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ABSTRACT: Nanoparticle encapsulation inside zirconium-based
metal-organic frameworks (NP@MOF) is hard to control and the
resulting materials often have non-uniform morphologies with
NPs on the external surface of MOFs and NP aggregates inside the
MOFs. In this work, we report the controlled encapsulation of gold
nanorods (AuNRs) by a scu-topology Zr-MOF, via a room-temper-
ature MOF assembly. This is achieved by functionalizing the AuNRs
with polyethylene glycol (PEG) surface ligands, allowing them to
retain colloidal stability in the precursor solution and to seed the
MOF growth. Using this approach, we achieve core-shell yields ex-
ceeding 99%, tuning the MOF particle size via the solution concen-
tration of AuNRs. The functionality of AUNR@MOFs is demon-
strated by using the AuNRs as embedded probes for selective sur-
face-enhanced Raman spectroscopy (SERS). The AUNR@MOFs are
able to both take-up or block molecules from the pores, thereby
facilitating highly-selective sensing at the AuNR ends. This proof-
of-principle study serves both to present the outstanding level of
control in the synthesis as well as the high potential for AUNR@Zr-
MOF composites for SERS.

Introduction

Metal-organic frameworks (MOFs) are a class of crystalline
materials constructed from inorganic metal clusters connected by
organic linkers.2 They form three-dimensional open networks,
placing them amongst the most porous materials reported, with
surface areas as high as 8,000 m2/g.2-> With more than 84,000
structures reported so far at the Cambridge Structural Database,®
judicious choice of MOF construction by rational selection of the
inorganic clusters and organic linkers provides a wide synthetic
scope and allows for fine tuning of the textural properties and
surface chemistry of the porous network. This makes MOFs a
unique platform for gas adsorption and separation,’11

heterogeneous catalysis,'? water treatment,’® sensing,* and
tumour diagnosis and drug delivery.15-17

Amongst many classes of MOFs, Zr-based MOFs featuring the
hexazirconium oxocluster ([Zre(ps—0)a(us—OH)a]'**or Zr-cluster),
such as the pivotal UiO-66, have been of particular interest due to
their exceptionally high thermal, mechanical and chemical
stability.181° These MOFs are commonly synthesized
solvothermally from Zr(IV)-salts and polyvalent carboxylic acids.
Notionally, one-pot syntheses can be separated into two steps: i)
formation of Zr-clusters as rigid inorganic building blocks, and ii)
framework self-assembly by connection of Zr-clusters via
carboxylic acid linkers, through the COO-Zr binding motif.1® Zr-
MOFs are often synthesized in the presence of a so-called
modulator, a monovalent organic acid that competes with the
polyvalent linkers for coordination to the Zr-clusters.19.20
Modulators improve the crystallinity of the MOFs and inhibit
nucleation, thereby providing a powerful tool to control the size
of the MOF-crystallites in the nano-range, i.e. nMOFs.2!

The wide functional scope of pristine MOFs may be further
expanded by inclusion of nanoparticle (NP) guests into the host
framework, forming hybrid materials serving as platforms for
catalysis, drug-delivery and sensing.22-26  Nanoparticle-MOF
composites (NP@MOF) are commonly synthesized by bottle-
around-ship methods, in which the MOF is assembled around the
NPs. This kind of assembly can be classified based on growth
mechanism and subsequent particle morphologies. If the NPs
attach to the external surface of a pre-existing self-nucleating
MOF crystallite, they will be immobilized inside the structure as
consecutive layers of MOF grow around them. Such
‘encapsulation’ composites feature multiple NPs in the crystallite;
spatial control and NP loading density can only be controlled by
carefully timed addition of NPs to the MOF growth solution.2? On
the other hand, if the NPs initiate the MOF crystallization as seeds,
single NP (‘core-shell’) NP@MOF composites form. We note that



such ‘true’ core-shell particles are more difficult to synthesize as
they require precise matching of NP and MOF precursor
concentrations as well as carefully tuned reaction kinetics to
ensure that the MOFs do not self-nucleate.?’.28 Although being
easy to envision, a major difficulty in bottle-around-ship NP-
encapsulations is the thermal and salt-induced aggregation of NPs
during the MOF growth, which severely limits the optimal
production of NP@MOF composites.?® This is particularly true for
Zr-based MOFs, which are commonly synthesized at high
temperatures and for which only few core-shell nanostructures
have been reported.39-32 |n this regard, although recent advances
in room-temperature syntheses of Zr-based MOFs by Farha and
co-workers have started to improve the colloidal stability of NPs
in bottle-around-ship assemblies,?®33 the field remains largely
unexplored.

Looking at the applications of these composites, core-shell
nMOFs provide a unique opportunity to harness the optical
properties of noble metal NPs such as AuNRs for embedded
spectroscopy probes. AuNRs are a common tool for surface
enhanced Raman spectroscopy (SERS), which enhances the
characteristic molecular Raman signal by multiple orders of
magnitude.3*36 NP@MOF composites have been previously
proposed as SERS probes due to their ability to selectively filter
molecules as well as build up local concentrations of the
analyte.3*1 However, these systems so far lack precise
morphological control and it is unclear whether the NPs are fully
encapsulated — required for filtering — or attached to the external
surface of the crystallites. While the synthesis and SERS capability
of a core-shell AUNR@ZIF-8 composite was demonstrated by
Zheng et al.*2, the use of much more chemically stable Zr-MOFs
for encapsulation remains unexplored till now due to the difficulty
in their preparation. In addition, despite its flexibility,*3 the use of
a ZIF-8 shell limits the number of analytes that can access the
porosity due to the very narrow 3.4 A window — a problem that
can be overcome using other structures with larger pore sizes.

In this work, we present the room-temperature framework
assembly of a novel AUNR@Zr-MOF core-shell composite. The
encapsulating MOF used is the microporous NU-901 with scu
topology which has a recently developed facile room-temperature
synthesis.2? NU-901 has a relatively large aperture size capable of
targeting large analytes. Scheme 1 shows the NU-901 structure
and its constituents; similar to its well-known sister structure NU-
1000 with csq topology, NU-901 is comprised of eight-connected
Zrs(13-0)a(3-OH)4(H20)4(OH)4 clusters which are linked by
tetratopic 1,3,5,8-(p-benzoate)pyrene linkers (H4TBAPy).44-% |n
both structures, the Zr-clusters have eight loosely H,O/OH-
coordinated sites as possible catalytic centers. The diamond-
shaped channels of NU-901 have a dimensions of ca. 12 x 26 A,
which enables fast diffusion of relatively large analytes through
the MOF.2° Embedding AuNRs inside as SERS probes allowed us to
show size-selective uptake of analytes through the composite, and
demonstrates for the first time selective uptake from a mixed-
analyte solution.

Results and Discussion

We synthesized the AuNRs using the seed-mediated growth
method developed by Nikoobakht et al.#7#8 In our case, in order
to stabilize the AuNRs in the MOF growth solution, we replaced
the cetrimonium bromide (CTAB) capping ligand by thiolated
polyethylene glycol (PEG-SH, Mw = 2,000 g/mol) using a phase-
transfer method.*® We expected the PEG to interact with the MOF
precursors due to its hard oxygen and soft ethylene moieties.
UV/Vis-spectroscopy confirmed the successful dispersion in DMF,

showing only small changes in the longitudinal surface plasmon
resonance (LSPR) absorbance of the AuNR, consistent with the
small change in optical dielectric constant at the particle-medium
interface (Figure S1).

H,TBAPy
SBU

Zr-cluster
SBU

Scheme 1. a. MOF constituents H4TBAPy linker and Zre(ps-O)a(ps-
OH)4(H20)4(OH)4 cluster and corresponding SBUs. Carboxylate anchoring
points drawn into Zr-cluster, H atoms omitted for clarity b. Zr-MOF NU-
901, with scu topology. Pore dimensions: 12 x 26 A c. Zr-MOF NU-1000
with csq topology. Pore dimensions: 12 A and 32 A for triangular pore and
hexagonal pore, respectively.

After obtaining the AuNRs, we synthesized the core-shell
crystallites using a two-step procedure adapted from Noh et al.??
Here, we first formed the Zr-clusters at high temperature, isolating
them after. Second, we dispersed the isolated clusters in a mixture
of DMF and acetic acid. The PEG-stabilized AuNRs (AUNR@PEG-
SH) were added to this suspension, resulting in a deep-red 7:4 (v:v)
mixture of DMF and acetic acid. Under vigorous stirring, we added
an H4TBAPy-linker solution in DMF, stirring the solution overnight.
The dark-red precipitate was removed by centrifugation, washed
extensively using DMF, and solvent-exchanged to acetone. Initial
attempts to create core-shell structures using
polyvinylpyrrolidone (PVP) capped AuNRs, a more conventional
NP@MOF encapsulation agent,23 were unsuccessful and resulted
in AUNR aggregation outside the NU-901 crystallites (Figure S2).
Similarly, AuNRs functionalized with mercaptoundecanoic acid
(MUA) aggregated during the synthesis and were not
encapsulated by the MOF (Figure S2).

Figure 1 shows the transmission electron micrographs (TEM),
powder X-ray diffraction (PXRD) patterns and N, adsorption
isotherms of the composites. The TEM images confirm the core-
shell morphology of single AuNRs encapsulated by prolate NU-901
crystallites, hereafter denoted AUNR@NU-901. The morphology



of the AUNR@NU-901 crystallites reproduces the reported prolate
shape for pristine NU-901 particles, arising from the facet
selectivities during the growth.212% Nearly all AuNRs are in the
center of the crystallite and have a parallel orientation with
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Figure 1. a, b. TEM micrographs of AUNR@NU-901. Note the parallel align-
ment of AuNR and principal axis of prolate crystallites c. Powder X-ray dif-
fraction pattern of AUNR@NU-901. d. N adsorption/desorption isotherm
at 77 K of AUNR@NU-901 (black squares), pristine room-temperature-as-
sembled NU-901 (RT NU-901, red triangles), simulated N adsorption iso-
therm on defect-free NU-901 (blue circles).

x

Scheme 2. Interactions between PEG and MOF precursors make
nucleation more favorable on the AuNR than in free solution.

respect to the principal prolate axis. We also note that pristine
NU-901 nanoparticles are larger than their core-shell counterparts
and have a wider size-distribution (Figure S3). This suggests that
the AUNR@PEG-SH seeds the NU-901 growth, presumably due to
the interactions (dispersion forces, dipole-dipole interactions,
etc.) between PEG and the MOF precursors. These interactions
may raise the local concentration of the precursors on the surface
of the AuNRs, making a nucleation event kinetically more
favorable (Scheme 2). As the number of seeds is fixed by the
concentration of AuNRs, a narrower size distribution results
compared to pristine NU-901 (Figure S3).

The PXRD patterns of AUNR@NU-901 feature both low-angle
diffractions from NU-901 (26 = 5.3°, 7.7°, 10.7°) and the (111)-
diffraction from fcc Au (26 = 38.2°), confirming the crystallinity of

the material (Figure 1c). The UV/Vis-spectrum of the composites
contains bands corresponding to both the MOF (H4TBAPy) and
AuNR absorbance (Figure S4). The Type | N, adsorption isotherm
at 77 K demonstrates that AUNR@NU-901 is microporous, albeit
with a substantial decrease in the gravimetric porosity compared
to the pristine NU-901 (Figure 1d). The calculated
Brunauer-Emmett-Teller (BET) area of AUNR@NU-901 is 350
m2/g, whilst that of pristine NU-901 is 2,000 m2/g. We estimated
the theoretical BET area by comparing the relative sizes of the
particles and densities to calculate the mass contribution of NU-
901 (see Electronic Supplementary Information, ESI, for more
details). For large AUNR@NU-901 crystallites (ca. 320 nm) the
theoretical BET area is roughly 1,800 m2?/g. We attribute the large
reduction in gravimetric porosity either to a higher non-porous
defect density in the smaller AUNR@NU-901 crystallites, such as
collapsed pores and amorphous, non-porous phases, or to partial
pore-blocking by the PEG surface ligands. Although NU-901 is an
entirely microporous material, the Type IV N; adsorption isotherm
of the pristine room-temperature-assembled NU-901 (RT NU-901)
features a characteristic ‘mesoporous step’ at 0.2 relative
pressure, which Noh et al. attributed to porous crystal defects
such as missing linkers and nodes.? Indeed, a grand canonical
Monte Carlo (GCMC) simulated adsorption isotherm on defect-
free NU-901 shows an expected, typically microporous Type |
isotherm. Interestingly, the N, adsorption isotherm of AUNR@NU-
901 does not have a step, suggesting the removal of such
mesoporous defects in our seeded growth. The shape of this
isotherm is in better agreement with the GCMC simulated N,
adsorption isotherm (Figures 1d and S5).

To further explore the synthesis of AUNR@NU-901, we changed
the concentration of H4TBAPy linker in the synthesis and
monitored the results using TEM image analysis. Figure 2a shows
a LaMer-type growth model we use here to discuss our results;
note that this is a qualitative representation and does not show
experimental results. First, the H4TBAPy concentration increases
from zero, as the reagent is added to the Zr-cluster and AuNR-
bearing mother solution. Above the nucleation threshold,
nucleation occurs followed by a simple first-order decay until the
precursors are consumed or their concentration saturates. The
model has two additional features in the nucleation and growth
phase respectively: i) favorable interactions between the
PEGylated AuNRs and the MOF precursors, which lower the
nucleation threshold locally on the AuNRs, and ii) at a critical low
concentration of H4,TBAPy during the growth phase, the topology
changes from scu to csq, resulting in the less dense NU-1000
structure.*> We dub the difference between the MOF nucleation
thresholds in solution ([Nucsolution]) and on the AuNRs ([Nucaunr])
the ‘core-shell window’. Provided that the H4,TBAPy peak-
concentration is within the core-shell window, nucleation will
occur on the nanorods and core-shell crystallites are formed.
Above the core-shell window, the concentration of MOF
precursors is too high to discriminate effectively between the local
concentrations on the AuNRs and in solution, forming non-
encapsulated crystallites.

We estimated the core-shell yield (i.e. the fraction of crystallites
with core-shell morphology) and size-distributions of different
batches synthesized from varying HsTBAPy concentrations using
statistical analyses of TEM micrographs. Figure 2b shows the
analysis based on more than 150 particles. It shows that the core-
shell yield decreases as the initial HsTBAPy concentration
increases, suggesting that the H4TBAPy peak-concentration moves
away from the core-shell window. Further, we observe that the



average particle size becomes smaller as the core-shell yield
decreases, owing to the greater number of seeds. Notably, non-
encapsulated crystallites are consistently larger than their
encapsulated counterparts. This fits our qualitative growth
model, as it suggests that a higher fraction of non-encapsulated
crystallites form at an earlier stage of the reaction, before the
H4TBAPy concentration has depleted to the core-shell window.

Interestingly, we observed a change in topology from scu
(NU-901) to csq (NU-1000) during the growth phase at a critically
low H4TBAPy concentration. It has been previously shown that
NU-1000 nMOFs are cylindrical as opposed to the prolate NU-901
NMOFs.15.21,29.44,50-52 Careful analysis of TEM micrographs shows
that AUNR@NU-901 crystallites synthesized from low H4TBAPy
concentrations frequently have cylindrical rather than prolate
ends. Under such fast-addition conditions, the nMOF morphology
changes completely from prolate to cylindrical, if even lower
concentrations are used (Figure 2c). These cylindrical nMOFs are
best described as encapsulation composites rather than true core-
shell, as they frequently contain multiple AuNRs randomly
dispersed through the nMOFs. Direct measurement of the crystal
lattice using high-resolution TEM (HRTEM) revealed a d-spacing of
ca. 3 nm that is consistent with the NU-1000 phase (Figures S6 and
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S7). To the best of our knowledge, this is the first reported
evidence of NU-1000 formed in a room-temperature assembly. It
has long been known that linker/modulator ratios affect the
topology of Zr-MOFs; however a clear understanding is still
lacking.52 We propose here that, as the H,TBAPy is consumed in
the reaction, the H;TBAPy/AcOH ratio reaches a critically low
value, at which point the NU-1000 phase is favored (Figure 2a,
blue shaded area). Either exceeding the core-shell window, or
growing mixed NU-901 and NU-1000 phases, can be avoided if the
linker addition profile is modulated. Controlled dropwise injection
(see the Electronic Supplementary Information for more details)
using a syringe-pump increases the H4,TBAPy concentration more
slowly (Figure 2a, dotted blue curve), ensuring that nucleation
occurs only in the desired core-shell window (Figure 2a,b,f).
Simultaneously, the linker concentration decreases more slowly
compared to the fast injection method, since the reagent is
continuously added, thereby preventing NU-1000 growth. Using
this slow-injection method, we achieved core-shell yields greater
than 99% as well as exclusively NU-901 crystallites. Interestingly,
we did not observe a topological change from NU-901 to NU-1000
at low H4TBAPy concentrations under slow-addition conditions
(Figure S8).

d.

0

Figure 2. a. AUNR@NU-901 qualitative growth mechanism. Fast addition: HaTBAPy solution added using pipette, slow addition: HsTBAPy added dropwise
using a syringe pump (0.005 mL/min) b. Statistical analysis of TEM micrographs of AUNR@NU-901 batches synthesized with different amounts of HsTBAPy
added (> 150 particles each). Length measured along the principal prolate axis. Top label gives core-shell yields; black points: core-shell crystallites; red
points: non-encapsulated crystallites. Box position: average; line: median; box: interquartile range; whiskers: standard deviation c.-f. TEM micrographs of
batches synthesized with different concentrations of HsTBAPy: c. 0.33 mg/mL; d. 0.57 mg/mL; e. 0.89 mg/mL; f. 1.00 mg/mL, slow addition (0.005 mL/min)



At this point, we further control the size of the AUNR@NU-901
nMOFs by varying the concentration of AuNR seeds in the MOF
mother solution. Assuming that the reaction rate is unaffected by
the concentration of AuNRs, the particle size should decrease if
the number of seeds is increased, as more particles will grow into
smaller crystallites. Statistical analyses of TEM micrographs (>150
particles each) were used to evaluate the size of the AUNR@NU-
901 composites. Figure 3 shows the relationship between particle
size and AuNR concentration and their inverse relationship, as well
as exemplary TEM micrographs. Batches containing higher
concentrations of AuNRs yield smaller crystallites, while those
containing fewer AuNRs result in larger particles. This intuitive
result can be used to robustly tune the particle size between 200-
350 nm. Additionally, we have found that under slow-addition
conditions, no distinct morphological changes have been
observed and that hence the AuNR seed concentration is the
dominant factor influencing the particle size (Figure S8).

High vyields of fully encapsulated AuNR@NU-901 give a
promising opportunity to exploit the SERS capabilities of the
AuNRs as embedded probes for selective detection of molecular
species diffusing inside the nMOFs. For SERS, the core-shell
morphology is of particular interest, since it prevents SERS signal
generation from non-encapsulated plasmonic material. The
greatest extent of molecular filtration can thus be expected from
core-shell particles and consequently the highest selectivity. To
gain further insight into if the analyte fits inside the channels, we
first used molecular dynamics to simulate diffusion of a single 4’-
mercapto-biphenylcarbonitrile (BPTCN) molecule in NU-901.
BTPCN measures roughly 15 x 7 A along the thiol-CN axis and
phenyl axis respectively and should thus be small enough to
traverse through the NU-901 channels. Figure S9 shows the
density map of the trajectory of one molecule of BPTCN after a
period 5 ns at room-temperature. This clearly shows that BPTCN
can easily traverse not only the main channels but also from
channel to channel through a hopping mechanism, confirming its
ability to travel and diffuse through the channels to access the
encapsulated AuNR. The videos provided in the ESI shows close
proximity between BPTCN and the porphyrin rings suggesting m-n
stacking interactions.
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Figure 3. a. Statistical analysis of TEM micrographs of AUNR@NU-901
batches synthesized with different AUNR concentrations (> 150 particles
each). Length measured along the principal axis of prolates. Box position:
average; line: median; box: interquartile range; whiskers: standard devia-
tion b.-d. TEM micrographs of AUNR@NU-901 batches synthesized with
different AUNR concentrations. Relative concentrations: b. 1 ¢. 1.9 d. 2.6.
Note that crystallite size decreases as the relative AUNR concentration in-
creases.

Following the preliminary computational analysis, we incubated
several batches of AUNR@MOFs with two aromatic thiolated
analytes: BPTCN and biphenyl-thiol (BPT). We combined stock
solutions of BPTCN and BPT with aliquots of AuNR@MOF
suspensions in both acetone and MeOH, and stirred overnight to
allow diffusion into the porosity. After washing and drying the
suspensions to remove excess of BPT/BPTCN from the external
surface, we acquired the SERS spectra using a 785 nm laser in
order to achieve efficient excitation into the plasmon bands
(Figures S10, S4). The SERS spectrum of AUNR@NU-901 without
the thiols is dominated by a large broadband emission (Figure
$10). Control Raman spectra of its components in powder form
(i.e. the isolated Zr-cluster, H4TBAPy, virgin NU-901, and
AuNR@PEG-SH) show that AuNR@PEG-SH has a similar,
unwanted, broadband emission (Figure S10). We thus subtracted
polynomial fits to this AUNR@PEG-SH spectrum from all the MOF
spectra. H,TBAPy Raman modes are then clearly resolved in the
AuNR@NU-901 spectra (Figure S10). We assigned the strongest
modes at 1265 and 1609 cm™ to ring breathing modes for the
single and polyaromatic species, respectively.>® There is no
evidence of Zr-cluster modes in the spectra, likely as their Raman
cross-section is low relative to conjugated ring systems.>*

Incubation of the core-shell nanocomposites in BPT results in
a number of additional modes, particularly at 1078 and 1282 cm-
1. These are assigned from density functional theory (DFT)
calculations as 6(C—H) and v(ring), respectively. Incubation in
BPTCN also results in additional modes, at 1091, 1189, 1288 and
2230 cm, assigned from DFT as §(C—H) (thiol-phenyl ring), 8(C—H)
(both phenyl rings), v(ring), and v(C=N), respectively. Raman
spectra from incubations of virgin NU-901 are inconclusive
because there is no plasmonic enhancement effect. Very weak
BPTCN modes are observed before washing and it is unclear if they
are due to analyte inside or outside of the MOF. No BPTCN modes
are observed after washing, which may be due to the removal of
analyte from outside or inside of the crystals (Figure S11). These
modes match well in position and intensity ratio to the spectra
obtained through analyte incubation with AUNR@PEG-SH,
indicating that the analytes have indeed infiltrated the NU-901
successfully to interact with the AuNR ends, where the plasmon
field is concentrated. One notable exception is the intensity ratio
of the nitrile mode at 2230 cm™! to other BPTCN modes, which not
as high in AUNR@NU-901 as in AUNR@PEG-SH (Figure S12). We
suggest two different scenarios: i) the Vv(C=N) mode is
preferentially enhanced at AuNR@PEG-SH compared to
AuNR@NU-901, or ii) there are fewer nitrile groups in the
AuNR@NU-901. The first scenario could occur due to orientation
restraints imposed by the porosity, forcing nitrile groups to
misalign with the field enhancement axis normal to the AuNR
surface. This may occur if the molecule interacts with the AuNR at
the nitrile rather than the thiol and is restrained from
reorganizing. The second scenario could occur due to the
hydrolysis or methanolysis of the nitrile group during diffusion,
catalyzed by the Lewis-acidic Zr-cluster.

TEM analysis after the impregnation confirms that the core-
shell structure was retained, and no free AuNRs observed (Figure



$13). As a negative control, we incubated the AUNR@NU-901 with
thiolated polystyrene (PST-SH; Mw = 5,000 g/mol) to demonstrate
the size selectivity of NU-901. Its Raman spectrum contains no
distinct marker bands of PST-SH, which are however observed
with isolated AUNR@PEG-SH (Figure 4a). We thus demonstrate
the ability of NU-901 to block the entry of larger molecules into
the pores, prohibiting diffusion to the AuNR core. For size
selectivity to be a useful property, a MOF must be able to
selectively filter species from a mixed solution. We incubated
AuNR@NU-901 in a mixed solution of PST-SH and BPTCN, showing
representative spectra in Figure 4. This spectrum closely matches
that of BPTCN incubated alone and shows no evidence of PST-SH
adsorption.
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Figure 4. SERS spectra of a. AUNR@NU-901 (MOF) before and after incu-
bation with various analytes (analyte/MOF). Spectra in lighter shades are
acquired from incubation in MeOH, all others in acetone. Spectra labelled
only with analyte name are recorded from incubation with AUNR@PEG-
SH, so exclude any spectral contributions or filtration effects from NU-901.
All spectra are polynomial-fit background subtracted (see text) and scaled
and offset for visual clarity. b. In-situ SERS measurements of BPTCN infil-
tration in an aqueous environment AUNR@NU-901. Spectra are back-
ground subtracted, dashed black line marks beginning of BPTCN addition.
Arrows indicate analyte peaks.

To utilize the successful embedded probe technique further, we
measured infiltration into the MOF in situ in an aqueous
environment (Figure 4b). In experimental Raman studies,
characteristic modes at 1091, 1189 and 1588 cm! appear in the
spectrum immediately after injection of BPTCN, although those at
1189 and 1588 cm! overlap with weaker AUNR@NU-901 modes.
The BPTCN mode intensity saturated 125 s after injection stops.
Raman spectra of the solution away from AuNR@NU-901 (not
shown) gave only weak scattering from the glass coverslip,
confirming that the observed BPTCN modes do not originate from

the surrounding solution. While slight focal drift occurs at the
injection time, seen by a decrease in AUNR@NU-901 marker bands
(1265 and 1608 cm), it is restored shortly after. To remove these
focusing artefacts, the spectra are fitted to Lorentzian line shapes
and integrated peak areas plotted as ratios of BPTCN to MOF
peaks (Figure S14). These show clearly the expected first order
increase in BPTCN:MOF SERS as soon as the BPTCN addition
begins, directly tracking diffusion and binding of BPTCN inside the
AuNR@NU-901 composite.

Conclusion

Here, we have demonstrated the tunable and versatile room-
temperature framework assembly of a novel AUNR@NU-901 core-
shell composite, by using the AuNRs as seeds for the MOF growth.
The core-shell yield is excellent (> 99%) if the H,TBAPy-reagent is
added dropwise using a syringe pump, and the final size of the
composite can be controlled by changing the concentration of
AuNR seeds in the mixture. The exploratory synthesis of
AuNR@NU-901 also yielded first preliminary evidence for an NU-
1000 phase grown at room-temperature. From our in-depth
exploration of the synthetic parameter space, we suggest that the
pairing of specific NP surfactant and MOF is crucial to the
encapsulation process. While this result is not a universal set of
synthetic conditions to encapsulate metallic NPs by MOFs, we
believe that we provide a valuable piece of evidence for other
encapsulate systems in further work. We utilized the SERS
capability of the AuNRs inside the MOF crystallites by infiltrating
the MOFs with thiolated aromatic analytes. The resultant spectra
clearly contain both MOF peaks and analyte peaks indicating
successful adsorption. As a negative control, we incubated
AuNR@NU-901 with a bulky polymer, which was subsequently
blocked by the porosity of the MOF and not detected at the AuNR
core. This proof-of-principle work sets the stage for both advanced
MOF synthesis and embedded probe spectroscopy and provides a
new capability for MOF plasmonics.
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