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Abstract: Hybrid composites between nanoparticles and
metal organic frameworks (MOFs) have been described
as optimal materials for a wide range of applications in
optical sensing, drug delivery, pollutant removal or
catalysis. These materials are usually core-shell single-
or multi-nanoparticles, restricting the inorganic surface
available for reaction. Here, we develop a method for
the preparation of yolk-shells consisting in a plasmonic
gold nanostar coated with MOF. This configuration
shows more colloidal stability, can sieve different
molecules based on their size or charge, seems to show
some interesting synergy with gold for their application
in photocatalysis and present strong optical activity to
be used as SERS sensors. )
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Introduction

Composite materials comprising plasmonic cores coated
with inorganic oxides or polymers are not new.!! These
materials have been extensively engineered to improve
colloidal stability, restrict the reactivity, and to impart
physical and/or chemical selectivity. Conversely, formats of
these composites range from single particles® to several
aggregates® or semi-isolated particles’® coated with the
desired material. Additionally, composites can be obtained
as regular core-shell! or yolk-shell®’ materials. These
composites have found applications in fields such as
sensing,””! drug delivery! and catalysis,”! among others.
However, these coatings commonly present a heterogeneous
collection of pore sizes, a critical parameter for these
applications.

Metal organic frameworks (MOFs) have shown out-
standing performance in various strategic applications such
as separation, catalysis or sensing and drug delivery
systems.”! The strength of MOF-based materials arise of
their structure-dependent regular network of voids (with
diameters up to 6 nm),’ which are defined by inorganic
cations interconnected by polydentate organic ligands. Since
the late 1990s intense synthetic efforts have been devoted to
report novel MOFs (over 20,000 structures) in terms of
crystal size, porosity, geometry, and functionality.”!!) More
recently, composites containing plasmonic nanoparticles
(NPs) had been prepared in a variety of morphologies for a
diversity of applications as sensors,'” catalyst!"®! and drug
delivery scaffolds.'¥! These composites combine the optical/
catalytic properties of the plasmonic nanoparticles with the
structural properties of the MOFs which, together with the
high surface area due to a vast porosity of a very
homogeneous distribution,"” may offer additional chemical
selectivity based on the ligands used in the coordination of
the metal."!

As other hybrid materials NP-MOF composites can be
prepared coating single or multiple (isolated and aggre-
gated) nanoparticles."”” However, these core-shell ap-
proaches notably restrict the availability of the plasmonic
surfaces limiting their capacity to interact with the target
analytes or molecular substrates and their storage capacity
to be used as drug delivery systems.?

Herein, we demonstrate the possibility of confining
single gold nanostars into a water-soluble MOF (ZIF67) that
can be recoated through epitaxial growth with a water-
insoluble MOF (ZIF8) to create a yolk-shell. This method
preserves the nanostar structure, and thus the optical
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Figure 1. (A) Conceptual Scheme for the preparation of NSt-ZIF67 core-shells and NSt-ZIF8 yolk-shells and (B) representative TEM images of the

different materials.

properties. This cannot be achieved by using other method
such as the use of copper oxide as sacrificial material,'® or
the selective etching with tannic acid®! due to the reshaping
of the spiked particles. Optical performance as well as
retention kinetics in multianalyte experiments and plas-
monic catalysis are also studied.

Results and Discussion

Similar (structurally) zeolitic imidazolate frameworks (ZIF)
MOFs present different physicochemical properties. For
example, the cobalt (IT) and zinc (II) derived ZIFs ([Zn(2-
methylimidazole),],, ZIF8 and [Co(2-methylimidazole),],,
ZIF67) consist in tetrahedral crystals that share a quasi-
identical sodalite topology. However, while ZIF67 is soluble
in water, ZIF8 is much more resistant, both at room
temperature (Figure S1). Thus, taking advantage of this
property, it is possible to produce yolk-shells consisting in
single gold nanostars (NSt) coated of ZIF8 (Figure 1A).
Gold nanostars of 70 nm (tip-to-tip) were produced though
a seed-mediated method (Figure 1B and S2).!! These nano-
particles were selected as they are single-particle electro-
magnetic hot spots in the near IR.” Then, preparation of
yolk-shell structures was achieved by initially coating the
nanostars with ZIF67, followed by the growth of the ZIFS to
create a ZIF67/ZIF8 double shell. NSt-ZIF8 yolk-shell can
be then spontaneously prepared by immersing the previous
material in water and sonicating for 24 hours (Figures 1B,
S$3).1 Notably, while the violet solution of the core-shell
particles rapidly turns to colorless in few minutes, in the case
of yolk-shell, the presence of the outer ZIFS layer delays the
ZIF67 dissolution (Figure S4). For the nanostars after the
MOF deposition or remotion we did not detect any
morphological change Figure S2).

To assess the composition of the produced materials,
energy dispersive X-ray analysis (EDX) was carried out in a
high-resolution TEM. As shown in Figure 2, core-shell
structures present signals of gold and cobalt that correspond
to the Au NSts and the coating ZIF67, respectively. In the
case of the intermediate NSt-ZIF67/ZIF8 composites, an
additional signal arises at the outer surface due to the zinc
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Figure 2. High resolution TEM images and EDX analysis of the AuNSt-
ZIF67 and AuNSt-ZIF67/ZIF8 core-shell and the AuNSt-ZIF8 yolk-shell.

ions of the ZIF8. Upon dissolution of the inner ZIF67
structure, the Zn signal remains in the outer shell while
traces of the cobalt signal remain. This reminiscent signal
can be attributed to the spontaneous formation of some
layered cobalt oxides as this cation detaches from the
MOF,?" as also indicated by the TEM images (Figure 1B
and S3)

Powder x-ray diffraction patterns of the samples (Fig-
ure 3A) exhibit sharp bands that correspond to the sodalite
structures of crystalline ZIF8 and ZIF67 in both core and
Yolk shell structures.’” The absence of any other signals
demonstrates the phase purity of the MOFs but also the
epitaxial growth of ZIF8 on ZIF67. This is expected due to
the similar sizes of the unit cell for ZIF8 ( a=b=c=
16.9910 A)®! and ZIF67 (a=b=c=16.9589 A).* The
structure remains unchanged after the removal of the ZIF67
in water. The nitrogen adsorption isotherms (Figure 3B) of
the core and yolk-shells show the typical reversible type I
isotherm, as previously observed for pure ZIF8 and ZIF67
crystals.

For both, the amount of adsorbed nitrogen rapidly
increases at low pressures, indicating the existence of
micropores.” The Brunauer-Emmett-Teller (BET) analysis
of the isotherms indicates surface areas over 1700 and
1100 m*g™" for the core and the yolk-shell structures,
respectively. These values also fall within the common range
reported for pristine ZIF particles.” The difference in the
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Figure 3. (A) X-ray power diffraction, (B) nitrogen sorption isotherms (77 K), (C) Barrett-Joyner-Halenda (BJH) pore size analysis and (D) Raman
spectroscopy for the AuNt-ZIF67 core-shells and the AuNSt-ZIF8 yolk-shells.

surface area of the both structures is related to the shell
thickness of the composites. While the AuNSt-ZIF67 core-
shell particles exhibit a continuous shell of 160 nm, the yolk-
shell show an outer shell of only 50 nm. Porosity, derived
from the isotherms through the Barrett-Joyner—Halenda
(BJH) pore size analysis, also shows different distributions
for core and Yolk shells. While AuNSt-ZIF67 core-shell
exhibits most of its porosity at 1 nm, with small contributions
at 0.6 and 1.3 nm, pore distribution of AuNSt-ZIF8 Yolk
shell shows larger pores, at 1.2 and 1.9 nm, with a smaller
contribution at 1.6 nm. Although ZIF67 and ZIF8 present
similar pore distributions in large crystals the epitaxial
growth of ZIF8 on ZIF67, and the posterior removal of
ZIF67 have two main effects in the structure of the Yolk
shell. First, the growth, by itself, of a MOF on the surface of
a nanoparticle slightly enlarge the pores as the shell
grows.’”? Second, the removal of the sacrificial ZIF67
increases the flexibility of the ZIF8 Yolk shell due to the
removal of the mechanical support imparted by ZIF67.
Finally, Raman spectroscopy was carried out on the
composites in solid phase (Figure 3D and S5). In the case of
the pure ZIF crystals, the vibrational spectra are dominated
by the characteristic vibrational modes of the zeolitic
imidazolate frameworks (imidazole ring puckering,
685 cm™'; the CN stretching, 1146 cm ™' and the CCH waging,
1460 cm™)."! However, a detailed observation of the area
between 1100 and 1200 cm™' (Figure 3D) indicates a slight
difference (1178 and 1187 cm™' for ZIF67 and ZIFS,
respectively) in the band assigned to the CN stretching plus
the NH wagging,®™ which is affected by the nature of the
coordinated metal. This vibrational detail can be exploited
to gain information about the composition of the composite
materials. The fine deconvolution of the CN stretching, and
CN stretching plus the NH wagging bands clearly shows that
while the AuNSt-ZIF67 core-shell can be deconvoluted in
just two bands, three bands are necessary for the Yolk shell.
Considering the low contribution of the 1178 cm™' ZIF67
signal (which is similar to the CN stretching in the ZIF67
pure crystal) and the distance to the surface of ZIF8 (much
distant than ZIF67, with the subsequent less SERS effect in
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the intensity of its spectrum) it becomes clear that the
presence of Co" is reminiscent in the yolk shell.

Figure 4A shows the experimental and simulated optical
response for AuNSts, AuNSt-ZIF67 core-shell and AuNSt-
ZIF8 yolk-shell. The spectra simulated for the nanostar and
the Yolk shell present a good agreement with the exper-
imental results. However, the theoretical spectrum of the
core-shell shows slight differences compared to the exper-
imental result, which can be attributed to the imaginary part
of the dielectric constant of the MOF, which we assumed to
be zero in the simulations to make the calculation
treatable.” This approximation gives sharper theoretical
resonances compared with the experiments. Notably, the
removal of the sacrificial ZIF67 shell is illustrated by the
disappearance of the absorption band around 590 nm, which
is present in the core-shell system but not in the yolk-shell
(Figure S6A shows the spectrum of pristine ZIF for com-
pletion’s sake). Electric near field (Figure 4B) shows similar
enhancements for the single NSt and the Yolk shell system;
this is expected because the ZIFS8 slightly attenuates the
incident light that reaches the nanostars, thus slightly
diminishing the intensity of the near-field enhancement.
This explanation is corroborated by a simulation of an
empty ZIF8 (Figure S6B) which shows that the shell alone
acts as a scattered, thus reducing the intensity of the light
incoming to the nanostar. On the other hand, results for the
core-shells show a lower enhancement as compared with
stars and Yolk shells. This is due to the proximity of the
ZIF67 to the plasmonic structure which, in fact, increases
the local refractive index (of the liquid solution); this implies
a redshift of the resonances and dumps the enhancement as
the plasmon resonance.

To test for the optical enhancing properties for SERS "
the different materials, nanostars, core and yolk-shells were
exposed to 4 different analytes: 2-naphthalenethiol (NAT),
benzenethiol (BT), 4-mercaptobezoic acid (MBA) and 4-
aminobenzenethiol (ABT). The selected analytes were
added to the plasmonic solutions to set a final concentration
of 107°® M. Spectra were recorded after 30 minutes, time that
is usually enough for the chemisorption reaction to be
completed (Figure 4C).'Y Notably, NAT and BT yield
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Figure 4. (A) Experimental (solid line) and calculated (dashed) extinction and (B) local electric field distribution at 785 nm for a gold nanostar and
its core-shell composite with ZIF67 and Yolk shell composite with ZIF8. (C) SERS spectra of micromolar solution of 2-naphthalenethiol (NAT),
benzenethiol (BT), 4-mercaptobezoic acid (MBA) and 4-aminobenzenethiol (ABT) on the nanostars (dashed lines) and Yolk shells (solid lines). The
intensity of each pair of spectra (bare nanostar and Yolk shell) with the same analyte is normalized to the one with higher intensity. For reference,
the spectrum of the Yolk shell solution without analyte is also shown. Marked bands (asterisk) were used to set the detection limits.

(D) Comparison of the intensities for each analyte on the different substrates at different concentrations after 30 minutes of addition.

strong signals on all substrates. MBA, however, only
produces remarkable intensity on the bare nanostars, with
no evidence of its presence on both core and Yolk shells.
ABT shows only its characteristic spectrum on the nano-
stars, while in the case of the composite materials the signals
obtained can be ascribed to 44-dimercaptoazobenzene
(DMAB) a product derived from the plasmonic driven
catalytical dimerization of ABT.F Further, for all the
analytes, but ABT (or DMAB), SERS intensity on nano-
stars resulted consistently better than that obtained on the
composite materials. Notwithstanding, the study of the
detection limits (Figure 4D) indicates that while at high
concentrations of NAT, BT and ABT the SERS intensity on
nanostars prevails, while at lower concentrations signals
provided by the Yolk shells are remarkably higher. This fact
fully agrees with the literature, which often considers the
plasmonic nanoparticles coated with MOFs as an example of
optical accumulators.?*33 Notably, in the case of MBA the
signal is always higher on nanostars. These results suggest
some kind of inhibition of the MOF composites to adsorb
these molecules. Thus, to further investigate this point, we
designed a set of experiments based on the adsorption
kinetics of single probes as compared with the same probes
in the presence of the rest (Figure5 and S7). For that,
colloidal solutions were set at pH 7.8 with analyte concen-
trations of 107° M (either just one or all the analytes). The
examination of the temporal response of the analyte spectral

Angew. Chem. Int. Ed. 2023, 202305299 (4 of 7)

intensities reveals an exponential rise to maximum curve.
Thus, when the analyte collides with the adsorbent, it will
chemically bind to the plasmonic surface, or it will return to
the aqueous phase, which indicates a pseudo-first-order
chemical kinetics:['**!

q. = QFq (1 - eikt) (1)

where g, is the amount adsorbed by the adsorbent at any
time; g.,, the adsorption capacity at the equilibrium (or
amount adsorbed by the adsorbent at the equilibrium); k,
rate constant and ¢, the time of reaction. Assuming that, in a
liquid colloidal suspension without aggregation, the SERS
intensity (/) is equivalent to the amount adsorbed this
equation (equation 1) can be used to fit the kinetic data of
the probes to obtain the rate constants.” To give quantita-
tive comparison between different analytes, the kinetic
models require to take into consideration the particular
cross-section of the given analyte to the applied spectro-
scopic technique. Although these values are scarce, the
chemical structures studied here are very similar implying a
similar cross-section.

To give an interpretation of the kinetic results, Zeta
potential of the colloidal solutions was measured resulting in
values of —29, 25 and 11 mV for the nanostars, core and
yolk shells, respectively. Conversely, molecular size of the
analytical probes was calculated by using DFT at the

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Adsorption kinetics of micromolar solutions 2-naphthalenethiol (NAT), benzenethiol (BT), 4-mercaptobezoic acid (MBA) and
4-aminobenzenethiol (ABT) on the nanostars (NSt), core (CS) and Yolk shells (YS), (A) as single probes and (B) in a mixture containing all the
molecules. (C) Rate constant for the kinetics and (D) adsorption capacity at the equilibrium (solid line, single probe; dashed line, multiprobe).
(E) Three-dimensional representation of the kinetic adsorption of ABT on nanostars and on the core and Yolk shells.

B3LYP 6-311G (d,p) level of theory (Figure S8) resulting in
a molecular volume tendency of NAT >MBA > ABT > BT.
Since the core-shell material exhibit most of its porosity at
1 nm, while the yolk-shell show larger pores, at 1.2 and
1.9 nm, the introduction of the analytes into the MOF is
expected. However, it is clear that larger analytes will be
hindered as compared with smaller ones. In general, all the
analytes are adsorbed faster (and in a larger quantity) when
they are alone as compared when they are in the mixture
between themselves. This fact is expected as single probes
have not competition with other adsorbates. Further,
although nanostars tend to adsorb faster (Figure 5C),
adsorption capacity is maximized in Yolk shells (Figure 5D).
This indicates that the sieving layer, provided by the MOF,
restricts the pass of the analyte, but favor the accumulation
on the plasmonic surface once into the shell as expected in
an optical accumulator.! Notably, this effect is more
noticeable in the case of Yolk shells as they are hollow and
their plasmonic surface much more available. Related with
this, it is important to mention that the MOF coating also
increases colloidal stability. For example, after 2 h, nanostars
tend to precipitate when the analyte is ABT (Figure S9)
while both composites remain stable. Considering the differ-
ences between analytes, it can be stated that for neutral
molecules such as NAT and BT size is an important
parameter as, although it does not affect the retention
capacity, it slows the sorption process for the larger entities.
On the other hand, analyte charge is a key factor. At pH 7.8

Angew. Chem. Int. Ed. 2023, 202305299 (5 of 7)

all the analytes but MBA are neutral. At this pH, MBA is
ionized as mercaptobenzoate (i.e., marked with an explicit
negative charge). Notwithstanding, this molecule is readily
adsorbed on nanostars, which are eminently negative, but
not in core of Yolk shells, which exposes a positively
charged surface. This behavior results very likely from an
extraordinary electrostatic affinity between the MOF and
the MBA which clogs the pores or considering the volume
of the pore at least a partial blockage. This phenomenon
is more remarkable as the MOF material increases™ as
illustrated in in the smaller retention capacity of core-shells
as compared with Yolk shells. This clogging or fouling
process does not affect the rest of analytes in the multiprobe
experiments. If it is true that in such experiments, both rate
constant and retention capacity decrease as compared with
those of single probe, the decrease of kinetic constants and
the retention capacity is very likely derived of the compe-
tence between the different probes.

The sorption of ABT shows a different behavior as
compared with the rest of the probes (Figure SE). ABT
retention in nanostars shows the typical SERS spectrum of
such molecule during all the acquisition time until aggrega-
tion. Notwithstanding, when measured either on core or
Yolk shells, the resulting spectrum is no longer ABT but
4 4-dimercaptoazobenzene (DMAB). The dimerization of
this molecule is an example of plasmonic catalysis and has
been described upon illumination of plasmonic sols in an
excess of ABT,” in lower ABT concentrations when

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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plasmonic nanoparticles are functionalized with platinum®”
or when a ABT monolayer is deposited in a plasmonic
electrode.” Briefly, ABT oxidizes to DMAB by losing 2e
(or gaining 2 holes). Oxidation of ABT on gold surfaces is a
thermodynamically nonspontaneous reaction. Plasmon ex-
citation and subsequent decay in metal nanoparticles create
hot electrons and hot holes with an energy distribution
above and below the Fermi level. When the lowest
unoccupied molecular orbital (LUMO) or the highest
occupied molecular orbital (HOMO) energies of the mole-
cules are within the energy distribution, hot charge carriers
are allowed to transfer to the molecules, leading to the
reduction or oxidation of the molecules. Herein, ZIF8
increases the local concentration of ABT onto the gold
nanostars favoring its subsequent dimerization. As observed
in Figure SE, this transformation occurs in both type of
nanostructures, i.e., core- and yolk-shells. However, in the
case of the core-shells, it happens to a lower extent owing to
the smaller available plasmonic surface area allowed by the
compact thick shell of ZIF and its smaller hollow volume.
Thus, the MOF layer is acting as an active molecular sieve
that can selectively start a well described plasmonic
reaction.

Conclusion

In summary, we described a simple and effective synthetic
method for the fabrication of single gold nanostars encapsu-
lated into hollow ZIF8 Yolk shells. The resulting materials
are characterized by three main features: (i) the electro-
magnetic response of isolated gold nanostars even in
concentrated solution or even cast on surface; (ii) the
homogeneous porous distribution characteristic of MOF
materials; and, (iii) the availability of a large volume
between the plasmonic core and the sieving shell that can be
exploited for optical accumulation, catalysis or drug storage.
These materials are more colloidally stable than their
counterparts without coating, can sieve different molecules
based on their size or charge, seems to show some
interesting synergy with gold for their application in photo-
catalysis and present strong optical activity to be used as
SERS sensors. Further, the dependence of the SERS signal
with time can be also used to design advanced analytical
applications based in the adsorption time (kinetic control)
or the stability (thermodynamic stability).
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Homogeneous yolk shells consisting of
xzr a plasmonic gold nanostar coated with a

metal-organic framework (MOF) were
prepared. This configuration shows im-
proved colloidal stability, can sieve dif-
ferent molecules based on their size or
charge, displays interesting synergy with
gold for application in photocatalysis
and presents a strong optical activity for

p 2 use as SERS sensors.
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