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Strong and Elastic Membranes via Hydrogen Bonding
Directed Self-Assembly of Atomically Precise Nanoclusters

Anirban Som, Alessandra Griffo, Indranath Chakraborty, Hendrik Hdhl,
Biswajit Mondal, Amrita Chakraborty, Karin Jacobs, Pdivi Laaksonen, Olli Ikkala,*

Thalappil Pradeep,* and Nonappa*

2D nanomaterials have provided an extraordinary palette of mechanical,
electrical, optical, and catalytic properties. Ultrathin 2D nanomaterials are
classically produced via exfoliation, delamination, deposition, or advanced
synthesis methods using a handful of starting materials. Thus, there is a need

properties.'"22 They are classically pre-
pared using exfoliation, exploiting pro-
moted intralayer bonding over weak
interlayer interactions of their 3D coun-
terparts.!. The exfoliation of graphenel!

to explore more generic avenues to expand the feasibility to the next genera-
tion 2D materials beyond atomic and molecular-level covalent networks. In this
context, self-assembly of atomically precise noble nanoclusters can, in principle,
suggest modular approaches for new generation 2D materials, provided that the
ligand engineering allows symmetry breaking and directional internanoparticle
interactions. Here the self-assembly of silver nanoclusters (NCs) capped with
p-mercaptobenzoic acid ligands (Na,Ag,,-pMBA;) into large-area freestanding
membranes by trapping the NCs in a transient solvent layer at air—solvent
interfaces is demonstrated. The patchy distribution of ligand bundles facilitates
symmetry breaking and preferential intralayer hydrogen bondings resulting

in strong and elastic membranes. The membranes with Young’s modulus of
14.5 £ 0.2 GPa can readily be transferred to different substrates. The assemblies
allow detection of Raman active antibiotic molecules with high reproducibility

without any need for substrate pretreatment.

1. Introduction

Atomically thin 2D nanomaterials have gained immense interest
because of their remarkable mechanical and optoelectronic

has triggered searches for other covalently
interconnected atomically thin 2D nano-
materials, such as transition metal dichal-
cogenides,P! Mxenes,[®l boron nitrides,!
and clays,®l based on exfoliation and
delamination,”” molecular beam epitaxy,!'’]
and advanced synthesis.' In ultrathin
2D nanomaterials, the quantum confine-
ment of electrons in two dimensions
opens novel applications, e.g., in flexible
optoelectronic  devices.*1213]  Beyond
atomic and molecular-level networks, a
less studied approach deals with the self-
assembly of metal nanoparticles (NPs)
to form 2D monolayer membranes, i.e.,
of nanometric thickness. That this could
be relevant, is suggested by the tunable
optoelectronic and mechanical properties
of self-assembled 2D materials of narrow
size dispersed plasmonic NPs."I However, metal NPs clas-
sically suffer from uncontrolled aggregation tendency, polydis-
persity, and lack of directional interactions.'®?1l Additionally,
nonspecific bindings and slow diffusion of colloidal-level
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particles could result in a mixture of different structures rather
than the desired homogeneous or precise end-product.???3
Nevertheless, 2D close-packed arrays of gold nanoparticles,
binary superlattices, and nanoparticle-polymer composite
arrays have been achieved using evaporation induced assembly,
interfacial assembly, binary solvents, antisolvent approach, dip
coating, and Langmuir-Blodgett film formation methods.!?*%"]
Still, achieving a combination of precision and reproducibility
of self-assembled large-area NP superstructures remains a
grand challenge.[?®!

Recent studies in the literature suggest that the nanopar-
ticle size dispersity, ligand structure, and density hinders
the reproducibility, sensitivity, and mechanical properties of
NP-based 2D assemblies. Mueggenburg et al. have shown that
NP membranes composed of dodecane thiol ligand-capped gold
NPs with an average diameter of 9.4 nm show highly scattered
elastic modulus with a range of 3-39 GPa.l?l The large distri-
bution of elastic modulus is attributed to the uncertainty and
compositional differences in membranes made from different
nanoparticle batches. The mechanical properties of such mem-
branes strongly depends on the ligand interdigitation and NP
packing efficiency. In such systems, the core—core interactions
account for less than 10% of the observed overall strength.3%
Cheng et al. used a microhole drying method to prepare DNA-
capped nanoparticle membranes with inter-nanoparticle dis-
tances tunable up to 20 nm and Young's moduli within a
narrow range of 6.49 + 1.57 GPa. However, the observed average
moduli values are much less than other NP membranes.Bl
Gold nanoparticle-based 2D assemblies have been studied for
nanoparticle-organic memory field-effect transistors.?% In
such assemblies, the reproducibility of NP density depends on
NP size and capping ligands, which in turn affect the device
performances.’22P Furthermore, the uniform size, density,
and inter-nanoparticle distances in monolayers of plasmonic
silver nanoparticles have been shown to significantly improve
the surface enhanced Raman spectroscopy (SERS) sensitivity
and reproducibility.'-33-35 Therefore, there is a need to develop
methods for the uniform and reproducible fabrication of preci-
sion nanoparticle assemblies.

Atomically precise, monolayer ligand-protected noble metal
nanoclusters (NCs) offer tunable size, shape, composition,
and oxidation states.?®) While a vast number of NCs have been
synthesized over the last decade, understanding their structure,
optoelectronic properties, catalysis, and biological properties
remains the central theme.’*8] NCs are excellent building
blocks for well-defined assemblies, composites, and hybrid
materials allowing large design flexibility and unique optoelec-
tronic properties.?) Therefore, the next logical step would be
the creation of rationally designed assemblies of NCs to attain
the desired properties. In their crystalline state, ligand-ligand
interactions between the spatially arranged neighboring NCs
dictate the packing geometry. Depending on the functionality,
these ligands can interact through hydrogen bonding, electro-
static, dipolar, 7-stacking, and van der Waals interactions.l*%]
The ability to manipulate such supramolecular forces in detail
is the key toward controlling the geometry of the nanocluster
assemblies.

Large area monolayer 2D assemblies of NCs with
well-defined internal order require a restriction of the NC
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crystallization in a particular direction, i.e., symmetry breaking.
It has been shown using para-mercaptobenzoic acid (pMBA)-
protected gold NCs (Auyg,-pMBA,,) that symmetry breaking can
be achieved by exploiting the anisotropic or patchy hydrogen
bonding (H-bonding) ligand distribution.***1 On the other
hand, atomically precise silver NCs have been utilized to achieve
hydrogen bonding mediated assembly of tellurium nanowires
into 2D cross-bilayer structures,*?) and selective encapsulation
of plasmonic gold nanorods.3! Liquid-liquid interfaces have
also been utilized to create NC 2D assemblies.! However, pre-
cise control over layer thickness and structure in nanoparticle
membranes covering a large area and studies on their mechan-
ical properties is still lacking.

Here we report the fabrication of large-area (extending over cm?)
freestanding monolayer membranes of Na,Ag,-pMBA;3, NCs
with long-range hexagonally close-packed internal structure.
The membranes are prepared by processing at air—water inter-
faces hosting a transient solvent layer. Specifically, we utilize
the selective in-plane growth of the cluster assemblies by facil-
itating the intralayer H-bonding between the carboxylic acid
groups of pMBA ligands. The packing of the NCs was analyzed
using high resolution transmission electron microscopy
(HR-TEM). The ultrathin membranes were also directly
deposited across micrometer sized holes. The atomic force
microscopy (AFM)-based force spectroscopy showed non-
hysteretic elastic deformation upon nanoindentation. The
observed Young’s modulus of 14.5 £ 0.2 GPa, is significant
for a noncovalently interconnected ultrathin membrane of
colloidal units. The membranes allow detection of Raman
active antibiotics dissolved in water using surface enhanced
Raman spectroscopy with high reproducibility, unlike the
classic nanoparticles with finite-size distributions and
defected structures.

2. Results and Discussions

2.1. Microscale 2D Colloidal Crystals

We utilized atomically precise silver nanoclusters, NajAgy-
pMBA;, (Figure 1a) synthesized according to a reported
literature procedure (see Figure S1, Supporting Information,
for details).*>* Formation of NasAg,-pMBA;, was confirmed
through UV-vis spectroscopy and ESI mass spectrometry
(Figure S2, Supporting Information). The solid state structure
of NayAgy-pMBA;, consists of a 32 atom Ag core (concen-
tric icosahedral and dodecahedral Ag atom shells), which is
protected by six Ag,-pMBA; units in an octahedral geometry
(Figure 1a).

This arrangement results in the formation of pMBA ligand
bundles or patches, which break the spherical symmetry. The
ligand bundles are classified into L2 (bundle of two) and L3
(bundle of three) pMBA groups (Figure 1b), which act as the inter-
nanocluster interaction patches to drive the 3D network forma-
tion. Incidentally, all the six L2 bundles are located along an imag-
inary equatorial plane and drive the crystal growth in the lateral
dimension (along ab-plane). The six L3 bundles are placed above
(three) and below (three) the equatorial plane and form H-bonded
bridges between the layers (along the c-axis). In this way, a single

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Synthesis, patchy ligand distribution, and 2D colloidal crystals. a) Synthesis scheme, and X-ray crystal structure of NajAg,-pMBA;, (CSD entry
XIMHOS, hydrogen atoms are not shown for clarity).l*l b) Representative L2 and L3 ligand bundles of Na,Ag,,-pMBA;,. ) Schematic representation
showing the patchy distribution of L2 (red spheres) and L3 (blue spheres) bundles. The six L2 bundles are located around an imaginary equatorial
plane. d) Intralayer packing of the clusters in the crystal structure directed by L2 bundles, showing the possibility of a 2D assembly (see Figure S2d,
Supporting Information, for interlayer packing via L3 bundles). e) SEM image of 2D nanosheets of NajAg,-pMBA;3o in methanol. f) TEM image of
nanosheets. g) TEM image suggests that these nanosheets contain a few layers, as shown in the histogram.

NayAgu-pMBA;, is involved in 24 H-bonds (6 x L2) with clusters
from the same layer (Figure 1c). The L3 bundles contribute to 18
inter-nanocluster H-bonds each with clusters from layers above
and below, respectively (Figure S2d, Supporting Information).

We envisaged that Na,Agsy-pMBA;, provides a feasible
starting point to create 2D NC superstructures (Figure 1d), as
it intrinsically allows a larger number of intralayer H-bonds
between the NCs compared to the interlayer bonds. The
creation of 2D assemblies of NayAgu-pMBA;3, would thus
require selectively restricting the formation of interlayer L3
H-bonds to drive the crystal growth along the lateral direc-
tion and to limit the growth in the perpendicular direction.
Herein we expected that kinetically controlled self-assembly
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could be feasible. To test our hypothesis, we first screened
solvents to facilitate 2D colloidal crystal growth of NajAg,,-
pMBA;,, before aiming the monolayer membranes. Thus
we found that, when a dispersion of NaAgu-pMBA3, in
N,N’-dimethylformamide (DMF) was added to methanol
(nonsolvent), an immediate precipitation was observed.
The scanning electron microscopy (SEM) images of the
dispersion revealed the presence of microscopic 2D colloidal
crystals (Figure le). A closer examination of TEM images
revealed that these sheets are, in fact, stacks with a few layer
thicknesses (Figure 1f). For example, in Figure 1g the TEM
image shows a stack of seven layers (Figure S3c-e, Sup-
porting Information, for HR-TEM images). Therefore, this

© 2022 The Authors. Small published by Wiley-VCH GmbH
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strategy offered a certain degree of control on the 2D stacking
of NayAg,-pMBA;,. However, precisely controlling the layer
thickness and limiting it to a monolayer necessitated identi-
fying more refined strategies.

2.2. Freestanding Monolayer Membrane

Self-assembly of molecules at interfaces (air-liquid or liquid—
liquid) leading to monomolecular membranes has been
investigated extensively for several decades.*! Therein
Langmuir-Blodgett (LB) processing allows thin membranes
of a variety of nanomaterials at the air-water interface taken
that they are sufficiently hydrophobic.*) However, the Na,Ag,,-
pPMBA;; NCs could not be assembled using the LB-processing,
as they are dispersible in water. To achieve monolayer
membranes, we carried out a systematic study using a series
of solvents. When a dispersion of Na,Ag,,-pMBA;, in DMF
was added to ethanol, propanol, butanol, and acetone, they
all resulted in mesoscale colloidal crystals similar to those in
methanol (Figure S3f—, Supporting Information). Interestingly,
a stable dispersion of Na,Ag.-pMBA;, without immediate pre-
cipitation was obtained in 1-pentanol. Exploiting this property,
we first dispersed the clusters in 1-pentanol, which was subse-
quently transferred in a dropwise manner on a water surface
(Figure S1, Supporting Information). 1-Pentanol, due to its
longer alkyl chain length, has low solubility in water (22 g L™
compared to lower alcohols.

In the literature 1-pentanol has been used as a cosurfactant
for stable microemulsion preparation and interface synthesis
of gold mesocrystals.’% In our experiment, when a dispersion
of NajAg,-pMBA;, in 1-pentanol was placed on the surface of
the water, pentanol quickly spreads to form a membrane. The
clusters trapped inside this pentanol layer assemble through
the formation of H-bonds and float at the air-water inter-
face (Figure 2a). The resulting freestanding Na,Ag,,-pMBA;,
membrane can be picked from the air-water interface and
transferred onto suitable substrates as shown using a glass
coverslip (d = 1.2 cm). An immediate transfer of the membrane
on to the substrate is better for the stability and to avoid any
degradation upon contact with water for longer time. Increased
concentration of 1-pentanol in water may also be detrimental
for membrane preparation. For example, in a control experi-
ment when Na,Ag,,-pMBA;, in 1-pentanol was added on the
surface containing a mixture of 1-pentantol/water (2/75 v/v)
resulted in droplets and no film formation was observed (Figure
S1, Supporting Information).

The membranes were examined using TEM by transferring
them onto TEM grids with lacey, holey, or ultrathin carbon
support films. That the membrane extended over micrometer
area can be seen in the large area TEM image (Figure 2b). The
HR-TEM images, fast Fourier transform (FFT), and inverse fast
Fourier transform (IFFT) analysis of the membrane deposited
on TEM grid with ultrathin carbon support indicate the
well-defined overall hexagonally close-packed (hcp) assembly as
well as the membrane is of monolayer thickness (Figure 2c,d).
Further analysis of the NayAg,,-pMBA;;, monolayer membrane
revealed an average interparticle distance of 2.33 nm and perio-
dicity of 2.01 nm (Figure 2e).
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The UV-vis spectrum of the Na,Ag,-pMBA;, monolayer
membranes showed the same characteristics peaks as observed
for the individual solvent dispersed Na,Ag,,-pMBA;, NCs. This
suggests that the intrinsic properties of the NCs are retained
in the monolayer membranes (Figure 2fg). However, the
absorption peaks turned broader in the monolayer membrane,
indicating a possible electronic coupling between the NCs. In
the Raman spectrum, Na,Ag,,-pMBA;, monolayer membranes
exhibit several peaks ranging from 300 to 1800 cm™ of which
two strong bands at 1077 and 1584 cm™ are due to v, and vg,
aromatic ring vibrations (of the pMBA ligands), respectively
(Figure 2h; Figure S5a,b, Supporting Information). For com-
parison, the Raman spectrum of a drop-casted Na,Ag,-pMBA;,
film on a coverslip was taken, which shows a similar spec-
tral pattern. Still, the peaks are better resolved in the case of
Na,Agu-pPMBA3, monolayer membranes. The most intense
peak at 1584 cm™! was utilized to construct the Raman spectral
image (Figure S5c, Supporting Information), which resembles
the optical image of the Na,Agyu-pMBA;, monolayer mem-
brane (Figure S5d, Supporting Information). A few regions
show higher intensity (Raman spectra in Figure 2h) because of
multilayers at those locations due to the folding or crumpling
of NayAgy-pMBA;, monolayer membranes while transferring
onto the substrate.

2.3. Mechanical Properties of Na,Ag,-pMBA;3, Membranes

After a successful demonstration of the feasibility of free-
standing Na,Ag,-pMBA3, monolayer membrane formation,
we turned our attention to determine the mechanical prop-
erties of the nanometric membranes. The freshly prepared
Na,Ag,-pMBA;;, monolayer membrane was transferred onto
Quantifoil gold grids with a holey carbon support film, having a
hole diameter of 0.6 um (Figure 3a).

That the freestanding membrane stretched across the holes
could be seen from the TEM images (Figure S6, Supporting
Information). However, for high magnification imaging, the
Quantifoil grids with holey carbon support were not suitable.
Therefore, the grids were sputter-coated with platinum before
transferring the membranes (see Figure S6c,d, Supporting
Information, for TEM image of a pristine sputter-coated
grid). The sputter-coated grid allowed for better imaging of
NayAg,-pMBA;, monolayer membranes stretched across holey
grids (Figure 3b—d; Figure S7, Supporting Information). It is
important to note that NCs are inherently electron beam sensi-
tive and, therefore, at higher magnification, beam damage and
their aggregation into larger nanoparticles can be observed. The
HR-TEM images and IFFT suggests that the monolayer mem-
brane stretched across the hole still incorporated a hexagonal
nanocluster assembly (Figure 3d).

AFM measurements showed that the Na,Agu-pMBA;,
monolayer membranes within the holes were smooth and flat
(Figure 3e,f). Height profile images indicate that the mono-
layer membrane drape over the hole (Figure 3g; Figure S8,
Supporting Information). Importantly, the height of various
2D membranes deposited on holey support films has been
discussed in the literature.’’>) We used the Quantitative
Nanomechanical Measurement-mode of the AFM to obtain the

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Freestanding NasAg,-pMBA3; membranes. a) Schematics showing the formation of the monolayer Na,Ag,-pMBA;3, assembly in a liquid-
assisted air—water interface method (left). Large area Na,Agy-pMBA;z;, monolayer membrane transferred onto a microscope coverslip (right). b) TEM
image of the monolayer assembly stretched over a lacey carbon support membrane. c) TEM image suggesting the hexagonal packing of Na,Agy-
pMBA;, NCs (inset shows the FFT). d) IFFT image from the marked area in image c. ) Profile showing the inter-nanoparticle distance and periodicity.
f) UV-vis spectrum of NayAgy-pMBA;, in aq. dispersion along with peak fitting. g) UV-vis spectrum of Na,Ag,-pMBA;, monolayer membrane. h)
Raman spectra of NasAgy-pMBA;3;; monolayer membrane (black) and that of drop-casted Na,Agy-pMBA;, dispersion (red) showing the presence of

the characteristic bands (see Figure S4, Supporting Information).

correct height of the membrane. In this mode, the contact point
is evaluated and used as height information which is hence
independent of the force applied by the probe. The obtained
“real height” images show that the membrane (rather than
recessed) is suspended on the rim of the holes whose height
is =20 nm (see the image of the control grid in Figure S10,
Supporting Information).

Next, AFM indentation experiments were carried out on
freestanding monolayer membranes suspended on grids
having a hole radius of 0.6 um. For the characterization of the

Small 2022, 18, 2201707 2201707 (5 of 10)

membrane elasticity, force curves were recorded at the center
of the holes. A typical trace of the force—displacement curve is
presented in Figure 4b. For each sample, several holes covered
with the membrane were probed. We observed consistent
force—displacement curves for multiple indents on a single
spot without breaking the membrane. An increasing force
starting from 10 nN was applied until the value of =16-18 nN
was reached, which represents the maximum load that the sus-
pended membrane can withstand before breaking (Figure S11,
Supporting Information, for additional force-displacement

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. TEM and AFM imaging of Na,Ag.-pMBA;z;, membranes. a) Schematics showing the deposition of Na,Ag.-pMBAzy membrane on a gold grid
with a holey carbon support membrane. b) TEM image showing cluster monolayers spanned across the holes (Figure S5, Supporting Information,
for additional images). c¢) TEM image of one of the holes showing the cluster membrane being present across the hole. d) High-magnification TEM
image and IFFT of the marked area showing hcp array of NajAg,,-pMBA;, (note: NCs are sensitive to electron beam). e) Large area AFM height image
of the cluster monolayer deposited on a TEM grid. f,g) AFM image of one of the holes, showing the cluster membrane spanned across the hole, and

the corresponding height profile.

curves over different covered holes). Figure 4c,d shows the
membrane before and after breakage upon a series of indents,
respectively. As expected, the higher is the load applied, the
deeper is the penetration depth (Figure 4e; Figures S11 and
S12, Supporting Information, for additional AFM images and
overlap of multiple Fé curves, respectively). For small inden-
tations, 6, all curves are linear in force, F. However, when
6 considerably exceeds the membrane thickness, h, they turn
nonlinear/cubic (F = &). At large indentation, the obtained
cubic term dominates, allowing to extract Young’'s modulus,
EBLSO This is an essential point for the determination of E
(see Equation (1)) since the apparent spring constant, k, for
small 6, depends on the prestretch of the membrane that is a
priori unknown and cannot be used to determine E at small
indentations. However, the prestretching of the monolayer
membranes can be neglected for larger indentations, where the
stretching energy dominates.

For homogeneous membranes, the effective E can be
extracted using Equation (1), by analyzing the force curves
within the framework of elasticity theoryl>” >l

nEh

F=ké+—
3R

& (1)
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where h is the membrane thickness, R is the hole radius, &
is the indentation depth, and k is the spring constant that
depends on the prestrain of the membrane and used as a fitting
parameter.

The model is applicable for §/h >> 1 and a point-like force.
This is the case if the tip diameter is small compared to the hole
radius, which is valid only for sharp styluses. The Scanasyst tip
used in our measurements has a nominal radius of curvature of
2 nm (maximum nominal value at 12 nm). The tip radius was
also estimated by tip qualification measurement and revealed a
value of =11 nm, which closely matches the maximum nominal
value and is much smaller than the hole radius. The E values
extracted by the fit of the F(J) curves, fall in the range between
10 and 30 GPa as shown in the histograms of Figure 4g with
Gaussian distribution centered at 14.5 £ 0.2 GPa. The absence
of hysteresis between the loading/unloading curves confirms
the elastic nature of the Na,Ag,-pMBA;, monolayer mem-
brane. At higher applied loads, however, when the membrane
is close to the rupture, sometimes a slight hysteretic behavior
is observed, indicating probably that the membrane is damaged
or stretched irreversibly beyond a yield point, as also reflected
by the low prestress values associated. The calculated average
values for Young’s modulus of Na,Ag,-pMBA;, membranes
fall slightly above the range observed for deformations of

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. AFM measurements. a) A cartoon representation of the membrane deposited on top of the TEM grid and related AFM experimental setup.
b) A typical force—displacement curve and the absence of hysteresis suggests the elastic nature of the membrane. c) AFM height image of the mem-
brane before indentation. d) AFM image of the membrane after many indentation cycles at different close spots. €) Overlap of F(9) curves recorded
on three different holes covered with membrane. f) F(9) curves recorded on the same spot of a hole covered with membrane by increasing force.
g) Histogram reporting the £ modulus value extracted by fitting the F(9) curves.

several larger nanoparticle-based membranes,?3254% yet,
the distribution of the obtained values is much narrower than
the wide distribution range (3-39 GPa) of gold nanoparticle
membranes reported earlier.*!]

The high modulus of Na,Ag,-pMBA3, membranes can be
attributed to the well-defined H-bonded connectivity of nano-
particles and their structural integrity. In contrast to the narrow
size dispersed alkanethiol-capped plasmonic nanoparticle

Small 2022, 18, 2201707 2201707 (7 of 10)

membranes,?’! the NayAgy-pMBA;, clusters are atomically

precise with covalently bound short and rigid ligands. There-
fore, the Na,Ag,-pMBA;, membranes are devoid of ligand
entanglement, a common feature in polymer membranes.
Importantly, the solid state structure of Na,Ag,-pMBA;,
shows highly directional H-bonding distances between O- - -H
is 1.54 and 2.6 A for the O- - - O, and with the angle ZOHO of
1770'[43,44]

© 2022 The Authors. Small published by Wiley-VCH GmbH
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2.4. Surfaced Enhanced Raman Spectroscopy

Noble metal nanoparticles deposited on functionalized surfaces
have been studied in the literature as SERS substrate for detec-
tion and monitoring antibiotics.®¥) Plasmonically coupled
metallic nanostructures with ultrasmall (=1 nm or smaller)
nanogaps can generate very strong and tunable electromagnetic
fields that result in strong SERS signals from Raman dyes in
the gap. However, even small changes (<1 nm) in the structure
of the coupled plasmonic nanogaps can significantly affect the
localization of electrons and thereby, signal intensity in such
plasmonically fabricated metamaterials.®!! High-yield synthetic
strategies with nanometer-level structural control and reproduc-
ibility are greatly challenging owing to the inherent polydisper-
sity in the size of nanoparticles. While the existing methods
utilize highly sophisticated fabrication methods, we show that
the Na,Ag,,-pMBA;, membranes can overcome some of these
challenges. Notably, the membrane can be readily transferred
to the substrate and require no surface pretreatment to detect
the target Raman-active molecules such as amphotericin B
(Amp B, see Supporting Information for details). The Raman
spectrum of standard Amp B shows the specific bands at
1559 cm™! corresponding to the C=C stretch due to the hydro-
phobic polyene domain and at 1157 cm™, corresponding to the
C—C stretching.®2%31 As shown in Figure 5a, when Amp B
(250 pug mL™?) was drop-casted on NasAgu-pMBA;, film, the
peak at 1157 cm™! emerged.

Besides, the peak at 1429 cm™ due to the stretching of —COO
in Na,Agy-pMBA;, film suffered a significant blue shift. These
spectral features are highly reproducible, as shown using mul-
tiple membranes (Figure S14b, Supporting Information). Amp
B has been detected before using AgNP as the plasmonic
entity.®] Here, we show that Na,Ag,-pMBA;, films can detect
as low as 2.5 pug mL™! of Amp B. Whereas, at this concentration,
the characteristic peak was not observed in the case of a similar
film containing polydispersed AgNPs (Figure S14d, Supporting
Information). Thus, as a proof of concept, it is shown that the
precision film made of Na,Agy,-pMBA3, assemblies is more effi-
cient SERS substrate as compared to traditionally used AgNPs.

Q

Amp B on
Na,Ag,,-pPMBA,,
membrane

] A Amp B

Na,Ag,,-pPMBA,
membrane

i

Intensity (normalized)
s Y

www.small-journal.com

3. Conclusions

Here we showed self-assembly of atomically precise
NasAg.-pMBA3, NCs into freestanding elastic membranes
with long-range hexagonal intralayer structure over cm?-scale.
This was accomplished by utilizing the hydrogen bonding
dimerizations between the terminal p-mercaptobenzoic
acid protecting ligands of the neighboring NCs. The patchy
distribution of ligands around the metal core directed pref-
erentially intralayer hexagonal assembly (in the ab-plane)
and only to a lesser amount interplane hydrogen bonds
(in the c-direction). Thereby the lateral growth perpendicular
to the layers could be limited upon trapping the clusters in
a transient solvent layer on the air-water interface facilitating
a long-range intralayer structure within the monolayer. TEM
imaging indicates an extended hexagonal 2D packing of the
NasAg.-pMBA;3;, NCs in the membrane with a cluster-to-
cluster distance of 2.33 nm. This agrees with the triclinic
unit cell parameters a and b in the 3D Na,Ag,-pMBA;, X-ray
single crystal structure. The membranes could easily be trans-
ferred onto various substrates for desired applications. This
is an important asset as well-defined colloidal structures have
often been achieved upon templating with a specific substrate.
On the other hand, the shown freestanding membranes with
long-range order are expected to be relevant in applications to
combine the mechanical and optoelectronic properties. The
membranes behave elastically without any observable hys-
teresis, and display high Young’s modulus of 14.5 £ 0.2 GPa
(based on the Gaussian distribution center resulting from a
set of experiments). Finally, the distinct constituent nano-
cluster spectral peaks remain observable in the membranes,
even if slightly broadened, therefore indicating that the
intrinsic properties of the individual NCs are retained in self-
assembled membranes. These findings suggest that 2D col-
loidal materials where ligand capped NCs are bound together
by H-bonds could raise unique elasticity and stiffness values,
also suggesting to combine with optoelectric properties of the
nanoclusters for future single-electron transistors, metamate-
rials, and multifunctional devices.

=3

A 1.25 pg/mL
N 2.5 pg/mL

MW_J\ 25 pg/mL
ﬂ 250 pg/mL

Intensity (normalized)

1000 1500 2000

Raman shift (cm™)

500

1000 1500 2000

Raman shift (cm™')

500

Figure 5. Surface enhanced Raman spectroscopy (SERS) measurements. a) Raman spectra of Na,Ag,-pMBA3;y membrane, Amp B, and
Amp B (250 pg mL™") deposited over NajAgy-pMBA3; membrane. b) Variable concentration SERS spectra of Amp B deposited on NasAg-pMBAs,

membrane.
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