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Hydrogen-bonded structure and mechanical chiral
response of a silver nanoparticle superlattice
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Self-assembled nanoparticle superlattices—materials made
of inorganic cores capped by organic ligands, of varied
structures, and held together by diverse binding motifs—
exhibit size-dependent properties as well as tunable collective
behaviour arising from couplings between their nanoscale
constituents'. Here, we report the single-crystal X-ray
structure of a superlattice made in the high-yield synthesis™
of Na,Ag,,(p-MBA);, nanoparticles, and find with large-
scale quantum-mechanical simulations that its atomically
precise structure and cohesion derive from hydrogen bonds
between bundled* p-MBA ligands. We also find that the
superlattice’s mechanical response to hydrostatic compres-
sion is characterized by a molecular-solid-like bulk modulus
B, =16.7 GPa, exhibiting anomalous pressure softening and
a compression-induced transition to a soft-solid phase. Such
a transition involves ligand flexure, which causes gear-like
correlated chiral rotation of the nanoparticles. The inter-
play of compositional diversity, spatial packing efficiency,
hydrogen-bond connectivity, and cooperative response in this
system exemplifies the melding of the seemingly contrasting
paradigms of emergent behaviour ‘small is different” and
‘more is different'”.

The Na,Ag,(p-MBA);, nanoparticles (NPs) have been
synthesized in semi-aqueous solution with an all-aromatic
p-mercaptobenzoic acid (p-MBA) protective ligand shell's. With
judicious choice of solvent conditions and stabilizing agents,
these fragile and unstable Ag complexes were transformed into
chemically inert materials with exceptional stability. The NPs
were crystallized from dimethylformamide (DMF) solution,
with rhombus-shaped crystals forming after 1-3 days. As the
superlattices were grown from DMEF solutions, the carboxylates
of the ligands must be protonated for the NPs to be soluble in
the DMF; consequently, all of the carboxylates were protonated in
the crystallized superlattice. The entire structure of the individual
NP was determined by single-crystal X-ray crystallography
(see Supplementary Information in ref. 16 and inset (i) in Fig. 1),
and its stability has been attributed to a closed-shell 18-electron
configuration manifested by the opening of a large gap between
the occupied and unoccupied energy levels of the superatom
electronic spectrum®®.

The X-ray-determined structure of the NP superlattice (NPSL)
shown in Fig. 1 and its theoretical analysis reveal intricate bonding
characteristics and spatial organization of the NPs. The triclinic unit
cell of the superlattice (see unit-cell vectors a, b and ¢ in Fig. la,c)
contains two silver NPs, denoted as a, (3, which are related by a

mirror reflection symmetry, and occupy neighbouring crystalline
layers (for different views of the superlattice, see Fig. la-d). The
layers are stacked as in a face-centred-cubic (fcc) lattice, and because
of the above-noted (o <> ) mirror symmetry, the layers™ stacking
periodicity consists of a 6-layer sequence [Aa, Bf3, Ca, Af, Ba, Cf]
(Fig. 1a,b); a view in the plane defined by the a and b vectors (the xy
plane), illustrating ABC fcc layer stacking, is shown in Fig. 1c.

Neighbouring NPs interact through a full hydrogen (H)-
bond network, formed between the carboxyl (-COOH) groups of
interfacing ligands that are thiol-bonded to neighbouring NPs (see
Fig. 1d and inset (ii)). The p-MBA ligands bundle in two ways:
double-bundles (L,) and triple-bundles (L;) (see Fig. 1d, Fig. 3a
in ref. 16 and Supplementary Information 1); ligand bundling
has been predicted in early investigations of thiol-passivated
gold nanoparticles’. Intralayer bonding between neighbouring NPs
(0—a or B-P) involves interfacing doubly bundled ligands (L,)
NPs, whereas inter-NP interaction between neighbouring a-f
NPs located in neighbouring layers involves interfacing triply
bundled ligands (L;); see the inter-NP region along a and c,
respectively, in Fig. 1d. The high connectivity in this molecular-
framework superlattice (where about half of the volume is void,
see X-ray summary in the Supplementary Information to ref. 16)
involves interactions between 30 interfacing pairs of p-MBA ligands
from a Na,;Ag.(p-MBA);, NP and its nearest neighbours in the
superlattice, making 60 H bonds (24 intralayer and 36 interlayer)
between an NP and its neighbours. The average hydrogen-bond
length (defined as the distance between the H atom and the
acceptor oxygen atom, O,) is d(H-O,) = 1.536 A £ 0.019 A,
the distance between the acceptor and donor oxygen atoms is
d(04-0,) = 2.574 A + 0.015 A, and the angle £ (O4HO,) =
177.418° + 0.719°. Formation of the superlattice has little effect
on the structural parameters of the metal cores of the silver NPs
(Supplementary Information 1).

The cohesive energy of the NPSL, obtained from calculations
(Methods) of the difference between the total energy of two isolated
silver NPs taken in the configuration found in the superlattice, and
the total energy of the superlattice made by a periodic replication
of the two-NP triclinic unit cell, is 24.0 eV. This can be expressed
as E., =24.0eV/(30 ligand pairs) =0.80eV assigned to a pair of
hydrogen-bonded p-MBA ligands (each anchored to one of the
neighbouring interacting NPs), that is, 0.40eV per H bond. For
comparison, we remark that the calculated binding energy between
an isolated pair of hydrogen-bonded Ag(p-MBA) molecules is
0.847 eV (0.423 eV per Hbond), indicating that the binding between
the NPs in the superlattice is dominated by the H bonds between
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Figure 1| Ag44(p-MBA)30.Na, superlattice structure. a-d, A three-dimensional view of the superlattice structure with the triclinic unit-cell vectors
denoted at the bottom left; a=b =26.018 A, ¢ =51.551 A (Vo =24558.456 A3), and Z (a,b) =120°, Z (b,c) =59.688° and / (a,c) =90°. An alternative
unit cell, close to a rhombohedral shape, is given by the vectors a’,b,c (see a' coloured yellow) with the same lengths as before but with / (a',b) =60°,

/ (b,c) =59.688° and Z (a',c) =59.688°. The unit cell contains two silver NPs, one at the origin (inner core Agy> atoms coloured red) and the other (inner
core Agyp atoms coloured pink) located at ¢/2. A view of a single NP is given in inset (i), with a Agj, empty icosahedral inner core (red), a surrounding
Agoo dodecahedral shell coloured green, and twelve outer silver atoms (coloured dark blue) distributed among the six Ag,>Ss mounts. The S atoms are
coloured yellow, and C, O and H (smallest spheres on the NP's outer shell) atoms are coloured grey, orange and light blue, respectively. The silver NPs are
organized in layers (defined by the a and b vectors) with each of the layers consisting of identical NPs (see b for a view of the plane defined by the vectors b
and ¢, and c for a view of the (a,b) plane). On the other hand, the NPs in neighbouring layers (denoted as a and 3 NPs, see a-d) are related by a mirror
reflection in the x =0 plane (that is, (x,y,2) — (—x,y,2)) followed by a translation by ¢/2. The layers are stacked as in a fcc lattice (with the 3-layer
stacking sequence denoted as A, B, C). The NPs in each layer form a (filled) hexagonal lattice (see ). The fcc ABC stacking is evident in a-¢, with the A, B
and C layers distinguished by colouring the Ag,o dodecahedron light green (A), darker green (B) and black (C). The stacking of the layers is depicted
clearly in the xy 3-layer projection shown in ¢, where the A layer is defined by the a and b vectors, the B layer is the one located at ¢/2, and the C layer is
given by the tip of the c lattice vector. The tip of the arrow corresponding to the vector ¢ is shown in a lighter shade to indicate that it is out-of-the ab (or xy)
plane orientation. As illustrated in the three-dimensional depiction in a and the two-dimensional view in b, combining the 3-layer stacking sequence and
the a, p alternation of neighbouring layers results in a 6-layer repeat sequence [Aag, Bf, Ca, A, Ba, CB] Aa,..., corresponding to a threefold repeat of the
triclinic unit cell. Intralayer bonding between the NPs (oo — a and 3 — ) occurs through twofold bundled ligands (L,); see inter-NP regions along the vector b
in b, and the connection between the NPs along the vector a in d, where a view of the (a,c) plane of the superlattice is given. The view in d illustrates also
the interlayer hydrogen bonding between neighbouring NPs, involving triply bundled ligands (L3). An enlargement of the hydrogen-bond region is given in
inset (ii), showing two hydrogen bonds between each pair of interfacing ligands.

interfacing pairs of ligands (one ligand from each NP), with only
a small contribution from interactions between the backbones of
the ligands.

Insights into the nature of bonding and organization of
NP-assembled superlattices may be obtained through investigations
of their mechanical properties. Indeed, the mechanical response
characteristics (that is bulk, Young and shear moduli, as well as

hardness and fracture toughness) of NPSLs, and their dependencies
on composition, NP size, the capping ligands, and on the ambient
conditions, are of fundamental interest’, as well as of relevance for
the design of NPSL-based devices. Measurements of the mechanical
properties can be rather involved (requiring high-pressure measure-
ments in conjunction with diffraction experiments, preferably using
synchrotron radiation), and they are expected to show dependencies
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Figure 2 | Superlattice compression, and rotational structural transition.
a, First-principles-calculated total energy of the superlattice plotted versus
the compression parameter V/Vq, where V <V is the compressed volume
of the unit cell and Vg is the initial, equilibrium (P = 0) volume. The circles
denote calculated values and the continuous lines give fits to the data: a
third-order Birch expansion of the total energy E(V) in the low-strain region
(blue), and a second-order equation in the high-strain region (red). The
transition between the two regions is at C* =0.943. The inset in the upper
right gives an enlargement of the low-strain compression interval and the
transition region. The inset at the bottom left depicts the pressure, obtained
as the volume derivative of the best fit to the total energy in each of the
compression regions, plotted versus V/Vq. b, Arrangement of the silver
NPs in two neighbouring layers, viewed in the ab plane, with the NPs in the
two layers (denoted as a and ) related by a mirror reflection in the x=0
plane followed by a ¢/2 translation (see Fig. 1). The configurations on the
left correspond to the P=0 equilibrium state, (V/Vp)=1, and the ones on
the right were recorded at the end of the volume compression process
((V/Vp)=0.71), showing reduced distance between the NPs' centres of
mass, and exhibiting ligands' flexure and rotations of the NPs. All particles
in the same layer (o or 3) rotate in unison, but the NPs' rotations in the two
layers are in opposite senses—anticlockwise in the a layer and clockwise in
the B layer. For cluster rotations viewed in the ac plane,

see Supplementary Information 5.

on the degree of order and dimensionality of the NPSL system.
Consequently, relatively little is known so far (experimentally'®'
and theoretically’) about the mechanical properties of NPSLs

compared with the significant progress made in explorations of their
optical and electronic properties.

Figure 2a shows the first-principles calculated variation of the
superlattice total energy in response to hydrostatic compression of
the NPSL (Supplementary Information 2), expressed as C=V/V,,
where V <V is the compressed volume of the unit cell and Vj is the
initial equilibrium volume. In the simulations of the compression
process, the initial configuration was taken as the triclinic unit cell
of the NPSL (containing two Na,Ag,,(p-MBA);, NPs), optimized
through relaxation of the X-ray-determined structure (for details
of the compression simulations see Supplementary Information).
Shown also (continuous lines) are fits obtained through use
of the nth-order Birch® expansion of the total energy
E(V)=e,+e&+ee2+ese’+... asafunction of the Eulerian strain
e =[(V/V,)"?3-1]/2, where V, is the reference volume; V, = V,
for the low-strain interval (shown in blue), where n =3 in the
expansion of E(V), and V, = 230752 A’ corresponds to the
onset of the high-strain region (depicted in red), occurring for
a compression C < C* =V /V, = 0.943). The coefficients in the
above expansion of the energy can be obtained (Supplementary
Information 3) by using the relation for the pressure P=—dE/dV,
and by relating changes in the energy to pressure-driven changes in
the volume. In this way one finds that the fits to the energy variation
in the low- and high-strain regions (see continuous lines in Fig. 2a)
give as fitting coefficients the bulk modulus, B, = —[VdP/dV],,and
its pressure derivative B,'=[dB/dP],, where the subscript r denotes
the reference volume; for the fit in the low-strain region r = 0, that
is, V, =V, (the volume of the system at zero pressure) and the fitting
coefficients are denoted as B, and By, and in the high-strain region
V., is taken as the volume at the onset of that region. In the low-
strain region we find B, =16.7 GPa, and B,’=—17.5. The calculated
value of B, is in the range typical for molecular solids*, and it is
merely six times smaller than that of bulk silver* (B, =106.1 GPa
and By’ =4.70), indicating a rather rigid molecular framework
where the collective mechanical response of the compositionally
heterogeneous superlattice is determined largely by the compliance
of the protecting organic ligands. The predicted negative value of
B, is anomalous (most materials get stiffer for increasing applied
pressure), indicating pressure-induced softening; we note that in
archetypical hydrogen-bonded materials, that is, ice*® (solidified
water), By’ > 0, whereas a large negative value, B,’ = —8.6 (with
By, = 36.9 GPa), has been measured recently* for a molecular-
framework material (Zn(CN),). In the high-strain compression
interval we predict for the superlattice a greatly reduced bulk
modulus Bys = 0.347GPa and Bys' = 0.37, indicating that
in the high-strain region the superlattice exhibits a typical
soft-solid rheology.

The nature of the transition at C* is revealed from examination
of the arrangement of the silver NPs (see Fig. 2b, where two
neighbouring layers, denoted on the left as the a and f3 layers,
are shown). The configurations on the left correspond to the
equilibrium state (V' /V, =1), exhibiting a closed-packed intralayer
arrangement with each NP interacting through H bonds with six
neighbouring NPs. The configurations on the right were recorded at
the end of the volume compression process (V /V;,) =0.71 (Fig. 2a),
where the NPs have come closer to each other. Most importantly,
all NPs in a given layer rotated collectively in the same direction,
but with the sense, or chirality, of the rotations in two neighbouring
layers being opposite to each other; for images of the rotated NPs
in neighbouring layers, see Supplementary Information 4. As we
discuss below, the correlated rotations of the silver NPs are driven
by compression-induced buckling of the ligands.

Examination of the variation of structural parameters (both
intra- and inter-NP geometries) recorded during the simulated
compression and shown in Fig. 3 (Supplementary Information 4
and 5) reveals the nature of the structural transition at C*.
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Figure 3 | Intra- and inter-NP distances and angles induced by the applied compression (V/V() of the superlattice. a-c, Hydrogen-bond parameters:
r'H—o,, distance between the bonding H atom and the acceptor oxygen (a); ro,—o,, distance between the hydrogen-bonded acceptor and donor oxygen
atoms (b); characteristic hydrogen-bond angle, 6(HO4O,) (c). d-f, Inter-NP distances: rcp—cw, distance between the centres of mass (CM) of two
neighbouring NPs (d); rs_s, distance between the sulphur atoms of two hydrogen-bonded p-MBA ligands belonging to neighbouring silver NPs (e);
rs—_coon, distance between the S atom of a p-MBA ligand and the C atom of its carboxylic group (f). g h, Buckling (flexure) and NP rotation angles:
intraligand (g) and interligand (h) buckling angles induced by the volume compression. i, The rotation angle of the NPs (the rotations of the o.and § NPs are
chiral; that is, they rotate by the same amount but in opposite senses). The method for calculating 6,0t is given in Supplementary Information 7. Filled

circles and open triangles correspond, respectively, to intralayer (a —a and p —

B) and interlayer (a.— f) distances, or angles. Blue and red correspond to the

low- and high-strain intervals of the compression process. The various distances and angles are defined in the insets.

The structural information in Fig. 3 is organized as follows:
hydrogen-bond region in Fig. 3a-c, p-MBA ligands’ distances in
Fig. 3d,e, and ligands’ flexure angles and NPs’ rotation in Fig. 3g-i;
compression-induced variations in ligand torsion angles are given in
Supplementary Information 5. To a good approximation the main
structural modifications take place in the non-metal regions (see
Fig. 3a-c,e-i and Supplementary Information 6), with the NPs’
centres of mass getting closer together at a constant rate (Fig. 3d)
during the compression (V/V,). However, the onset of the high-
strain compression stage is accompanied by a rotation of the NPs,
with the metal cores revolving essentially as rigid bodies (Fig. 3i).
The physics underlying the correlated NPs rotation is revealed
by noting that for V' /V, < C* the pattern of variation of parameters
characterizing the ligands’ conformations changes markedly; we
also observe that the structural response to the compression
is isotropic in the low-strain region (V/V, > C*), acquiring
an anisotropic character in the high-strain interval, with the
intralayer variations being larger than the interlayer ones (compare
circles and triangles, respectively). In particular, we note that the
hydrogen-bond distance, and the characteristic angle, 6(HO40,),
increase in the high-strain compression interval. Following a
methodology used in the analysis of bonding in water”, we
adapted a criterion stipulating that hydrogen bonding between the
tails of interacting p-MBA ligands requires simultaneously that:
to,—0, <2.85 A and 9(HO,0,) < 15°. Employing this criterion we
conclude that hydrogen bonding remains intact throughout the
entire compression processes (Fig. 3a—c). We also observe that both
the rate of decrease of the distance between the two sulphur atoms
anchoring hydrogen-bonded p-MBA ligands to neighbouring NPs
(rs_s) and the intra- and inter-ligand flexure (@i @iner) Srow
in a marked manner past the transition. This implies that the
rotational (chiral) response in the high-strain interval, driven by
the buckling (flexure) of the ligands, originates from the inclination

4

to maintain the H bonds in place, acting as ‘molecular hinges.
This results in the particular ligand-buckling pattern recorded in
our first-principles simulations, with the consequent torque on the
silver cores causing their correlated chiral rotations. These processes
underlie the predicted compression-induced rheological transition
of the NPSL from a rather ‘stiff, pressure-softening molecular solid
in the low-strain regime to a much softer material in the high-strain
compression range.

The intricate structure of the superlattice made of Na,Ag,,(p-
MBA);, NPs that we have described and analysed here stands out
as one of the more—perhaps, the most—complex molecular solids
showing molecular-framework materials characteristics that have
been synthesized, X-ray measured, and theoretically analysed so
far. This superlattice is made of relatively large NPs (492 atoms)
containing a metallic core (Agy,) capped by organic ligands. These
nanoscale building blocks were found to hold together by an
elaborate hydrogen-bond network that is likely to have acted
as a structure-directing ‘synthon™, promoting the crystallization
of the superlattice and endowing it with enhanced stability
and unique properties. In particular, first-principles quantum-
mechanical simulations predict pronounced pressure softening
under hydrostatic compression, an anomalous behaviour found so
far only for amorphous silica®, ZrW,0O; (ref. 32) and Zn(CN),
(ref. 24). Furthermore, the emergent molecular-level mechanical
response to the compressive stimulus was found to entail correlated
chiral rotations of the NPs, like gears, or chiral honeycomb*, with
the flexured p-MBA ligands serving as torque-transfer relays and the
hydrogen bonds acting as ‘molecular hinges.

With the growing interest in understanding the principles
underlying the crystal engineering of materials with desired
structure-function relationships, and in the development of
materials with machine-like molecular-level responses to external
stimuli,” the insights gained in this work may provide impetus
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for future investigations into the molecular-scale design principles
and unifying patterns that could guide future progress in these
directions. Specifically, we foresee future explorations of the
superlattice vibrational soft-mode dynamics underlying structural
transitions in NPSLs, and investigations of the response of such
superlattices to thermal stimuli. We expect that, in conjunction
with the aforementioned pressure-induced softening anomaly, they
would exhibit also negative thermal expansion.

Methods

Theoretical calculations employed the VASP-DFT (Vienna ab initio simulation
package with density functional theory) package, a plane-wave basis with a
kinetic energy cutoff of 400 eV, PAW (projector augmented wave)
pseudopotentials® and the PW91 generalized exchange-correlation gradient
approximation®”?® (GGA). The number of atoms in these large-scale calculations
(two Na,;Ag,s(p-MBA);, NPs in the NPSL triclinic unit cell) was 996 atoms with
4,036 valence electrons. The initial positions of the silver atoms and p-MBA
ligands were taken from the X-ray-determined structure (the hydrogen atoms, as
well as the four sodium atoms, were added to the structure and their positions
were relaxed). We quote here results calculated for the centre of the Brillouin
zone (I"-point); we verified that inclusion of k-points does not have a noticeable
effect on our results. Also, inclusion of van der Waals (vdW) interactions®
between the ligands resulted in a relatively small increase in the cohesion of the
NPSL. Thus, for the initial (uncompressed) X-ray-measured configuration of the
superlattice, the total energies (with and without the vdW interaction) differ by
8B = [Eiwat(DFT) —Eyoga(DFT+vdW)]/ Eu(DET+vdW)] = 0.525%, and the
calculated cohesive energy is E., = 0.91 eV per p-MBA ligand, compared with
0.80 eV obtained without the vdW interactions; similar values are obtained for
selected points along the compression process, for example at the last (first) point
of the low (high)-strain compression intervals (Fig. 2a), the total energies,
calculated with, and without, the vdW interaction, were found to differ by

8 E o =0.545% (0.54%), and at the end of the compression process (V/V,=0.71)
the calculated total energies differ by 0.6%. As a result of these findings and of
uncertainties concerning the vdW corrections to DFT calculations, we quote
results without vdW corrections. In optimizations of the structure of the periodic
superlattice, performed initially as well as for each compression step, convergence
was achieved for forces smaller than 0.002 eV A~".
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