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Platform For Stand-off And Real-time SERS Sensing Of Airborne Analytes

Field of Invention

This invention relates to a composite material for use in surface-enhanced Raman scattering
(SERS), a method for making the composite material, and its use for detecting one or more of
a gas and a volatile organic chemical using SERS. The invention may be particularly useful in

SERS conducted at remote distance.

Background

The listing or discussion of a prior-published document in this specification should not
necessarily be taken as an acknowledgement that the document is part of the state of the art

or is common general knowledge.

Stand-off Raman spectroscopy combines the advantages of both Raman spectroscopy and
long-range detection to identify chemicals at distant and/or inaccessible sites, providing an
early indication of potential disasters and/or unhealthy air quality. Typically performed at
meter-range distances, stand-off Raman measurements give rise to molecular-specific
vibrational fingerprints that can differentiate molecules of similar chemical structures and thus
avert false signals. It also benefits from no interference from water in the common fingerprint
region between 600 — 1700 cm-!, thereby rendering it highly appealing for outdoor detection

even in humid conditions.

However, stand-off Raman suffers from intrinsically weak intensity (10-¢ scattering probability)
which further aggravates with increasing distance (intensity o« 1/d?). As such, current stand-
off Raman detection is restricted to the detection of pure solids/liquids and it is still not possible
to detect diluted airborne species (such as gases and aerosols), even when using a high laser
power (~ 400 mW) and a long integration time (> 1 minute) (TrAC, Trends Anal. Chem. 2009,
28 (11), 1235-1242). This weak sensitivity greatly hampers the use of stand-off Raman for
remote threat/chemical detection and air quality monitoring because majority of explosives,
volatile organic compounds and greenhouse gases exist in highly dispersed airborne

conditions.

Surface-enhanced Raman scattering (SERS) potentially addresses the above problems by
enhancing Raman signals of target airborne molecules by >108-fold when they are in close

proximity to the surface of plasmonic nanostructures. Using 2D plasmonic substrates of Ag
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and/or Au nanoparticles, ultrasensitive detections of small airborne molecules such as CO;
and toxic aromatic compounds have been realized using significantly lower operating laser
power of tens of mW (Chem. Commun. 2018, 54 (20), 2546-2549).

However, the facile coupling of conventional 2D SERS platforms and stand-off Raman system
remains a huge challenge owing to the following two main reasons. First, typical stand-off
Raman system with large focal depth (mm to cm) is underutilized due to the shortage of
plasmonic hotspot along the z-direction of common nanometer-thick 2D SERS platforms,
which are designed for microscopic systems with sub-micrometer resolution. Correspondingly,
this inefficient utilization of stand-off laser excitation volume will lead to poor signal read-out
due to the signal contribution from ambient interferences present in the laser volume. Second,
current attempts in stand-off SERS rely on plasmonic particles that are unable to actively
capture analytes from the air (Appl. Spectrosc. 2010, 64 (5), 485-492), making it unsuitable
for the detection of randomly-dispersed airborne molecules that have no affinity to metal,

especially in an open ambient environment.

Hence, there remains a need for improved materials and methods that solves one or more

problems mentioned above to enable stand-off SERS detection of airborne species.

Summary of Invention

Aspects and embodiments of the invention will now be described in more detail by reference

to the following numbered clauses.

1. A composite material suitable for use in surface-enhanced Raman scattering, the
material comprising:
a substrate layer having a surface;
a plurality of layers of core-shell particles formed on the surface of the substrate layer,
wherein:
the core-shell particles comprise:
a core formed from a plasmonic metal nanoparticle; and
a shell formed from a metal-organic framework; and
the plurality of layers of core-shell particles provides a thickness of from 0.5 to 10 um

on the surface of the substrate layer.

2. The composite material according to Clause 1, wherein the plasmonic metal

nanoparticles are selected from one or more of the group consisting of plasmonic gold
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nanoparticles, plasmonic silver nanoparticles, plasmonic platinum nanoparticles, and

plasmonic palladium nanoparticles.

3. The composite material according to Clause 2, wherein the plasmonic metal

nanoparticles are plasmonic silver nanoparticles.

4. The composite material according to any one of the preceding clauses, wherein the
plasmonic metal nanoparticles are provided as one or more of the group selected from
nanopolyhedra, nanospheres, nanowires, nanorods, nanobowls, and nanoplates, optionally

wherein the plasmonic metal nanoparticles are nanoporous.

5. The composite material according to Clause 4, wherein, when the plasmonic metal
nanoparticles are provided as nanopolyhedra, they have four or more faces, optionally wherein
the nanopolyhedra are selected from one or more nanopolyhedra having from 5 to 30 faces,

for example the nanopolyhedra are nanocubes or nanooctahedra.

6. The composite material according to Clause 5, wherein the nanopolyhedra are

provided as nanocubes.

7. The composite material according to any one of the preceding clauses, wherein the
metal organic framework is selected from one or more of the group consisting of UIO-66, ZIF-
8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71.

8. The composite material according to any one of the preceding clauses, wherein the
plurality of layers of core-shell particles provides a thickness of from 0.8 to 5 um on the surface

of the substrate layer or at least 1.3 pm on the surface of the substrate layer.

9. The composite material according to Clause 8, wherein the plurality of layers of core-

shell particles provides a thickness of from 1 to 2 um on the surface of the substrate layer.

10. The composite material according to Clause 9, wherein the plurality of layers of core-

shell particles provides a thickness of about 1.3 um on the surface of the substrate layer.

11. The composite material according to any one of the preceding clauses, wherein the
plurality of layers of core-shell particles provide from 5 to 30 layers of core-shell particles on

the surface of the substrate layer.



WO 2021/021024 4 PCT/SG2020/050438

12. The composite material according to Clause 11, wherein the plurality of layers of core-
shell particles provide from 8 to 20 layers of core-shell particles on the surface of the substrate

layer.

13. The composite material according to Clause 12, wherein the plurality of layers of core-
shell particles provide from 10 to 15 layers of core-shell particles on the surface of the

substrate layer.

14. The composite material according to any one of the preceding clauses, wherein:

€)) the core-shell particles in the plurality of layers are packed with an interparticle distance
of less than 10 nm, such as from 0.1 to 9.8 nm; and/or

(b) the core-shell particles have a size of from 100 nm to 1,000 nm, such as from 200 to
600 nm, such as from 300 to 500 nm; and/or

(© the shell layer has a thickness of from 5 nm to 100 nm, such as from 10 to 80 nm;
and/or

(d) a surface of the plasmonic metal nanoparticles is bonded to 4-methylbenzene thiol,
and/or

(e) the substrate is a silicon substrate.

15. The composite material according to any one of the preceding clauses, wherein:

(ai) the plasmonic metal nanoparticles are silver nanocubes; and/or

(aii)  the metal organic framework is selected from one of the group consisting of UIO-66,
ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71; and/or

(aiii)  the plurality of layers of core-shell particles provide a thickness of about 1.3 um on the
surface of the substrate layer; and/or

(aiv) the plurality of layers of core-shell particles provide from 10 to 15 layers of core-shell

particles on the surface of the substrate layer.

16. The composite material according to Clause 15, wherein:

the plasmonic metal nanoparticles are silver nanocubes;

the metal organic framework is ZIF-8; and

the plurality of layers of core-shell particles are provided in from 10 to 15 layers and
provide a thickness of about 1.3 um, optionally wherein a surface of the silver nanocubes are

bonded to 4-methylbenzene thiol.

17. A method of forming a composite material according to any one of Clauses 1 to 16,

which method comprises:
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(ci) providing a substrate having a surface and a solution comprising a solvent and core-
shell particles comprising:

a core formed from a plasmonic metal nanoparticle; and

a shell formed from a metal-organic framework; and
(cii)  placing a portion of the solution onto the surface of the substrate and allowing the

solvent to evaporate to provide the composite material.

18. The method according to Clause 17, wherein the solvent in the solution is an organic

alcohol.

19. The method according to Clause 18, wherein the solvent in the solution is
an organic alcohol that has three or more carbon atoms and is linear or branched, optionally

wherein the organic alcohol is 1-propanol.

20. The method according to any one of Clauses 17 to 19, wherein the concentration of
the core-shell particles is from 0.5 to 20 mg/mL and the substrate has a surface area of from
0.5x0.5cm.

21. A composite material suitable for use in surface-enhanced Raman scattering, the
material comprising:

a substrate layer having a surface;

a plurality of layers of plasmonic metal nanoparticles formed on the surface of the
substrate layer, wherein:

the plurality of layers of plasmonic metal nanoparticles provide a thickness of from 0.3

to 10 um on the surface of the substrate layer.

22. The composite material according to Clause 21, wherein the composite material further
comprises a layer of a metal-organic framework, which is formed on a surface provided by the
plurality of layers of plasmonic metal nanoparticles, optionally wherein the total thickness of
the plurality of layers of plasmonic metal nanoparticles and the layer of a metal-organic

framework is from 0.4 to 10 um on the surface of the substrate layer.

23. The composite material according to Clause 21 or Clause 22, wherein the plasmonic
metal nanoparticles are selected from one or more of the group consisting of plasmonic gold
nanoparticles, plasmonic silver nanoparticles, plasmonic platinum nanoparticles, and

plasmonic palladium nanoparticles.
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24. The composite material according to Clause 23, wherein the plasmonic metal

nanoparticles are plasmonic silver nanoparticles.

25. The composite material according to any one of Clauses 21 to 24, wherein the
plasmonic metal nanoparticles are provided as one or more of the group selected from
nanopolyhedra, nanospheres, nanowires, nanorods, nanobowls, and nanoplates, optionally

wherein the plasmonic metal nanoparticles are nanoporous.

26. The composite material according to Clause 25, wherein, when the plasmonic metal
nanoparticles are provided as nanopolyhedra, they have four or more faces, optionally wherein
the nanopolyhedra are selected from one or more nanopolyhedra having from 5 to 30 faces,

for example the nanopolyhedra are nanocubes or nanooctahedra.

27. The composite material according to Clause 26, wherein the nanopolyhedra are

provided as nanocubes.

28. The composite material according to any one of Clauses 22 and Clauses 23 to 27 as
dependent upon Clause 22, wherein the metal organic framework is selected from one or more
of the group consisting of UIO-66, ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and
ZIF-71.

29. The composite material according to any one of Clauses 21 to 28, wherein the plurality
of layers of plasmonic metal nanoparticles provide a thickness of from 0.4 to 1.5 um, such as

from 0.5 to 1 um, on the surface of the substrate layer.

30. The composite material according to any one of Clauses 22 and Clauses 23 to 29 as
dependent upon Clause 22, wherein the plurality of layers of plasmonic metal nanoparticles
and the layer of a metal organic framework together provide a thickness of from 0.4 to 1.5 um,

such as from 0.5 to 1 um on the surface of the substrate layer.

31. The composite material according to any one of Clauses 21 to 30, wherein the plurality
of layers of plasmonic metal nanoparticles provide from 5 to 30 layers of plasmonic metal

nanoparticles on the surface of the substrate layer.

32. The composite material according to Clause 31, wherein the plurality of layers of
plasmonic metal nanoparticles provide from 8 to 20 layers of plasmonic metal nanoparticles

on the surface of the substrate layer.
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33. The composite material according to Clause 32, wherein the plurality of layers of
plasmonic metal nanoparticles provide from 10 to 15 layers of plasmonic metal nanoparticles

on the surface of the substrate layer.

34. The composite material according to any one of Clauses 21 to 33, wherein:

(A) the plasmonic metal nanoparticles have a size of from 100 nm to 1,000 nm, such as
from 150 to 500 nm, such as from 170 to 250 nm; and/or

(B) a surface of the plasmonic metal nanoparticles is bonded to 4-methylbenzene thiol,
and/or

(®) the substrate is a silicon substrate.

35. The composite material according to any one of Clauses 22 and Clauses 23 to 34 as
dependent upon Clause 22, wherein:

(AAI) the layer of a metal organic framework has a thickness of from 50 nm to 500 nm, such
as from 100 to 300 nm, such as 200 nm; and/or

(AAIi) the metal organic framework is selected from one of the group consisting of UIO-66,
ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71.

36. The composite material according to any one of Clauses 21 to 35, wherein:
(di) the plasmonic metal nanoparticles are silver nanocubes; and/or
(dii)  the plurality of layers of plasmonic metal nanoparticles provide from 10 to 15 layers of

plasmonic metal nanoparticles on the surface of the substrate layer.

37. The composite material according to Clause 35 or Clause 36, wherein:
the plasmonic metal nanoparticles are silver nanocubes;
the metal organic framework is ZIF-8;
the plurality of layers of silver nanocubes are provided in from 10 to 15 layers,

optionally wherein a surface of the silver nanocubes are bonded to 4-methylbenzene thiol.

38. A kit of parts comprising:
(bi) a composite material as described in any one of one of Clauses 1 to 16 or
Clauses 21 to 37; and

(bii)  an excitation and detection means or apparatus.

39. The kit of parts according to Clause 38, wherein:
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the excitation and detection means or apparatus comprises a spectrophotometer, a
laser and a lens; and/or

the kit further comprises a target housing for the composite material.

40. A method of detecting one or more of a gas and a volatile organic chemical, the method
comprising the steps of:
0] placing a composite material as described in any one of Clauses 1 to 16 or Clauses
21 to 37 at a target site for a period of time;
(i) using an excitation and detection means or apparatus to provide an excitation signal
to the composite material at the target site; and
(i) detecting a surface-enhanced Raman scattering signal produced by the excitation
signal in the composite material at the target site and determining whether the one or more of
a gas and a volatile organic compound is present in the composite material, wherein

the detection means or apparatus is set at a distance of from 1 to 20 metres away from

the composite material at the target site.

41. The method of detecting one or more of a gas and a volatile organic chemical
according to Clause 40, wherein:

(Ci)  the detection means or apparatus is set at a distance of from 2 to 10 metres away from
the composite material at the target site; and/or

(Cii)  the composite material at the target site is placed within a target housing.

42. The method of detecting one or more of a gas and a volatile organic chemical
according to Clause 40 or Clause 41, wherein the one or more of a gas and a volatile organic
chemical is selected from one or more of CO, CO,, H,S, SOy and small volatile organic
compounds selected from one or more of the group consisting of aromatic hydrocarbons, and

aliphatic compounds having up to 10 carbon atoms in a linear chain.

43. The method of detecting one or more of a gas and a volatile organic chemical
according to Clause 42, wherein the one or more of a gas and a volatile organic chemical is
selected from CO,, H.S, SO, and small volatile organic compounds selected from one or
more of the group consisting of xylene, 4-methylbenzenethiol, toluene, and naphthalene (e.g.

4-methylbenzenethiol, toluene, and naphthalene).

44. The method of detecting one or more of a gas and a volatile organic chemical
according to any one of Clauses 40 to 43, wherein the method of detection makes use of a

composite material according to any one of Clauses 1 to 16 or Clauses 21 to 37.
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45, A method of forming a composite material according to any one of Clauses 21 and 23
to 37 as dependent upon Clause 21, which method comprises:

(ei) providing a substrate having a surface and a solution comprising a solvent and
plasmonic metal nanoparticles; and

(eii)  placing a portion of the solution onto the surface of the substrate and allowing the

solvent to evaporate to provide the composite material.

46. The method according to Clause 45, wherein the solvent in the solution is an organic

alcohol.

47. The method according to Clause 46, wherein the solvent in the solution is an organic
alcohol that has three or more carbon atoms and is linear or branched, optionally wherein the

organic alcohol is 1-propanol.

48. A method of forming a composite material according to any one of Clauses 22 and 23
to 37 as dependent upon Clause 22, which method comprises:

(fi) placing a substrate coated with a plurality of layers of plasmonic metal nanoparticles
into a solution comprising a solvent, a metal organic framework metal salt precursor and a
metal organic framework organic precursor compound to form an intermediate material;

(fii) removing the intermediate material from the solution, washing and drying it; and

(fii) repeating step (fi) and (fii) from 0 to 5 times with the intermediate material to form the

composite material.

49. The method according to Clause 48, wherein the solvent in the solution is an organic

alcohol, optionally wherein the second solvent is methanol.

50. The method according to Clause 48 or Clause 49, wherein the substrate coated with
a plurality of layers of plasmonic metal nanoparticles is obtained by the method described in

any one of Clauses 47 to 49.

Drawings

Figure 1 3D MOF-SERS platform. (A)()SEM image showing a Ag@MOF particle, (ii) cross-
sectional SEM image showing the side view of the multilayered AG@MOF platform and (iii)
3D x-y-z SERS image of a segment of the platform (performed with 20x confocal objective

lens). (B)(i) Schemes and (ii) cross-sectional SEM images showing the structure and how
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airborne molecules are absorbed and detected in different platform configuration. Half of the
images in (ii) are overlapped with x-z SERS hyperspectral images (with 100x objective lens)
showing the penetration of gaseous 4-methylbenzene thiol (4-MBT) into the platform (Ag in
the platforms has no 4-MBT surface groups prior to exposure). (C) (i) SEM images overlapped
with x-z SERS images (with 100x objective lens) of Ag@MOF platforms of increasing
thickness and (right) schemes showing the hotspot and analyte density within the fixed laser
focal volume in when platforms of different thickness are used. (D) Efficient SERS active depth
and stand-off intensity (at 2 m) of 4-MBT’s 1077 cm-' obtained from platforms of different
thickness from 0.2 — 9.2 um (with Ag pre-functionalized with 4-MBT).

Figure 2 Stand-off SERS with 3D MOF-SERS platform (A) Set-up of stand-off SERS system.
(B) Stand-off intensity (at 2 m) of 4-MBT’s 1077 cm' obtained from platforms of different
thickness from 0.2 — 9.2 uym (with Ag pre-functionalized with 4-MBT). (C) Scheme showing the
stand-off SERS detection of aerosolized 4-MBT (500 ppm, Ag in the platforms has no 4-MBT
surface groups). (D) Real-time 4-MBT intensity obtained in the stand-off SERS detection on
different platforms. (E) 4-MBT intensity obtained at distances from 2 to 10 m (stand-off) with
SERS and normal Raman detection. (F) Partial least square calibration graph of different 4-
MBT airborne concentrations detected using stand-off SERS (at 2 m). (G) Consistent real-
time stand-off spectra of 4-MBT on Ag@MOF substrate for continuous 300 seconds after the

substrate has reached saturation.

Figure 3 Remote SERS-based gas detector. (A) Scheme showing remote tracking of CO>
in real time for several cycles with multilayered Ag@MOF platform. (B) Time-resolved SERS
intensity profile of 1360 cm! band, showing the absorption and detection of CO: in several
cycles. (C)(i) Spectroscopic observation of CO, vibrational modes (shown with respect to
internal standard peak of 4-MBT embedded on the particle) in the detection of CO2, which is
not observed in the control experiments with N2 flow and no gas (blank), (ii) Principle
component analysis (PCA) score plot of stand-off spectra observed in the presence of CO-
and No.

Figure 4 Outdoor remote sensing of airborne polycyclic aromatic hydrocarbon (PAH)
mixture. (A)(i) Outdoor stand-off detection set-up. (B) Scheme showing the stand-off
detection of aerosolized toluene and naphthalene. (C) Stand-off multiplex spectra obtained in
outdoor condition with natural light, for Nap/Tol 5:95 and 15:85 mixture, with reference to
individual naphthalene and toluene SERS spectra. (D) Spectral analysis of characteristic
signals of the analytes within the dotted region in (C). (E) Comparison of Nap/Tol signal

intensity ratio between calibration spectra and outdoor spectra, using 763 and 786 cm-' signals.
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Figure 5 (A) SEM image of as-synthesized Ag nanocubes and (B) its size distribution (121
5 nm). (C) Extinction spectrum of colloidal Ag nanocubes. The peaks at 348, 412, 525 and
674 nm can be assigned to octupole (348 nm), quadrupole (412 nm and 525 nm), and dipole

resonances (674 nm), respectively.

Figure 6 Schematic illustration of the multilayer substrate fabrication protocol.

Figure 7 Transmission electron microscope (TEM) images of a single core-shell Ag@MOF

particle, and clusters of multiple Ag particles within a collective MOF shell.

Figure 8 (A) Tilted 3D SEM image and (B) top view SEM image showing a large area of
multilayered Ag@MOF platform. (C) x-y and x-z hyperspectral SERS imaging of Ag@MOF
platform over large area (with 4x and 20x objective lens respectively). (D) Intensity profile of
4-MBT signal across random areas in x-y and x-z images showing the homogeneity of the

platform.

Figure 9 x-z SERS map of absorbed 4-MBT on different platforms. (A) Scheme and x-y
SERS images showing 4-MBT (tracked with 1077 cm-' signal) penetration depth in the 3
platform types. (B) The full-width half-maximum (FWHM) of the obtained x-z intensity profiles.

Figure 10 Efficient SERS-active thickness determined from x-z imaging using confocal
lens. (A)(i) Cross-sectional SEM images, (ii) x-z SERS imaging of the multilayer Ag@MOF
substrates of different thickness (Ag surface is modified with probe molecule 4-MBT), and (iii)
their respective cross-sectional profile tracing 4-MBT 1077 cm-! signal from region (1) to (2).
(B) The full-width half-maximum of the intensity profiles, showing the efficient SERS-active

thickness, of different multilayer platforms.

Figure 11 Schematic showing the optical set-up of the stand-off Raman system with excitation
100 and collection beam 200 aligned in the same path. A portable stand-off Raman
spectrophotometer 80 that couples the excitation laser and collection light through the same
path via a camera lens 85. 30 represents a beam expander, 40 represents a mirror, 50
represents a narrow bandpass filter, 60 represents a dichoric filter, 70 represents a long-pass
filter, 90 represents a computer and 300 represents a focusing lens to focus laser 20 at the

back aperture of the camera lens 85.
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Figure 12 Absorption of gaseous 4-MBT sublimed from solid. Comparison of 4-MBT
intensity obtained in real-time in the 4-MBT vapor detection between different substrates, and
without substrate, with a scheme showing the detection of 4-MBT vapor molecules subliming
from 4-MBT solid (estimated concentration of 4-MBT ~1000 ppm).

Figure 13 (A) Stand-off SERS spectra in comparison with (B) stand-off Raman spectra of
airborne 4-MBT detected by AG@MOF platform positioned at different distances relative to
the stand-off SERS system.

Figure 14 Quantitative detection of 4-MBT. SERS spectra of airborne 4-MBT at
concentrations of from 50 ppb to 500 ppm detected by Ag@MOF platform.

Figure 15 Calibration of multiplex (poly)aromatic hydrocarbon detection (indoor) (A)
Stand-off multiplex SERS spectra obtained with toluene (Tol), naphthalene (Nap) and Nap/Tol
mixture at different compositions for calibration (performed indoors, within 100 uL of Tol
aerosol, accounting for 7000 pm Tol and 97-1700 ppm of Nap). (B) Spectrum deconvolution
of the highlighted area in (A), showing the relative ratio between Nap 763 cm' and Tol 786
cm' signals at different compositions. (C) Calibrated PLS prediction model constructed from
the SERS spectra of various Nap/Tol composition from 0 to 100% (with a grey-highlighted
magnification of Nap/Tol 85 to 99% region).

Figure 16 PCA score plot constructed from the SERS spectra obtained from the detection of
Nap/Tol mixture of various composition from Nap/Tol 0/100 to 100/0. The spectra can clearly

be differentiated due to the ratio between the vibrational fingerprints of each compound.

Figure 17 Background correction and baseline subtraction for SERS spectra obtained in

outdoor condition with strong background light interference.

Figure 18 Comparison of Nap/Tol signal intensity ratio between calibration spectra and

outdoor spectra, using the alternative 1380 and 1004 cm-! signals.
Description
Surprisingly, it has been found that many of the problems identified hereinbefore can be solved

using layers of nanoparticulate materials. Said materials may simply be a plurality of layer of

metal nanoparticles, a plurality of layer of metal nanoparticles covered by a layer of a metal
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organic framework (MOF) or, more particularly, a plurality of layer of core-shell particles, where

the core is a metal nanoparticle and the shell is a MOF.

Thus, in a first aspect of the invention, there is described a composite material suitable for use
in surface-enhanced Raman scattering, the material comprising:
a substrate layer having a surface;
a plurality of layers of core-shell particles formed on the surface of the substrate layer,
wherein:
the core-shell particles comprise:
a core formed from a plasmonic metal nanoparticle; and
a shell formed from a metal-organic framework; and
the plurality of layers of core-shell particles provides a thickness of from 0.5 to 10 um

on the surface of the substrate layer.

In embodiments herein, the word “comprising” may be interpreted as requiring the features
mentioned, but not limiting the presence of other features. Alternatively, the word “comprising”
may also relate to the situation where only the components/features listed are intended to be
present (e.g. the word “comprising” may be replaced by the phrases “consists of” or “consists
essentially of’). Itis explicitly contemplated that both the broader and narrower interpretations
can be applied to all aspects and embodiments of the present invention. In other words, the
word “comprising” and synonyms thereof may be replaced by the phrase “consisting of” or the

phrase “consists essentially of’ or synonyms thereof and vice versa.

As will be appreciated, any suitable material may be used as the substrate layer. Examples of
substrate materials include, but are not limited to an aluminium substrate (e.g. in the form of
an aluminium foil or an aluminium plate), a silicon substrate (e.g. a Si (100) substrate), a
gallium nitride (GaN) substrate, and a silicon carbide (SIC) substrate. In embodiments that
may be mentioned herein, the subsirate layer may be formed from a silicon (e.g. a Si (100)
substrate layer). A silicon substrate layer may provide a minimal background signal {only a
single peak at 520 o) and it may be more reflective than other materials, which may boost
the SERS signals.

When used herein, “core-shell particle” refers to a material having a core portion formed from
a plasmonic metal nanoparticle and a shell portion formed from a metal-organic framework
(MOF).
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Plasmonic metal nanoparticles are particles whose electron density can couple with the
electromagnetic radiation of wavelengths that are far larger than the particle due to the nature
of the dielectric-metal interface between the medium and the particles. Examples of plasmonic
metal nanoparticles that may be mentioned herein include, but are not limited to plasmonic
gold nanoparticles, plasmonic silver nanoparticles, plasmonic platinum nanoparticles, and
plasmonic palladium nanoparticles. In particular embodiments of the invention that may be

mentioned herein, the plasmonic metal nanoparticles may be plasmonic silver nanoparticles.

The plasmonic metal nanoparticles may have any suitable geometry — provided that said
geometry retains the plasmonic effect. Examples of suitable geometries for the plasmonic
metal nanoparticles include, but are not limited to nanopolyhedra, nanospheres, nanowires,
nanorods, nanobowls, and nanoplates. Said plasmonic metal nanoparticles may be
nanoporous. When used herein, the term “nanoporous plasmonic metal nanoparticles” refers
to highly porous metallic structures characterized by their three-dimensional networks of
nanoscale interconnected ligaments. These interconnected ligaments have curved surfaces

dominated by highly active low-coordinated atoms, such as steps and kink.

In particular embodiments that may be mentioned herein, the plasmonic metal nanoparticles
may be provided as nanopolyhedra. Said nanopolyhedra may have four or more faces. More
particularly, said nanopolyhedra may be selected from one or more nanopolyhedra having
from 5 to 30 faces (e.g. from 6 to 26 faces). For example, the nanopolyhedra may be
nanocubes or nanooctahedra. In particular embodiments of the invention that may be
mentioned herein the nanopolyhedra may be provided as nanocubes. That is, the plasmonic

metal nanoparticles may be provided as plasmonic metal nanocubes.

In embodiments where various ranges are discussed, it will be appreciated that any top and
bottom range may be combined to provide a further range. For example, concerning the
number of faces discussed above, the following ranges are explicitly contemplated:

from 4 to 5 faces, from 4 to 6 faces, from 4 to 26 faces, from 4 to 30 faces;

from 5 to 6 faces, from 5 to 26 faces, from 5 to 30 faces;

from 6 to 26 faces, from 6 to 30 faces; and

from 26 to 30 faces.

Metal organic frameworks (MOFs) are a class of compound that comprise metal ions or
clusters thereof coordinated to organic ligands to form one-, two-, or three-dimensional
structures. They are a subclass of coordination polymers and they are often porous. Any

suitable MOF may be used in the current invention. Examples of suitable MOFs include, but
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are not limited to one or more of UIO-66, ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-
Cu, and ZIF-71. As will be appreciated, combinations of MOFs may be used (e.g. 2, 3, or 4
MOFs). In particular embodiments of the invention, the MOF may be ZIF-8.

As noted above, the core-shell particles may be presented as a plurality of layers (e.g. 2, 3, 4,
5 etc) on top of the substrate layer. For example, the core-shell particles may be provided in
from 5 to 30 layers (e.g. from 8 to 20 layers, such as from 10 to 15 layers) of core-shell particles
on the surface of the substrate layer. The plurality of layers of core-shell particles may provide
a thickness of from 0.8 to 5 um (e.g. from 1 to 2 um) on the surface of the substrate layer. The
thickness of the plurality of layers of core-shell particles can be adjusted accordingly to the
collection depth of the stand-off laser used. In particular, embodiments that may be mentioned
herein the plurality of layers of core-shell particles may provide a thickness of at least 1.3 um
on the surface of the substrate layer. For example, the plurality of layers of core-shell particles

may provide a thickness of about 1.3 um on the surface of the substrate layer.

When used herein, the term “about” in connection with a numerical value may refer to a

variance of from +20%, such as +10%, such as 5%, such as+2%, such as +1%.

The core-shell particles in the plurality of layers may be arranged in any suitable manner in
said layers. For example, the core-shell particles in the plurality of layers may be packed with
an interparticle distance of less than 10 nm, such as from 0.1 to 9.8 nm. Without wishing to be
bound by theory, it is believed that a close-packed arrangement may allow an intense

plasmonic coupling that forms SERS hotspots.

The core-shell particles may have any suitable size (e.g. diameter). For example, the core-
shell particles may have a size of from 100 nm to 1,000 nm, such as from 200 to 600 nm, such
as from 300 to 500 nm. The shell layer of the core-shell particles (i.e. the layer formed by the
MOF) may have any suitable thickness over the core plasmonic metal nanoparticle. For
example, the shell layer may have a thickness of from 5 nm to 100 nm, such as from 10 to 80

nm in the core-shell particles described herein.

In certain embodiments of the invention that may be disclosed herein, before the plasmonic
metal nanoparticle is coated with the MOF, it may be reacted with 4-methylbenzene thiol. As
such the 4-methylbenzene thiol ends up bound (i.e. covalently bonded) to the surface of the

plasmonic metal nanoparticle.

The 4-methylbenzene thiol may act as an internal standard.
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In examples of the first aspect of the invention that may be mentioned herein, the composite
material of the first aspect of the invention may have one or more of the following features:
(ai) the plasmonic metal nanoparticles may be silver nanocubes; and/or

(aii)  the metal organic framework may be selected from one of the group consisting of UIO-
66, ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71; and/or

(aiii)  the plurality of layers of core-shell particles may provide a thickness of about 1.3 um
on the surface of the substrate layer; and/or

(aiv) the plurality of layers of core-shell particles may provide from 10 to 15 layers of core-

shell particles on the surface of the substrate layer.

In a particular embodiment of the first aspect of the invention that may be mentioned herein,
the composite material may be one where:

(Ai)  the plasmonic metal nanoparticles are silver nanocubes; and

(Aii)  the metal organic framework is selected from one of the group consisting of UIO-66,
ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71; and

(Aiii)y  the plurality of layers of core-shell particles provide a thickness of about 1.3 um on the
surface of the substrate layer; and

(Aiv) the plurality of layers of core-shell particles provide from 10 to 15 layers of core-shell

particles on the surface of the substrate layer.

For example the composite material of the first aspect of the invention may be one in which:
the plasmonic metal nanoparticles are silver nanocubes;
the metal organic framework is ZIF-8; and
the plurality of layers of core-shell particles are provided in from 10 to 15 layers and
provide a thickness of about 1.3 um. In certain embodiments, a surface of the silver nanocubes

may be bonded to 4-methylbenzene thiol.

A second aspect of the current invention relates to the formation of the composite material
described above in the first aspect of the invention. Thus, in a second aspect of the invention,
there is described a method of forming a composite material as described above, which
method comprises:
(ci) providing a substrate having a surface and a solution comprising a solvent and core-
shell particles comprising:

a core formed from a plasmonic metal nanoparticle; and

a shell formed from a metal-organic framework; and
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(cii)  placing a portion of the solution onto the surface of the substrate and allowing the
solvent to evaporate to provide the composite material. Any suitable solvent may be used in
the solution to form the composite material. For example, the solvent may be an organic
alcohol, such as, an organic alcohol that has three or more carbon atoms, where the carbon
atoms may be presented in a linear chain or branched. In particular embodiments of the
invention that may be mentioned herein, the organic alcohol may be a mono-ol that has a
boiling point of from 80 °C to 120 °C, such as a boiling point between 90 °C and 100 °C.
Without wishing to be bound by theory, itis believed that the homogeneity in platform thickness
and close-pack arrangement of particles are achieved by controlled slow drying with the
selected solvent (e.g. an organic alcohol, such as a mono-ol that has a boiling point of from
80 °C to 120 °C). An example of a suitable organic alcohol that may be used in this method is

1-propanol.

In an example of the process, the concentration of the core-shell particles in the solution may
be from 0.5 to 20 mg/mL and the substrate may have a surface area of from 0.5 x 0.5 cm. As
will be appreciated, as the surface area of the substrate is changed (up or down), the
concentration of the core-shell particles in the solution may be adapted to provide the desired
properties for the resulting composite material. Said changes will be readily accomplished by

the skilled person using simple trial and error and/or their own general knowledge of this field.

The method described above may allow the formation of a composite material (for e.g. a 3D
plasmonic SERS platform) that is homogeneous in thickness over a large area (mm scale).
These characteristics may make it easier when using stand-off conditions to align the
composite material with the laser, as well as providing improved reproducibility of the results
obtained. This is because it is difficult to reproducibly ensure that a laser hits a very small
target area on a composite material from the distance used under stand-off conditions. The
ease of alignment and reproducibility of results are demonstrated by Example 1 and Figure
1C. The described method may also provide a composite material having a close-packed
arrangement. For example, the formation of Ag@ZIF particles where the Ag particles are
packed within interparticle distance <10 nm, may allow intense plasmonic coupling that forms
SERS hotspots (and hence provides strong SERS signals). As noted above, the solvent may
be an organic alcohol, such as a mono-ol that has a boiling point of from 80 °C to 120 °C. In
an embodiment of the method that may be mentioned herein, the solvent may be 1-propanol.
As noted above more generically for organic mono-ols that have a boiling point of from 80 °C
to 120 °C, it is believed that the homogeneity in platform thickness and close-pack

arrangement of particles are achieved by controlled slow drying with the solvent 1-propanol.
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In a third aspect of the invention, there is provided an alternative composite material. Thus,
there is provided a composite material suitable for use in surface-enhanced Raman scattering,
the material comprising:

a substrate layer having a surface;

a plurality of layers of plasmonic metal nanoparticles formed on the surface of the
substrate layer, wherein:

the plurality of layers of plasmonic metal nanoparticles provide a thickness of from 0.3

to 10 um on the surface of the substrate layer.

Unless otherwise stated, the definitions used hereinbefore also apply to this aspect of the
invention and so will be omitted for brevity. For example, the plasmonic metal nanoparticles
in this aspect may be selected from the plasmonic metal nanoparticles discussed above, which
are used to form the core of the core-shell particles in the first aspect of the invention. For
example, the plasmonic metal nanoparticles may have any suitable size (e.g. edge length),
such as a size of from 100 nm to 1,000 nm, such as from 150 to 500 nm, such as from 170 to
250 nm. The plasmonic metal nanoparticles may be “naked” metal nanoparticles, or they may

be bonded to 4-methylbenzene thiol, which may act as an internal standard.

In certain embodiments, the plurality of layers of plasmonic metal nanoparticles alone may
provide a thickness of from 0.4 to 1.5 ym, such as from 0.5 to 1 um, on the surface of the

substrate layer.

In certain embodiments of the third aspect of the invention, the composite material may further
comprise a layer of a metal-organic framework, which is formed on a surface provided by the
plurality of layers of plasmonic metal nanoparticles. Similarly, the MOF used as an
independent layer may simply be selected from the MOFs disclosed above in respect of the
first aspect of the invention, as may the substrate layer. In such embodiments, the total
thickness of the plurality of layers of plasmonic metal nanoparticles and the layer of a metal-
organic framework may be from 0.4 to 10 um (e.g. from 0.4 to 1.5 um, such as from 0.5 to 1

pMm) on the surface of the substrate layer.

As noted above, the plasmonic metal nanoparticles may be presented as a plurality of layers
(e.g. 2, 3, 4, 5 etc) on top of the substrate layer. For example, the plasmonic metal
nanoparticles may be provided in from 5 to 30 layers (e.g. from 8 to 20 layers, such as from

10 to 15 layers) of plasmonic metal nanoparticles on the surface of the substrate layer.
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The layer of a metal organic framework that is laid on top of the plurality of layers of plasmonic
metal nanoparticles may have any suitable thickness. Suitable thickness for the MOF layer
that may be mentioned herein include, but are not limited to a thickness of from 50 nm to 500

nm, such as from 100 to 300 nm, such as 200 nm.

In examples of the third aspect of the invention that may be mentioned herein, the composite
material may have one or more of the following features:

(di) the plasmonic metal nanoparticles may be silver nanocubes; and/or

(dii)  when present, the metal organic framework may be selected from one of the group
consisting of UIO-66, ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71;
and/or

(diii)  the plurality of layers of plasmonic metal nanoparticles provide from 10 to 15 layers of

plasmonic metal nanoparticles on the surface of the substrate layer.

In a particular embodiment of the third aspect of the invention that may be mentioned herein,
the composite material may be one where:

(Di)  the plasmonic metal nanoparticles are silver nanocubes;

(Dii)  when present, the metal organic framework is selected from one of the group
consisting of UIO-66, ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71; and
(Diii)  the plurality of layers of plasmonic metal nanoparticles provide from 10 to 15 layers of

plasmonic metal nanoparticles on the surface of the substrate layer.

For example the composite material of the third aspect of the invention may be one in which:
the plasmonic metal nanoparticles are silver nanocubes;
the metal organic framework is ZIF-8;

the plurality of layers of silver nanocubes are provided in from 10 to 15 layers, optionally

wherein a surface of the silver nanocubes are bonded to 4-methylbenzene thiol.

A fourth aspect of the current invention relates to the formation of the composite material
described above in the third aspect of the invention. This relates to embodiments of the
invention where the MOF does not form a coating layer on top of the plurality of layers of
plasmonic metal nanoparticles. Thus, there is provided a method of forming a composite
material according to the third aspect of the invention where a layer of MOF is not present
(and any technically sensible combination of its embodiments), which method comprises:

(ei) providing a substrate having a surface and a solution comprising a solvent and

plasmonic metal nanoparticles; and
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(eii)  placing a portion of the solution onto the surface of the substrate and allowing the
solvent to evaporate to provide the composite material. Any suitable solvent may be used in
the solution to form the composite material. For example, the solvent may be an organic
alcohol, such as, an organic alcohol that has three or more carbon atoms, where the carbon
atoms may be presented in a linear chain or branched. In particular embodiments of the
invention that may be mentioned herein, the organic alcohol may be a mono-ol that has a
boiling point of from 80 °C to 120 °C, such as a boiling point between 90 °C and 100 °C. An

example of a suitable organic alcohol that may be used in this method is 1-propanol.

A fifth aspect of the current invention relates to the formation of the composite material
described above in the third aspect of the invention. This relates to embodiments of the
invention where a MOF forms a coating layer on top of the plurality of layers of plasmonic
metal nanoparticles. Thus, there is provided a method of forming a composite material
according to the third aspect of the invention where a layer of MOF is present (and any
technically sensible combination of its embodiments), which method comprises:

(fi) placing a substrate coated with a plurality of layers of plasmonic metal nanoparticles
into a solution comprising a solvent, a metal organic framework metal salt precursor and a
metal organic framework organic precursor compound to form an intermediate material;

(fii) removing the intermediate material from the solution, washing and drying it; and

(fii) repeating step (fi) and (fii) from 0 to 5 times with the intermediate material to form the
composite material. Any suitable solvent may be used in the solution used in this method. For

example, the solvent may be an organic alcohol, such as methanol.

The substrate coated with a plurality of layers of plasmonic metal nanoparticles may be

obtained by use of the method described in the fourth aspect of the invention.

As will be appreciated, the composite materials disclosed above may be used in the detection
of a gas or a volatile organic chemical (VOC). As such, in a sixth aspect of the invention, there
is disclosed a kit of parts comprising:

(bi) a composite material as described in the first and third aspect of the invention
(and any technically sensible combination of their embodiments); and

(bii)  an excitation and detection means or apparatus.

Any suitable excitation and detection means or apparatus may be used. For example, the
excitation and detection means or apparatus may comprise a spectrophotometer, a laser and

alens.
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While not necessary, the kit of parts may also include a target housing for the composite
material. Said target housing may help to reduce environmental factors that may affect a
reading obtained from the device (e.g. reducing the influence of wind and background light

etc. on the reading).

As intimated above, the composite materials disclosed herein may be particularly suitable for
use in the detection of gasses and volatile organic compounds. Thus, in a seventh aspect of
the invention, there is provided a method of detecting one or more of a gas and a volatile
organic chemical, the method comprising the steps of:
0] placing a composite material as described in the first or third aspects of the invention
(and any technically sensible combination of their embodiments) at a target site for a period
of time;
(i) using an excitation and detection means or apparatus to provide an excitation signal
to the composite material at the target site; and
(i) detecting a surface-enhanced Raman scattering signal produced by the excitation
signal in the composite material at the target site and determining whether the one or more of
a gas and a volatile organic compound is present in the composite material, wherein

the detection means or apparatus is set at a distance of from 1 to 20 metres away from

the composite material at the target site.

The target site may simply be a volume of space immediately surrounding the composite
material. Alternatively, it may refer to a space defined by a target housing, which contains the
composite material. Any suitable size or shape can be used for the target housing, if it is

present, though it may conveniently be an open-box shape.

The detection means or apparatus may be set at any suitable distance from the target site.
For example, the detection means or apparatus may be set at a distance of from 2 to 10
metres away from the composite material at the target site. The described method hence
allows remote detection or stand-off detection of chemicals without close contact with the
target. This is valuable for applications such as low-profile monitoring, civil defense and

environmental control.

The composite materials described herein may be useful in detecting one or more of CO, COx,
H.S, SOy and small volatile organic compounds selected from one or more of the group
consisting of aromatic hydrocarbons, and aliphatic compounds having up to 10 carbon atoms
in a linear chain. For example, the composite materials described herein may be useful in

detecting one or more of CO», H>S, SO, and small volatile organic compounds selected from
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one or more of the group consisting of xylene, 4-methylbenzenethiol, toluene, and

naphthalene (e.g. 4-methylbenzenethiol, toluene, and naphthalene).

The detection method may make use of any composite material described hereinbefore.

The composite material as described herein may provide a multi-layered SERS platform that
possesses micron-scale large hotspot depth and good analyte-sorbing ability. As
demonstrated in Example 4, the composite material may be a AG@MOF platform that is
coupled with a stand-off Raman system for remote detection of airborne species, with
sensitivity at parts-per-billion (ppb) level at 2 - 10 meters away. The Ag@MOF platform
displays superior sensitivity and response time in the detection of airborne chemicals over
other Ag-MOF configurations, as illustrated in Examples 2 and 4. In addition, the Ag@MOF
platform demonstrates remote air monitoring applications, as it is able to rapidly track chemical
changes in atmospheric content when CO, and N, gases are exposed to the platform in
repeated cycles (see Example 5). Notably, as shown in Example 6, the Ag@MOF platform
achieves real-time and remote multiplex quantification of polycyclic aromatic hydrocarbons

(PAH) mixtures even in strong outdoor daylight background and ambient air.

Further advantages associated with the described composite materials over existing methods,
devices or materials are described below. The advantages may also be associated with the

kit of parts comprising the composite material as described herein.

The composite materials disclosed herein may not require a high laser power to retrieve
Raman fingerprints from remote distances (e.g. 2-10 meters). As demonstrated in Example 4
below, the Ag@MOF platform requires only < 55 mW of laser power instead of > 400 mW in
remote Raman analysis and detection. This reduces the risks of damaging the operator’'s eyes

and skin.

The composite materials disclosed herein are able to retrieve molecule fingerprints of highly
dispersed airborne chemicals in both gaseous and aerosolized form, which features a huge
advancement over normal remote Raman spectroscopy that mainly detects pure solids and

liquids.

As mentioned hereinbefore, the composite materials disclosed herein may possesses micron-
scale large hotspot depth and good analyte-sorbing ability. Current 2D nanometer-scale SERS
substrates have low hotspot volume which makes them unusable for stand-off SERS sensing

of airborne molecules. Indeed, a typical stand-off Raman system with a large focal depth (mm
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to cm) is often underutilized due to the shortage of plasmonic hotspots along the z-direction
of common nanometer-thick 2D SERS platforms, which are designed for microscopic systems
with sub-micrometer resolution. Such an inefficient utilization of stand-off laser excitation
volume will lead to poor signal read-out due to the signal contribution from ambient

interference present in the laser volume.

When present in the composite material, the embedded molecular-sorbing MOF layer may
provide active and efficient sorption of airborne species in the ambient environment, allowing
their rapid identification within < 10 seconds. This is a significant improvement over
conventional molecule collection methods using electrodeposition or an ultralow temperature
(e.g. -80°C).

A commercial application of the described composite material is in forming a miniaturized
remote SERS sensor for continuous real-time atmospheric monitoring, including detection of
airborne toxins, biohazards, leaked gases or explosives with specific fingerprints. Detection
can occur within a few seconds to a few minutes upon the introduction of foreign gaseous
molecules, which is much faster than conventional gas sensors. Therefore, potential disasters
can be detected early and prompt preventive actions can be taken. The remote SERS
detection system can be widely applicable in multiple enclosed or open facilities, including

train stations, airports or even forests and seaside areas.

While the composite materials disclosed in the examples below make use of Ag nanocubes,
with or without ZIF-8, it will be appreciated that other configurations may be used. Whether
that is a plurality of layers of metal nanoparticles alone (using any of the metals disclosed
herein), a combination of a plurality of layers of metal nanoparticles topped by a layer of a
MOF or, more particularly, a plurality of layers of core-shell particles that have a metal
nanoparticle core and a MOF shell. For example, the MOF material may be selected based
on the desired application and target analyte. As will be appreciated by a skilled person, some
MOFs have a higher selectivity to certain gasses over others. The MOF may also act as a
filter membrane to extract the target gases. Examples of such MOFs and analytes are listed
in Table 1.

Table 1: MOFs’ selectivity towards gaseous analytes
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Metal-organic-framework | More selective towards Reference
(MOF)
ZIF-8 CO2, small VOCs < 10- | ACS Nano 2019, 13, 10,

carbon chains, mono-/bi- | 12090-12099

cylic aromatic hydrocarbons

kag-MOF-1 COg2, H2S Chem. 2017, 2(1), 52-80

MFM-300 SOz J. Mater. Chem. A, 2018, 6,
5550

HKUST-1 Xylene Anal. Chem. 2016, 88, 24,
12234-12240

SIFSIX-1-Cu SOz Adv. Mater. 2017, 29,
1606929

Further aspects and embodiments of the invention will now be described by reference to the

following non-limiting examples.

Examples

Chemicals

Silver nitrate (= 99 %), anhydrous 1,5-pentanediol (PD, = 97 %), poly(vinylpyrrolidone) (PVP,
average MW = 55,000), decane (= 98 %), zinc nitrate hexahydrate (reagent grade, 98 %), 2-
methylimidazole (99 %), 1H,1H,2H,2H-perfluorodecanethiol  (PFDT;, 97 %),
Methylbenzenethiol (4-MBT, 98%), naphthalene (99%), 1-propanol (anhydrous, 99.7%) were
purchased from Sigma Aldrich; copper (I} chloride (= 98 %) was from Alfa Aesar; methanol
(ACS reagent, = 99.8 %) was from J.T.Baker®; ethanol (ACS, I1SO, Reag. Ph Eur) and
ammonia (ACS, Reag. Ph Eur) was from EMSURE®; dimethylformamide (HPLC grade) was
obtained from Fisher Scientific; nitrogen (N2; ALPHAGAZ 1; 99.999 %) and carbon dioxide
(COz; ALPHAGAZ 1; 99.99 %) were purchased from Singapore Oxygen Air Liquide Pte Ltd.
All chemicals were applied without further purification. Milli-Q water (> 18.0 MQ. cm) was

purified with a Sartorius Arium® 611 UV ultrapure water system.

General Procedure 1: Synthesis, purification and characterisation of Ag nhanocubes

The preparation of silver (Ag) nanocubes were carried out according to the polyol method
described in literature (Angewandte Chemie International Edition 2014, 53 (20), 5054-5058).
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Briefly, 10 mL each of copper (ll) chloride (8 mg/mL), poly(vinylpyrrolidone) (20 mg/mL) and
silver nitrate (20 mg/mL) were separately dissolved in 1,5-pentanediol. The chemicals were
sonicated and vortexed repeatedly to dissolve them. 35 UL copper (ll) chloride solution was
then added to the silver nitrate solution. Then, 20 mL of 1,5-pentanediol in a 100 mL round
bottomed flask was heated to 190 °C for 10 min. 250 uL poly(vinylpyrrolidone) precursor was
added to flask dropwise every 30 s while 500 L silver nitrate precursor was injected every
minute using a quick addition. The addition process continued until the greenish coloration of

the reaction mixture faded off.

For the purification of Ag nanocubes, 1,5-pentanediol was first removed from the mixture
through centrifugation. The Ag nanocubes solution was then dispersed in 10 mL ethanol and
100 mL aqueous poly(vinylpyrrolidone) solution (0.2 g/L). The resulting solution was vacuum
filtered using Durapore® polyvinylidene fluoride filter membranes (Millipore) with pore sizes
ranging from 5000 nm, 650 nm, 450 nm and 220 nm, repeated several times for each pore

size. The Ag nanocubes were then redispersed in ethanol (~5 mg/mL) and stored in fridge.
The as-synthesized Ag nanocubes and their size distribution were characterized by SEM
(Figure 5). The nanocubes have an edge length of 121 £ 5 nm, which provides strong SERS

enhancement arising from their sharp tips and edges.

4-Methylbenzenethiol (4-MBT) functionalization of Ag nanocubes

The removal of the surfactant (such as poly(vinylpyrrolidone) from Ag nanocubes surface was
done by functionalizing the as-synthesized Ag nanocubes with 4-MBT. The as-synthesized Ag
nanocubes (as prepared from General Procedure 1) were immersed in 5 mM of 4-MBT

methanolic solution for at least 3 hours.

HCI treatment of Ag hanocubes

The removal of surfactant (such as poly(vinylpyrrolidone) from Ag nanocubes surface was
carried out in accordance with method described in literature (Anal. Chem. 2011, 83 (11),
4178-4183). This is to provide a featureless SERS background in the region of 600 to 1700
cm' which is necessary for accurate analyte detection. 100 L of purified Ag nanocubes in
ethanol suspension (10 mg/mL; as prepared in General Procedure 1 was added to 5 mL
hydrochloric acid (0.01 M) in water with stirring. After 3h, the Ag nanocubes colloidal

suspension was then washed with copious amount of pure water and ethanol to remove
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excess HCI. The HCI-treated Ag nanocubes were subsequently re-dispersed in ethanol for

further use.

Either 4-MBT functionalization or HCI treatment can remove the surfactants. Nonetheless, 4-
MBT functionalization will form a layer of 4-MBT probe on the surface. This is for
characterization or detection experiment that needs 4-MBT signals as ‘internal’ standards to
base on. HCI treatment will only remove the surfactant and leave a clean surface. This is for
experiments where ‘internal’ 4-MBT signals is not required, such as the detection of 4-MBT,

or toluene and naphthalene from the external environment.

General Procedure 2: Synthesis of AQ@MOF particles (Ag@ZIF core-shell)

Using a ZIF overgrowth method, polycrystalline AG@MOF particles with a continuous ZIF
coating at a thickness of 44 + 5 nm were synthesized. 250 uL of Zn(NOs)2 (25 mM) was added
to a vial of 1.3 mL methanol and stirred at 500 rpm for 5 minutes. 250 yL of methanolic 2-
methylimidazole (50 mM) was then added, followed by the immediate addition of 200 uL Ag
nanocubes solution (4.7 mg/mL, Ag nanocubes were prepared in accordance with General
Procedure 1 and can be functionalized with 4-MBT to provide an internal standard, or HCI-
treated to remove surface groups). The mixture was stirred for another 90 minutes at 500 rpm.
Excess reagents were removed by centrifugation and the core-shell particles were then
washed twice with methanol and then finally re-dispersed in methanol. Methanol is the
preferred solvent for storing the core-shell particles. Shortly before preparing the multilayer
platform (as describe in Example 1), the core-shell particles were transferred to 1-propanol by

centrifugation and sonication

The as-obtained core-shell particles were characterized by SEM (Figure 1A(i) and (ii)), TEM
(Figure 7) and 3D x-y-z SERS (Figure 1A(iii)). The TEM images indicate that the Ag cubes
form close-packed structures that allows tip-to-tip and edge-to-edge plasmonic coupling,
despite the MOF coating on each individual AG@MOF particle.

Activation of substrates

All MOF-modified substrates were thermally activated to remove any solvent molecules within
its pores by heating the substrate under vacuum at 120°C for 2 hours. The substrates were

used immediately after activation for the detection experiments described below.
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The activation step is intended to withdraw existing molecules in the SERS platform including
pores of MOF so that the SERS platform may “host” and detect new “guest” molecules. The
temperature should not exceed 140°C because MOF materials may degrade at temperatures
above 140°C.

Preparation of 3D-printed chamber

3D models were designed in AutoDesk 3Ds Max 2016, and exported to and printed with
FormLabs 1+ 3D printer using clear resins FLO2. The chamber was designed such that the
airborne analyte can be sprayed into from top down. The chamber interior and the laser source
(objective lens) is separated with a quartz slide to limit chemical dispersion in lab-based
experiments. For Example 6 (outdoor experiments), the quartz slide is removed to minimize

loss of laser power and signal intensity.

General methods

Scanning electron microscope (SEM) imaging was performed using JEOL-JSM-7600F
microscope. SEM images of Ag@MOF particles are overlapping images of two sets of images
with the same magnification, taken with (1) secondary electron imaging (SEl) mode which
reveals the MOF coating, and (2) low-angle backscattered electrons (LABE) mode which
reveals the Ag core, to fully visualize the core-shell structure in 3D. Tilted SEM image was
performed at 10° tilt angle (Figure 1A(ii)). Transmission electron microscope (TEM) imaging
was performed using JEOL-2100 at an accelerating voltage of 200 kV. UV-vis spectra were
measured with Cary 60 UV-vis spectrometer. Substrate X-ray diffraction patterns were
recorded on a Bruker GADDS XRD diffractometer with Cu Ka radiation. Stand-off SERS was
performed on a portable stand-off Raman spectrophotometer with a mounted 200 mm Nikon
lens, at < 55 mW laser power, 532 nm wavelength, 1 mm x 1 mm x 3.9 mm laser volume
(Technospex Pte. Ltd, Singapore). Hyperspectral SERS imaging were performed using x-y, x-
z and x-y-z hyperspectral imaging mode of the Ramantouch microspectrometer (Nanophoton
Inc., Osaka, Japan) with an excitation wavelength of 532 nm and laser power of 0.06 mW. A
100x objective lens (N.A 0.90), 20x objective lens (N.A 0.45) and a 4x objective lens (N.A
0.13, for large scale imaging) with 1 s acquisition time was used for data collection. For x-y-z
image, original data was obtained over 400 horizontal pixels and cropped to ~ 150 horizontal

pixels.

Determining the laser focal depth of stand-off instruments
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A substrate of 100 nm fluorescent microspheres is positioned at 2 meters from the stand-off
instruments, the substrate was then moved along the z-axis forward and backward a few
centimeters from the original position. The full-width half-maximum (FWHM) of the intensity

profile was then obtained.

Example 1. Assembly and characterization of 3D Ag@MOF SERS platform formed by
assembling Ag@MOF nanocubes into multilayered substrates (substrate 1 / AG@MOF

substrate)

The 3D Ag@MOF platform was fabricated by the self-assembly of Ag@MOF particles into a
multilayered ensemble by drying a droplet containing 5 mg/mL Ag@MOF solution at ambient

conditions, as shown in Figure 6.

0.5 cm x 0.5 cm Si (100) substrates were cleaned prior to assembly of Ag nanocubes using
oxygen plasma (FEMTO SCIENCE, CUTE-MP/R, 100 W) for 5 minutes. 20 pL of the 1-
propanol solution of Ag@MOF particles (with concentration of 5 mg/mL as prepared in General
Procedure 2) was dispensed via pipette on the substrates and let dry in a controlled manner.
Typically, the substrate was dried indoors at room temperature without exposure to external
elements such as wind and light, which allows slow and controlled removal of 1-propanol due

to its relatively high boiling point.

The resulting platform was characterized by SEM, briefly, a multilayered substrate was cut
into half using a glass cutter. The cut piece was positioned 90° away from the top down
electron beam such that the cut side was exposed. According to the SEM images, the
platform is a 1.3 £ 0.2 um thick (10-15 layers) close-packed assembly of multiple Ag cores
within a collective MOF shell structure (Figures 1A(ii), 7) with an interparticle distance of < 10
nm. The small interparticle distance is advantageous for SERS application because it allows
strong plasmonic coupling among neighboring Ag cubes to form intense SERS hotspots for
ultrasensitive sensing. The platform is homogenous in thickness over a large area (mm scale),
as shown in cross-section SEM images, providing ease of alignment especially from stand-off

distances (because it is hard to control laser point to a specific spot).

The 3D Ag@MOF platform was then characterized in terms of SERS hotspots using confocal
Raman microscopy. 4-methylbenzenethiol (4-MBT) was employed as the probe molecule due
to its strong and distinct vibrational fingerprints at 1077 cm (vecs, Bccc) for SERS

characterization/imaging. Hyperspectral x-y-z SERS imaging reveals the 3D SERS active
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volume of the multilayered platform (Figure 1A(iii)), clearly indicating that plasmonic hotspots

are intense and distributed homogeneously over all spatial directions.

The relative standard deviation (%RSD) of SERS intensity using the 3D Ag@MOF platform is

only < 9 % over a large x-y area of several mm?2, and < 10 % along its x-z plane (Figure 8).

The Ag@MOF platforms, before or after thermal activation, contain unique XRD patterns of
both MOF (ZIF-8) and Ag nanocubes. This indicates the successful formation and the high

stability of Ag@MOF platform during thermal activation and reaction.

Effect of particle concentration on thickness of 3D Ag@MOF platform

The thickness of the 3D SERS platform varies depending on the concentration of Ag@MOF
particles added. By varying the concentration from 0.5 to 20 mg/mL, platforms of varying

thickness from 0.1 um to 10 um were fabricated.

The concentration of Ag@MOF particles required also varies when used on varying areas of
Si substrates for the same Ag@MOF thickness. For example, if a larger substrate is used, a

higher concentration of Ag@MOF particles is required to obtain the same thickness.

Effect of 3D Ag@MOF platform thickness on SERS active depth

Ag surfaces was modified with 4-MBT and x-z hyperspectral SERS imaging were performed
on various MOF-SERS platforms with thickness ranging from ~ 0.2 £ 0.1 um (1-2 layers) to
9.2 £ 0.8 um (40-45 layers, Figures 1C, 10). The effective SERS-active depth was determined
using the FWHM value of SERS intensity-distance profile obtained during x-z SERS imaging.

Notably, the SERS-active depth increases from 0.5 uym to 1.2 ym as physical platform
thickness increases from 0.2 um (1-2 layers) to 1.3 pm (10-15 layers). The hotspot thickness
eventually plateaus at ~ 1.2 um (Figure 1D) even when platform thickness increases beyond
1.3 um. This highlighted the importance of thicker SERS platforms to larger SERS hotspot

volume to better utilize the laser excitation volume as compared to thin platforms (Figure 1C).

Example 2: Extent of 4-MBT penetration on the 3D Ag@MOF platform, as compared to other

SERS platforms, measured using confocal Raman microscopy
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The analyte-sorbing capability of the 3D Ag@MOF platform were compared with two other 3D
SERS platforms involving (1) pre-assembled Ag nanoparticles top-coated with a MOF layer (~

200 nm) and (2) pre-assembled Ag nanoparticles without MOF.

Experimental

A multilayered Ag nanocube substrate (2) was assembled by the following procedure. 0.5 cm
x 0.5 cm Si (100) substrates were cleaned prior to assembly of Ag nanocubes using oxygen
plasma (FEMTO SCIENCE, CUTE-MP/R, 100 W) for 5 min. 20 pL of the 1-propanol solution
of Ag nanocubes (after filtration, with concentration of 0.5 — 20 mg/mL Ag nanocubes,
prepared according to General Procedure 1 and stored initially in ethanol solvent and re-
dissolved in 1-propanol by centrifugation and sonication shortly before multilayer substrate
assembly) was dispensed via pipette on the substrates and let dry. The coated substrate was
submerged in hydrochloric acid (0.01 M) for 3 hours to remove PVP surface groups on Ag

nanocubes. Multilayered Ag nanocube substrate (2) was obtained.

A multilayered Ag nanocube substrate top-coated with ZIF film (1) was assembled by
performing ZIF coating on the multilayered Ag nanocube substrate (2). 2 ml of methanolic
Zn(NQOs)2 (25 mM) was added to 2 ml of methanolic 2-methylimidazole (mIM; 50 mM) and
mixed quickly for 5 s. For one growth cycle, the Ag nanocube substrate (2) (9~10 layers, ~5
mg/mL Ag nanocube solution) was immersed in the solution for 40 minutes, and then washed
with copious amount of methanol and dried with nitrogen gas several times to remove excess
ZIF crystals. The procedure was repeated 2 more times using fresh Zn(NO3); and 2-
methylimidazole solutions to obtain ZIF film of ~ 200 nm (standardized Ag/MOF ratio with
Ag@MOF platform). The ZIF film on multilayered Ag nanocube substrate (1) achieves a
thickness of 1.3 ym with ~10 layers of Ag cube and 200 nm MOF.

All SERS platforms were initially exposed to gaseous 4-MBT for 2 h and upon saturation,
characterized in terms of SERS hotspots using confocal Raman microscopy. Specifically,
each SERS platform was placed in a 3D-printed chamber containing 0.5 g solid 4-MBT (which
sublime during the exposure). The 3D-printed chamber was prepared according to procedure
“Preparation of 3D-printed chamber for airborne chemicals® and has a volume of 5cm x 5 cm
x 5 cm (0.125L). The SERS platforms were collected after 2 hours (when the absorption has
achieved saturation) and subjected to confocal x-z hyperspectral imaging to determine the
penetration depth of gaseous 4-MBT. They were analyzed by tracking the signature 4-MBT

signal (at 1077 cm") along the z-direction to determine the penetration depth of analyte
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molecules into respective platforms. SERS spectra were obtained with time-lapsed mode

every 10 second with 10 second collection time.

Results and Discussion

Using 4-MBT’s characteristic band at 1077 cm-', it was observed that AQ@MOF platform
allows deepest analyte penetration with a depth of 1.3 £+ 0.1 um (or 1.27 £ 0.1 um), as
determined by the full-width half-maximum (FWHM) of the SERS intensity-distance profile
scanned along the x-z plane (Figures 1B, 9). In contrast, the two control platforms exhibit > 2-
fold shorter penetration depths at ~0.5 £ 0.1 ym. These observations affirm that the
multilayered Ag@MOF is able to absorb analyte molecule more efficiently, thereby giving the

higher apparent penetration depth.

Without wishing to bound by theory, the better performance of multilayered AG@MOF platform
was attributed to its porous and more homogeneous distribution of analyte-sorbing MOF
moiety throughout the whole platform, which allows airborne molecules to populate the entire
3D hotspot volume. On the other hand, Ag assembly top-coated with MOF (1) does not
possess MOF moiety throughout its z-direction and it can only absorb molecules at its top
layer. Bare Ag assembly without MOF platform (2) does not have any analyte capturing ability

and only relies on chemisorption of 4-MBT on Ag surfaces.

It is believed that one additional factor contributing to the intensity or better performance is
that the MOF coating in Ag@MOF enables a more spaced assembly, which allows better laser

penetration than the highly close-packed assemblies in other platforms.

Example 3: Effect of 3D Ag@MOF platform thickness on SERS enhancement factor (SERS
EF) using stand-off SERS detection

Stand-off SERS detection was realized by integrating the 3D Ag@MOF platform with a stand-
off Raman system with large collection volume of 1 mm x 1 mm x 3.9 mm for x, vy, z,
respectively. 4-MBT signals across AGQ@MOF platforms (pre-modified with 4-MBT) of various

thicknesses were measured.

Experimental

The overall set-up of the stand-off SERS system is depicted in Figure 2A. The optical set-up

of the stand-off Raman system with excitation and collection beam aligned in the same path



WO 2021/021024 32 PCT/SG2020/050438

is depicted in Figure 11. A portable stand-off Raman spectrophotometer that couples the
excitation laser and collection light through the same path via a camera lens was employed.
This provides automated alignment and better flexibility for on-site measurements than other
telescopic systems whereby laser is excited from a different angle and requires tedious re-
alignment for every sample. SERS spectra were obtained with time-lapsed mode every 1

second with 1 second collection time for characterization of 4-MBT pre-modified substrates.

The stand-off SERS system was positioned at a distance of 2 meters (which is also the default
distance used for subsequent examples, unless otherwise stated) from a 3D-printed chamber
carrying the Ag@MOF platforms. The 3D-printed chamber were prepared according to
procedure “Preparation of 3D-printed chamber for airborne chemicals” and has a volume of 5
cmx5cmx5cm (0.125L0).

Ag@MOF platforms of varying thickness from 0.2 ym to 9.2 pm (prepared according to
Example 1, wherein the Ag nanocubes were functionalized with 4-MBT) were used to compare
SERS signal intensity.

Results and Discussion

Table 2: The measured stand-off intensity (Isers) of 4-MBT across pre-functionalized platforms

of different thickness.

Platform 0.3 0.7 1.3 41 9.2
thickness
(um)

Isers 237 638 1041 991 1026
(counts)
Isolution 62.8 (1884 seconds over 30 seconds, 1M 4-MBT solution)

(counts)

The SERS EF for multilayered Ag@MOF platform was calculated from the formula below. The
4-MBT molecules were assumed to be assembled as a monolayer on the particle surface.
SERS EF = Isers/lsotution * Nsolution/Nsers,

where:

Isers and lsowtion represent the stand-off intensities obtained from platforms of varying thickness

and a 1M 4-MBT solution, respectively;
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Nsowtion represents number of molecules in solution within the measured laser spot (laser spot
diameter = ~ 1 mm; focal depth = ~ 3.9 mm); and
Nsers represents number of 4-MBT molecules on surface of Ag cubes within the measured

laser volume.

A ~5-fold increase in intensity was observed when the MOF-SERS platform thickness
increases from 0.2 um to 1.3 um (237 + 30 counts to 1041 + 150 counts), which corresponds
to an increment of stand-off SERS EF from 3.5 x 10° to 6.4 x 10° (Figure 2B).

The stand-off SERS signal intensity and calculated EF plateaus at ~ 1000 counts and ~6.2 x
108 as the platform thickness increases further from 1.3 um to 4.1 um and 9.2 um. This stand-
off result is in agreement with the aforementioned trend in confocal SERS imaging in Example
1, affirming that the optimal thickness for multilayered Ag@MOF platform based on the
imaging system used hereinis 1.3 um, equivalent to 10-15 layers of AG@MOF particles (which
is the platform thickness used in subsequent examples. Overall, the finding indicates that thick
Ag@MOF platforms with micron-size hotspot volume are essential to maximize the hotspot
population within the laser collection volume and further boost the SERS intensity of target

molecules.

Example 4: Stand-off SERS detection and quantification of aerosolized and gaseous 4-MBT
using the 3D Ag@MOF platform

To demonstrate the ability to detect airborne species using the 3D Ag@MOF platform and the
stand-off SERS system of Example 3, aerosolized 4-MBT (500 ppm) were introduced near the
platform and the time-dependent and stand-off SERS responses from the analyte molecules
were concurrently measured. This experiment was performed using Ag nanocubes cleaned
with HCI and not using Ag particles that were pre-modified with 4-MBT to ensure a more

accurate evaluation on the overall sorption kinetics of AG@MOF ensemble (Figure 2C).

SERS detection of aerosolized chemicals

Solutions of analytes (e.g. 4-MBT) were loaded into commercially available ‘Nano Handy Mist
Spray’ (SKG brand), and expelled out as aerosols. It was estimated that 1 second of spraying
produces a total of 50 uL of airborne aerosol. Aerosols were introduced into the 3D-printed
chamber using the mist sprayer from the top opening. The SERS platforms were mounted at

one side of the walls of the 3D-printed chamber.
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Stand-off SERS measurement was performed in-situ for the entire duration (before, during
and after spraying of airborne analytes). SERS spectra were obtained with time-lapsed mode
every 10 seconds with 10 seconds collection time for detection of airborne 4-MBT. About 5-

10 SERS spectra were averaged and baselined for each analyte concentration.

To measure the distance-dependent signal intensity at different distances, the detection were
performed at 2 meter to 4, 6, 8 and 10 meters away from the lens (Figure 13) and signals were

recorded. Spectra when the substrate was saturated were analyzed for intensity.

SERS detection of gaseous 4-MBT

Instead of aerosolized 4-MBT, 0.5 g solid 4-MBT was put in the chamber. Stand-off SERS
measurement was performed in-situ as the solid sublimed. SERS spectra were obtained with

time-lapsed mode every 10 second with 10 second collection time.

Results and Discussion

The multilayered Ag@MOF platform rapidly recorded 4-MBT SERS signature within 10 s,
which gradually reaches an intensity of >5000 counts within 30 s (Figure 2D) of aerosol

exposure.

In contrast, control platforms as discussed in Example 2 comprising of pre-assembled Ag top-
coated with MOF (comparative substrate (1)) and pre-assembled Ag without MOF
(comparative substrate (2)) exhibited 6-fold poorer signals within similar time periods of 30 s
(Figure 2D). Using a Lagergren pseudo first-order adsorption kinetics, it was found that the
multilayered Ag@MOF platform displays the highest sorption constant of k = 55 ms-!, which
is 10-fold higher than the other control platforms. It is also noteworthy that no signal was
detected in the absence of plasmonic particles, indicating that normal stand-off Raman

detection is inapt for airborne analyte detection (Figure 2D).

The 4-MBT intensity obtained in the detection of gaseous 4-MBT between different substrates
is shown in Fig. 12. The combined results from aerosolized and gaseous analytes demonstrate
the better analyte sorptivity and corresponding SERS sensitivity of multilayered Ag@MOF
platform over other platform configurations towards the detection of airborne species in both

aerosolized and gaseous forms.

Effect of stand-off distance on signal intensity
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The detection of analytes at further distances exemplifies the potential of the platform for use
in real-life detection tasks at border, river or mountainous geographical areas. Detection was
performed at 2 meter to 4, 6, 8 and 10 meters away from the lens and signals are recorded to

measure the distance-dependent signal intensity at different distances.

The platform exhibits 4-MBT signals at extended stand-off distances from 2 meters up to 10
meters and outperforms the normal stand-off Raman detection at every distance (Figures 2E,
Figure 13).

While the signal intensity decreases with distance (Raman intensity « 1/d?), these results was
achieved using a 8-fold lower laser power (<55 mW) instead of other common stand-off
Raman techniques with ultrahigh laser power of > 400 mW. This feature is a significant
advancement in stand-off Raman spectroscopy, especially in enhancing safety for the

operator’s eye and skin.

Detection limit and signal consistency

The platform can detect down to 50 ppb of aerosolized 4-MBT (corresponding to the airborne
concentration of a pulse of aerosolized 4-MBT), at which =100 counts of distinct 4-MBT’s
vibrational signature at 1077 cm! were observed (Figure 14). This detection limit corresponds
to a high analytical enhancement factor (AEF) of 5 x 10%. The AEF was calculated by the

formula below:

AEF = [(Isers) / (Iraman)] * [(Craman) / (Csers)],

where Csers and Craman are the corresponding concentrations of the stock solution to prepare
aerosolized 4-MBT to be measured using the platform (10-® M; 50 ppb) and normal stand-off
Raman of 4-MBT(1 M, 50000 ppm), respectively;

Isers and Iraman are the time-normalized intensities measured using SERS and normal stand-

off Raman, respectively, at their corresponding concentration.

The SERS spectra collected across different concentrations from 500 ppm to 50 ppb enables
the construction of a standard calibration curve using partial least square (PLS) regression,
which in turn allows subsequent quantification of analyte concentration (Figure 2F). The

calibration curve exhibits an ideal 0.997 linear coefficient, this demonstrates that the SERS
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substrate described herein provides a reliable platform to identify and quantify highly dispersed

molecules in air.

A stable and consistent signal intensity (relative standard deviation in intensity is < 1.8 %)
were observed for a continuous period of 300 seconds after the platform has been saturated
with 4-MBT molecules (Figure 2G). This clearly indicates that both the Ag@MOF SERS
platform and the optical instrument are highly robust and not affected by external disturbances,

such as air perturbation, that results in intensity fluctuation during prolonged measurements.

Example 5: Remote SERS sensing of CO,using 3D Ag@MOF Platform — a demonstration of

actual air monitoring with specific fingerprints and high responsiveness

One potential application of the 3D Ag@MOF platform is its usage as a highly responsive
remote air monitoring device to provide real-time readout of specific vibrational fingerprints of
small gaseous molecules that do not have specific affinity with metal surface. Commercial air
monitoring devices installed in households and buildings rely heavily on the photoelectric
method that does not provide molecular fingerprints, is prone to false alarms, and usually

requires > 15 minutes to recognize abnormal air composition.

As a proof-of-concept, the remote and real-time SERS sensing of gaseous carbon dioxide
(CO2) with high molecular specificity were demonstrated, showcasing the potential of the

platform as an ideal alternative to conventional detectors.

Experimental

The thermal-activated 3D Ag@MOF platform was positioned within a gas flow cell that was
connected to a CO, source (50 sccm and 1 atm) and SERS signals were recorded in
consecutive COz-vacuum cycles (Figure 3A). The Ag surface was pre-modified with 4-MBT to
provide an internal standard, whereby all spectra were standardized against 4-MBT’s signal
to eliminate signal fluctuations (Figure 3B). The stand-off SERS system was set up in the

same manner as in Examples 3 and 4 at a stand-off distance of 2 metres.

The gas flow cell was first flushed with N2 gas (50 sccm) for 30 min to displace air. Following
which, CO, gas (50 sccm) was flown through the gas flow cell and stopped after 15 - 20
minutes. The cell was then vacuumed for 15- 20 minutes. COz gas (50 sccm) was flown
through again and the cycle was repeated. Stand-off SERS measurement was performed in-

situ for the entire duration (time-lapsed mode every 5 minutes with 30 seconds collection time).
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Subsequent purging of the experimental set-up with N> gas and simultaneous SERS analysis
were conducted until characteristic SERS bands remain constant in the SERS spectra (30
min). All gas flows were precisely controlled using precision gas mass flow controllers (model
number MC-100SCCM-D) obtained from Alicat Scientific, Inc. All SERS spectra were
normalized between 0 (min) and 1 (max) and their SERS intensities (I) were based on the

relative intensity of 4-MBT internal standard.

Results and Discussion

As CO- exposure increases, a new broad SERS band centered at 1360 cm-! emerged rapidly
within 5 min (Figure 3B). Notably, this broad band diminishes as soon as the cell was
evacuated under vacuum. Repetitive appearance and disappearance of the 1360 cm' band
was observed when Ag@MOF SERS platform was subjected to continuous cycling between
CO; flow and vacuum evacuation, respectively. This observation clearly denotes the high
reversibility of the sorption and desorption of CO, gas molecules in the 3D Ag@MOF platform,
a feature critical for application in real-time and reusable stand-off SERS monitoring of

airborne species.

In contrast, a control experiment involving nitrogen gas (N2) does not exhibit any vibrational
feature near the 1360 cm-* region (Figure 3C). Principle component analysis (PCA, an analysis
to differentiate spectra based on algorithms applied on their spectral features) further affirms
that SERS signatures obtained when exposed to CO. or N are statistically different. The
SERS band centered at 1360 cm™'is thus attributed to the symmetric stretching mode of CO»

(vcoz2) molecules accumulated at solid-MOF interface.

Given the results, the proposed approach offers a rapid and molecular-specific recognition of
small gas molecules to prevent/minimize false positive, even for molecules that do not have
specific affinity with metal surface using their specific vibrational fingerprints. Moreover, the
proposed stand-off SERS detection gives real-time results without tedious air sampling
procedures, which is a significant advantage over conventional sensors which require pre-

concentration of gas molecules using electrodeposition or ultralow temperature (-80°C).

Example 6: Multiplex outdoor sensing of cyclic aromatic hydrocarbons using 3D Ag@MOF

Platform.

To simulate a real-life multiplex sensing scenario in air quality monitoring, a series of outdoor

detection of aerosolized mixture of (poly)cyclic aromatic hydrocarbons (PAH), naphthalene
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and toluene (Figures 4A and 4B), which are major pollutants commonly found in haze, were

performed.

Laboratory signal-to-concentration calibration for mixtures of naphthalene (Nap) and toluene
(Tol)

A signal-to-concentration calibration was first conducted under controlled Ilaboratory
conditions for various compositions of a mixture of naphthalene (Nap) and toluene (Tol),
ranging from Nap/Tol 15:85 (mol/mol, airborne concentration 850:3500 ppm, respectively) to
Nap/Tol 1:99 (49:3500 ppm) (Figure 15). Aerosolized PAH were introduced into the 3D-printed
chamber over a period of 5 second, equivalent to 250 uL. The solution used for spraying
contains 3 mL (2.61 g) of toluene and several concentrations of naphthalene (0.632 g for
Nap/Tol 15:85 sample, 0.384 g for Nap/Tol 10:90 sample, 0.19 g for Nap/Tol 5:95 sample,
0.0362 g for Nap/Tol 1:99 sample). With this the amount of each component in the stock
solution and in 250 L of aerosol can be determined, which allows the calculation of airborne
concentration in ppm (or ppb) by taking into account the volume of the chamber (0.125 L)
(Table 3).

Table 3: Airborne concentration of polycyclic aromatic hydrocarbonds (PAH) in terms of

ppm/ppb across different Nap/Tol ratios

Sample
Nap/Tol ratio 15:85 10:90 5:95 1:99
Toluene (ppm) | 3500 3500 3500 3500
Napthalene 850 515 255 49
(ppm)

By introducing the aerosol mixture in vicinity to the Ag@MOF platform, multiplex spectra
exhibiting characteristic vibrational fingerprints unique of each analytes were collected within
10 s using the stand-off SERS setup of Example 3. The SERS bands of naphthalene at 763
cm ! (&cn) and 1380 cm-' (ve.c) as well as toluene signatures at 786 cm! (d¢cn) and 1004 cm-?
(symmetric vcc ¢ing) in different intensity ratio according to the mixture composition were
observed (Figure 15A).

For instance, the intensity ratio of Nap (763 cm') / Tol (786 cm") increases from (0.12 £ 0.05)

to (0.86 £ 0.1) as the Nap/Tol ratio was increased from 1:99 to 15:85 (Figure 15), respectively.
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Such spectral features enable the accurate quantification of each component content within
the multiplex detection, as shown in the predicted PLS model and PCA score plot (Figures
15¢, 16). These results demonstrate the ability to remotely measure the concentration of
airborne molecules down to tens of ppm level, which is also the permitted threshold set by the
Occupational Safety and Health Administration (OSHA).

Stand-off SERS quantification of PAH composition in an outdoor setting

The stand-off outdoor experiment was performed in daytime before 5 pm (Singapore time) at
level 6 open area within the Division of Chemistry and Biological Chemistry, School of Physical
and Mathematical Sciences, NTU. The experimental procedures for the introduction and
detection of aerosolized analytes were performed in accordance with the procedure entitled

“SERS detection of aerosolized chemicals” in Example 4.

Real-time SERS spectra evidently display the signature vibrational signals of target molecules
amidst the background interference (Figures 4C, 4D, 17). Upon background subtraction and
baseline correction, the outdoor spectra of Nap/Tol 15:85 and 5:95 samples match well with
the calibration spectra, whereby the relative intensity ratio of Nap/Tol SERS bands at 763 cm-
/786 cm ' or 1380 cm'/1004 cm-' were in line with those in the calibration graph (Figures 4E,
18).

This result clearly showcases the first stand-off SERS sensor capable of remotely quantifying
multiple airborne species in both lab-based and outdoor environments at high accuracy. Such
rapid sorption and identification of foreign molecules in the atmosphere allows timely and
adequate actions to be taken in the event of adverse weather, disaster and terrorism, while

ensuring safety of operators when performed at remote distances.

Conclusion

A real-time, stand-off SERS detection of airborne molecules was achieved by integrating
stand-off Raman with a 3D Ag@MOF platform having a micron-scale hotspot volume and a
high molecule-sorbing capability. By providing an immense hotspot population within the
stand-off laser collection volume, the platform enables the rapid quantitative detection of
aerosolized chemicals with parts-per-billion (ppb) detection limit at 2 - 10 meters away. Real-
time stand-off monitoring of small gas molecules was also achieved in multiple on-off cycles,

exemplifying the potential application of the platform in prolonged atmospheric monitoring.
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Notably, the stand-off 3D platform can rapidly elucidate the fingerprints of multiple airborne
polyaromatic hydrocarbons in an outdoor environment under strong daylight intensity,
demonstrating its ability to afford target analyte signals in spite of background interference.
These collective advantages of the platform tackle the current limitations in remote Raman
spectroscopy and sets new pathways in air monitoring at the molecular level, which also
creates a new paradigm in employing SERS as the next-generation sensing technology to
address the pressing issues in the field of remote monitoring for atmospheric/environmental

sciences, disaster prevention and homeland defense.
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Claims

1. A composite material suitable for use in surface-enhanced Raman scattering, the
material comprising:
a substrate layer having a surface;
a plurality of layers of core-shell particles formed on the surface of the substrate layer,
wherein:
the core-shell particles comprise:
a core formed from a plasmonic metal nanoparticle; and
a shell formed from a metal-organic framework; and
the plurality of layers of core-shell particles provides a thickness of from 0.5 to 10 um

on the surface of the substrate layer.

2. The composite material according to Claim 1, wherein the plasmonic metal
nanoparticles are selected from one or more of the group consisting of plasmonic gold
nanoparticles, plasmonic silver nanoparticles, plasmonic platinum nanoparticles, and
plasmonic palladium nanoparticles, optionally wherein the plasmonic metal nanoparticles are

plasmonic silver nanopatrticles.

3. The composite material according to Claim 1 or Claim 2, wherein the plasmonic metal
nanoparticles are provided as one or more of the group selected from nanopolyhedra,
nanospheres, nanowires, nanorods, nanobowls, and nanoplates, optionally wherein the
plasmonic metal nanoparticles are nanoporous, optionally wherein, when the plasmonic metal
nanoparticles are provided as nanopolyhedra, they have four or more faces, optionally wherein
the nanopolyhedra are selected from one or more nanopolyhedra having from 5 to 30 faces,

for example the nanopolyhedra are nanocubes or nanooctahedra.

4. The composite material according to Claim 3, wherein the nanopolyhedra are provided

as nanocubes.

5. The composite material according to any one of the preceding claims, wherein:

(aa) the metal organic framework is selected from one or more of the group consisting of
Ul0-66, ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71; and/or

(ab) the plurality of layers of core-shell particles provides a thickness of from 0.8 to 5 ym
on the surface of the substrate layer or at least 1.3 um on the surface of the substrate layer,
optionally wherein the plurality of layers of core-shell particles provides a thickness of from 0.8

to 5 um on the surface of the substrate layer or at least 1.3 ym on the surface of the substrate
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layer, further optionally wherein the plurality of layers of core-shell particles provides a
thickness of from 1 to 2 um on the surface of the substrate layer, yet further optionally wherein
the plurality of layers of core-shell particles provides a thickness of 1.3 um on the surface of

the substrate layer.

6. The composite material according to any one of the preceding claims, wherein the
plurality of layers of core-shell particles provide from 5 to 30 layers of core-shell particles on
the surface of the substrate layer, optionally wherein the plurality of layers of core-shell
particles provide from 8 to 20 layers of core-shell particles on the surface of the substrate layer,
further optionally wherein the plurality of layers of core-shell particles provide from 10 to 15

layers of core-shell particles on the surface of the substrate layer.

7. The composite material according to any one of the preceding claims, wherein:

(a) the core-shell particles in the plurality of layers are packed with an interparticle distance
of less than 10 nm, such as from 0.1 to 9.8 nm; and/or

(b) the core-shell particles have a size of from 100 nm to 1,000 nm, such as from 200 to
600 nm, such as from 300 to 500 nm; and/or

(c) the shell layer has a thickness of from 5 nm to 100 nm, such as from 10 to 80 nm;
and/or

(d) a surface of the plasmonic metal nanoparticles is bonded to 4-methylbenzene thiol;
and/or

(e) the substrate is a silicon substrate.

8. The composite material according to any one of the preceding claims, wherein:
(ai)  the plasmonic metal nanoparticles are silver nanocubes; and/or
(aii)  the metal organic framework is selected from one of the group consisting of UIO-66,
ZIF-8, kag-MOF-1, MFM-300, HKUST-1, SIFSIX-1-Cu, and ZIF-71; and/or
(aiii)  the plurality of layers of core-shell particles provide a thickness of 1.3 ym on the
surface of the substrate layer; and/or

(aiv) the plurality of layers of core-shell particles provide from 10 to 15 layers of core-

shell particles on the surface of the substrate layer.

9. The composite material according to Claim 8, wherein:
the plasmonic metal nanoparticles are silver nanocubes;

the metal organic framework is ZIF-8; and
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the plurality of layers of core-shell particles are provided in from 10 to 15 layers and
provide a thickness of 1.3 um, optionally wherein a surface of the silver nanocubes are bonded

to 4-methylbenzene thiol.

10. A method of forming a composite material according to any one of Claims 1 to 9, which
method comprises:
(ci) providing a substrate having a surface and a solution comprising a solvent and core-
shell particles comprising:

a core formed from a plasmonic metal nanoparticle; and

a shell formed from a metal-organic framework; and
(cii)  placing a portion of the solution onto the surface of the substrate and allowing the

solvent to evaporate to provide the composite material.

11. The method according to Claim 10, wherein:

(ba) the solvent in the solution is an organic alcohol; and/or

(bb)  the solvent in the solution is an organic alcohol that has three or more carbon atoms
and is linear or branched, optionally wherein the organic alcohol is 1-propanol; and/or

(bc)  the concentration of the core-shell particles is from 0.5 to 20 mg/mL and the substrate

has a surface area of from 0.5 x 0.5 cm.

12. A composite material suitable for use in surface-enhanced Raman scattering, the
material comprising:

a substrate layer having a surface;

a plurality of layers of plasmonic metal nanoparticles formed on the surface of the
substrate layer, wherein:

the plurality of layers of plasmonic metal nanoparticles provide a thickness of from 0.3
to 10 um on the surface of the substrate layer,
wherein the composite material further comprises a layer of a metal-organic framework, which
is formed on a surface provided by the plurality of layers of plasmonic metal nanoparticles,
optionally wherein the total thickness of the plurality of layers of plasmonic metal nanoparticles
and the layer of a metal-organic framework is from 0.4 to 10 um on the surface of the substrate
layer, and

wherein the metal organic framework is ZIF-8.

13. The composite material according to Claim 12, wherein:
(ca) the plasmonic metal nanoparticles are selected from one or more of the group

consisting of plasmonic gold nanoparticles, plasmonic silver nanoparticles, plasmonic
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platinum nanoparticles, and plasmonic palladium nanoparticles, optionally wherein the
plasmonic metal nanoparticles are plasmonic silver nanoparticles; and/or

(cb)  the plasmonic metal nanoparticles are provided as one or more of the group selected
from nanopolyhedra, nanospheres, nanowires, nanorods, nanobowls, and nanoplates,
optionally wherein the plasmonic metal nanoparticles are nanoporous, optionally wherein,
when the plasmonic metal nanoparticles are provided as nanopolyhedra, they have four or
more faces, optionally wherein the nanopolyhedra are selected from one or more
nanopolyhedra having from 5 to 30 faces, for example the nanopolyhedra are nanocubes or
nanooctahedra, further optionally wherein the nanopolyhedra are provided as nanocubes;
and/or

(cc) the plurality of layers of plasmonic metal nanoparticles provide a thickness of from 0.4
to 1.5 um, such as from 0.5 to 1 um, on the surface of the substrate layer; and/or

(cd) the plurality of layers of plasmonic metal nanoparticles provide from 5 to 30 layers of
plasmonic metal nanoparticles on the surface of the substrate layer, optionally wherein the
plurality of layers of plasmonic metal nanoparticles provide from 8 to 20 layers of plasmonic
metal nanoparticles on the surface of the substrate layer, further optionally wherein the
plurality of layers of plasmonic metal nanoparticles provide from 10 to 15 layers of plasmonic
metal nanoparticles on the surface of the substrate layer; and/or

(ce) the plasmonic metal nanoparticles have a size of from 100 nm to 1,000 nm, such as
from 150 to 500 nm, such as from 170 to 250 nm; and/or

(cf) a surface of the plasmonic metal nanoparticles is bonded to 4-methylbenzene thiol;
and/or

(cg) the substrate is a silicon substrate.

14. The composite material according to Claim 12 or Claim 13, wherein:

(db) the plurality of layers of plasmonic metal nanoparticles and the layer of a metal organic
framework together provide a thickness of from 0.4 to 1.5 pym, such as from 0.5 to 1 ym on
the surface of the substrate layer; and/or
(dc)  the layer of a metal organic framework has a thickness of from 50 nm to 500 nm, such

as from 100 to 300 nm, such as 200 nm.

15. The composite material according to any one of Claims 12 to 14, wherein:

(diy  the plasmonic metal nanoparticles are silver nanocubes; and/or

(dii)  the plurality of layers of plasmonic metal nanoparticles provide from 10 to 15 layers of
plasmonic metal nanoparticles on the surface of the substrate layer, optionally wherein:

the plasmonic metal nanoparticles are silver nanocubes;
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the plurality of layers of silver nanocubes are provided in from 10 to 15 layers, optionally

wherein a surface of the silver nanocubes are bonded to 4-methylbenzene thiol.

16. A kit of parts comprising:

(bi) a composite material as described in any one of one of Claims 1 to 9 or Claims
12 to 15; and

(bii) an excitation and detection means or apparatus, optionally wherein the
excitation and detection means or apparatus comprises a spectrophotometer, a laser and a
lens; and/or

the kit further comprises a target housing for the composite material.

17. A method of detecting one or more of a gas and a volatile organic chemical, the method
comprising the steps of:
(i) placing a composite material as described in any one of Claims 1 to 9 or Claims 12 to
15 at a target site for a period of time;
(i) using an excitation and detection means or apparatus to provide an excitation signal
to the composite material at the target site; and
(iii) detecting a surface-enhanced Raman scattering signal produced by the excitation
signal in the composite material at the target site and determining whether the one or more of
a gas and a volatile organic compound is present in the composite material, wherein

the detection means or apparatus is set at a distance of from 1 to 20 metres away from
the composite material at the target site, optionally wherein:
(Ci)  the detection means or apparatus is set at a distance of from 2 to 10 metres away from
the composite material at the target site; and/or
(Cii)  the composite material at the target site is placed within a target housing; and/or
(Ciii)  the one or more of a gas and a volatile organic chemical is selected from one or more
of CO, CO,, HsS, SOy, and small volatile organic compounds selected from one or more of the
group consisting of aromatic hydrocarbons, and aliphatic compounds having up to 10 carbon
atoms in a linear chain, optionally wherein the one or more of a gas and a volatile organic
chemical is selected from CO,, H>S, SO2, and small volatile organic compounds selected from
one or more of the group consisting of xylene, 4-methylbenzenethiol, toluene, and
naphthalene (e.g. 4-methylbenzenethiol, toluene, and naphthalene); and/or

(Civ) the method of detection makes use of a composite material according to any

one of Claims 1 to 9 or Claims 12 to 15.

18. A method of forming a composite material according to any one of Claims 12 to 15,

which method comprises:
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(fi) placing a substrate coated with a plurality of layers of plasmonic metal nanoparticles
into a solution comprising a solvent, a metal organic framework metal salt precursor and a
metal organic framework organic precursor compound to form an intermediate material;
(fii) removing the intermediate material from the solution, washing and drying it; and
(fili)  repeating step (fi) and (fii) from O to 5 times with the intermediate material to form the
composite material, optionally wherein:
(gi)  the solvent in the solution is an organic alcohol, optionally wherein the second
solvent is methanol; and/or
(gii)  the substrate coated with a plurality of layers of plasmonic metal nanoparticles
is obtained by:
(hi) providing a substrate having a surface and a solution comprising a
solvent and plasmonic metal nanoparticles; and
(hii)  placing a portion of the solution onto the surface of the substrate and
allowing the solvent to evaporate to provide the composite material, optionally wherein
the solvent in the solution is an organic alcohol, optionally wherein the solvent in the
solution is an organic alcohol that has three or more carbon atoms and is linear or

branched, optionally wherein the organic alcohol is 1-propanol.





