
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Figure 6. Representative TEM images of the hybrid AuNP assemblies,
generated from mixing TOAB-capped AuNPs in toluene with THF
solutions of A) CL 1 or B) CL 2. Final [CL]=1.0 um. Scale

bar=100 nm; in the insets =20 nm. For additional images, see the
Supporting Information, Figure S7.

TEM images of hybrid AuNP assemblies generated from
treating TOAB-AuNPs with CL 1 and CL 2 confirm our
observations in solution (Figure 6). The AuNPs do not change
their size or shape upon reacting with the CLs (Supporting
Information, Figure S5). The exchange of TOAB layer by the
CLs and the coordination of pyridine to the AuNPs is evident
from the interparticle spacing of (1.5+0.3) nm. Cryo-TEM
measurements were performed in toluene (Figure 7). As
expected, smaller aggregates can be seen by cryo-TEM in
comparison with the dry-TEM images using the same reaction
conditions (Supporting Information, Figure S6). Neverthe-
less, CL 2 generates larger aggregates with TOAB-AuNP than
with CL 1, which is consistent with the UV/Vis and TEM data
(Figures 4 and 6).

The organic and water-soluble AuNP assemblies clearly
differ in their shape and size (Figure 3 and Figure 6). The use
of TOAB-capped AuNPs in toluene resulted in spherical
aggregates, whereas the use of citrate-capped AuNPs in water
afforded unordered and larger assemblies. Performing the
reactions with TOAB-capped AuNPs in toluene or toluene/
THF (1:6 v/v ratio) did not significantly influence the level
and structure of the aggregates, suggesting that the solvent
polarity do not play a major role in the formation of these
assemblies (Supporting Information, Figures S10 and S11).
Alkorta et al. showed that attractive anion-sm interactions
between bromide ions and fluorinated arenes are possible.*!
Such interactions might facilitate here the penetration of CL 2

Figure 7. Representative cryo-TEM images of the hybrid AuNP assem-
blies generated from mixing TOAB-capped AuNPs in toluene with THF
solutions of A) CL 1 or B) CL 2. Final [CL]=3.7 uMm. Scale bar=50 nm.
For additional images, see the Supporting Information, Figures S8,S9.
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towards the TOAB-gold surface and increase the ability to
aggregate the particles.”*?! Furthermore, the hydrophobic
properties of CL 2 might enhance segregation and enhance
the interaction with the hydrophobic TOAB-AuNPs.?
DFT calculations show that CL 1 and CL 2 have the same
“flat” geometry without deviation from a horizontal plane of
symmetry. Relaxed potential-energy-surface scans that cor-
respond to rotation around carbon—carbon single bonds (¢,
and ¢,) were performed (Supporting Information, Fig-
ure S12). Additionally, constrained potential-energy-surface
scans were carried out with coupled rotation of two dihedral
angles. The results show that the planar structures of CLs are
the global minima of the potential energy surfaces (Support-
ing Information, Figures S13-S15). These calculations indi-
cate that the different assembly behavior of CL 1and CL 2 are
not caused by their geometry.

In conclusion, the highest level of aggregation was
observed for citrate-capped AuNPs with CL 1 in water and
for TOAB-capped AuNPs with CL 2 in toluene. The large
differences between the formation of AuNP assemblies with
CLs 1 and 2 both in water and in toluene using citrate- and
TOAB-capped AuNPs, respectively, while keeping other
parameters constant, clearly demonstrates that electronic
factors and/or hydrophobic interactions are involved. The
differences observed between CL 1 and 2 is unlikely to be
a result of their geometry but might reflect their different
electronic structure. DFT calculations show that coordination
of one of the pyridine units to the gold surface of Aug does not
influence the charge on the second pyridine. Therefore, the
electronic factors governing the AuNP assembly are likely to
be similar for the initial coordination of the CLs to the
individual NPs and the subsequent cross-linking (Supporting
Information, Tables S2-S4). However, we cannot exclude that
the different sizes of the citrate- and TOAB-capped AuNPs
does not affect their aggregation. Previous studies have
highlighted the importance of the molecular geometry of CLs,
but not their electronic properties.'*1>3! Furthermore, the
significant differences between the water and toluene systems
show that the capping layer-solvent combination are also
pivotal parameters that affect the aggregation of AuNPs.
Although the precise role of each individual reaction
parameter (namely capping layer, solvent, CL) is not fully
understood, they can be applied to control the level of AuNP
aggregation.?>323¢
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