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nanoclusters into superstructures with enhanced NIR emission 
Korath Shivan Sugi,a Amritha P Sandra,a Nonappa,b Debasmita Ghosh,a Jyoti Sarita Mohanty,a 
Murugesan Paulthangam Kannan,a Pillalamarri Srikrishnarka,a Jayoti Roy,a B.S. Sooraj,a Wakeel 
Ahmed Dar,a and Thalappil Pradeep*a 

Orthogonal self-assembly is one of the crucial strategies for forming complex and hierarchical structures in biological 
systems. However, creating such ordered complex structures using synthetic nanoparticles is a challenging task and requires 
a high degree of control over structure and multiple non-covalent interactions. In this context nanoarchitectonics serves as 
an emerging tool to fabricate complex functional materials. Here, we present a secondary ligand-induced orthogonal self-
assembly of atomically precise silver nanoclusters into complex superstructures. Specifically, we use Ag14NCs protected with 
naphthalene thiol and 1,6-bis(diphenylphosphino)hexane ligands. Controlled addition of 1,6-bis(diphenylphosphino)hexane, 
the secondary ligand resulted in a self-assembled supracolloidal structure including helical fibers, spheres, and nanosheets. 
The self-assembly process is tunable by controlling the molar ratio of the ligand. The resulting superstructures exhibit 
enhanced NIR emission due to restricted intramolecular motion. This demonstrates that by tuning supramolecular 
interactions, hierarchical nanostructures with desired properties similar to biomolecules can be obtained from atomically 
precise building blocks.

1 Introduction 
Self-assembly of molecular building units into complex 
functional and structural biological superstructures is 
omnipresent in nature.1-3 Orthogonal self-assembly is one of the 
important features of biological systems.4-7,8 In orthogonal self-
assembly, multiple but non-interfering non-covalent 
interactions play a crucial role in the formation of complex 
structures. Examples include the double helical structure of 
DNA, protein folding, and cell membranes.2,3,9 Extensive 
research has been conducted to synthesize/mimic such 
biological architectures using molecular-level building blocks, 
supramolecular polymers, and metal-ligand complexes using 
orthogonal self-assembly.7, 10, 11.6, 11-13 Hierarchical structures of 
metallacycles and metallacages are fabricated by exploiting the  
orthogonal metal-ligand coordination and other noncovalent 
interactions.9 Sun et al. demonstrated that alanine-based chiral 
metallacycles could self-assemble into nanospheres at low 
concentrations and chiral metallogels at high concentrations 

utilizing the noncovalent interactions.12 Recently, nano 
architectures from nanomaterials are fabricated using the 
nanoarchitectonics concept.14-16  
Despite numerous efforts using molecular and macromolecular 
building blocks, orthogonal self-assembly of synthetic metal 
nanoparticles has been a challenge. This is attributed to non-
uniform size, uncontrolled ligand density, and aggregation 
tendencies. In recent years, atomically precise metal 
nanoclusters (NCs)17,18 have gained attention as functional 
materials due to their small size, well-defined structure, and 
unique physical properties.19 They are considered as potential 
luminophores due to their unique optical properties.20, 21 They 
are also known to self-assemble into hierarchical structures 
reminiscent of biological systems.22,23 Several strategies are 
employed to assemble NCs into dimers and higher hierarchical 
structures, which show self-assembly-induced luminescence, 
mechanical performance, and biological activities.22,24-27 The 
most common strategies involve the functionalization of 
protecting ligands and introducing new linkers such as organic 
molecules, ions, counterions, solvents, and phase transfer 
agents that can induce self-assembly in NCs.28, 29 Well-defined 
cluster assembled solids (CASs) have been assembled by 
exploiting the noncovalent interactions mediated inter-cluster 
assembly.30 Apart from their ease of handling, 
hierarchical/supramolecular architectures of atomically precise 
NCs retain the intrinsic properties of individual NCs and at the 
same time display emerging or collective properties.31, 32  
In this context, a facile and novel route is demonstrated here to 
self-assemble NCs into supramolecular architectures 
reminiscent of biomolecules. We have synthesized Ag14 
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nanoclusters co-protected by naphthalene thiolate and 1,6-
bis(diphenylphosphino)hexane (DPPH). These NCs exhibited 
distinct optical properties compared to analogous Ag14 NCs 
protected with different ligands.33-36 By controlled addition of 
DPPH as a bidentate secondary ligand, the Ag14 NCs initially 
assemble into thin sheets. The sheets further assemble into 
spherical superstructures and rope-like wraps. Mass 
spectrometric investigations of supramolecular structures 
reveal the formation of NC-DPPH adducts. Such supramolecular 
architectures of NCs show enhanced near-infrared (NIR) 
emission due to the restricted intramolecular motion (RIM). We 
believe that such assemblies are directed by the supramolecular 
interactions between bidentate DPPH ligands and naphthalene 
thiol (NT) ligands, also the long chain of DPPH acts as a bridge 
between two NCs resulting in an orthogonal assembly. This 
method could pave the way to create hierarchical NC 
architectures with desired properties, which can further offer 
new avenues to programmable self-assembly of NCs with 
controllable properties.  

Experimental section 
Materials  
Silver nitrate (AgNO3) was purchased from RANKEM. 1-
napthalenethiol (NT), 1,6-bis(diphenylphosphino)hexane 
(DPPH), tetraphenylphosphonium chloride (PPh4Cl), 
triethylamine (TEA), and sodium borohydride (NaBH4) were 
purchased from Sigma Aldrich. All other solvents such as 
methanol, hexane, dichloromethane (DCM), trichloromethane 
(TCM), and N, N-dimethylformamide (DMF) were of analytical 
grade. 
Characterization 
Perkin Elmer Lambda 25 spectrometer was used to record the 
UV-Vis absorption spectrum of the nanocluster samples. 
Photoluminescence measurements were carried out using a 
Horiba Jobin Yvon NanoLog instrument. Mass spectrometric 
measurements were performed using a Waters Synapt G2 Si 
instrument (details in supporting information). The X-ray 
photoelectron spectroscopy (XPS) measurements of 
nanocluster samples were carried out with an Omicron ESCA 
Probe Spectrometer. Nuclear magnetic resonance (NMR) 
spectra (31P) of the nanocluster samples were recorded using a 
500 MHz Bruker Avance III spectrometer. Dynamic light 
scattering (DLS) measurements were performed using a 
Malvern Zetasizer ZSP instrument. High-resolution transmission 
electron microscopy (HRTEM) was performed with a JEOL 3010. 
Scanning electron microscope (SEM) images and energy 
dispersive X-ray analysis (EDAX) were collected using an FEI 
QUANTA-200 SEM. Scanning transmission electron microscope 
(STEM) imaging was performed using JEOL JEM-2800 high 
throughput electron microscope equipped with a Schottky type 
field emission gun operated at 200 kV with simultaneous bright 
field (BF) and dark field (DF) STEM imaging. For elemental 
mapping energy dispersive X-ray mapping and spectra were 
collected using dual silicon drift detectors. The tilt series for 
electron tomographic reconstruction of the nanocluster 
assembled architectures were collected using the JEM 3200FSC 

microscope operated at 300 keV (see electronic supporting 
information for details).  
Synthesis of Ag14(NT)7(DPPH)2Cl2 nanoclusters  
The Ag14(NT)7(DPPH)2Cl2 NCs were synthesized by dissolving 20 
mg of silver nitrate in 3 mL of methanol. To this solution, 11 mL 
of DCM was added. A 10 μL of 1-NT was added and the reaction 
is carried out at 0°C. After the addition of NT, the color of the 
solution changed to turbid yellow indicating the formation of 
silver thiolates. After 5 minutes, 6.8 mg of DPPH (in 0.5 mL DCM) 
and 6 mg of PPh4Cl (in 0.5 mL DCM) were added. After 30 
minutes, 45 mg of NaBH4 in 1 mL ice-cold (DI) water and 50 μL 
of TEA were added. The color of the solution changed to dark 
brown after the addition of NaBH4. After five hours of 
continuous stirring, the crude cluster was kept in the fridge 
overnight for size focusing. The resultant material was 
centrifuged and the precipitate was washed several times with 
methanol, hexane, and DMF and dispersed in DCM or TCM for 
characterization.  
Secondary ligand-induced nanoarchitectures of Ag14 
nanoclusters  
Approximately 10 mg of Ag14(NT)7(DPPH)2Cl2 NCs were 
dissolved in 10 mL of TCM. To this NC solution, the DPPH ligand 
was added with the molar ratio of DPPH/NC ranging from 0.5 to 
10. 

Results and Discussion  

Characterization of Ag14 nanoclusters 
Naphthalene thiol-protected Ag14NCs were synthesized and 
characterized according to the methods described in the 
experimental section. The quantized electronic structure of the 
NCs is evident from the optical absorption spectral peaks 
centered at 340, 490, and 690 nm (Fig. 1A). They also display 
intense NIR emission at 1035 nm when excited at 340 nm (Inset  
of Fig.1A). The ESI MS in the positive mode resulted in a peak 
centered at m/z 3605, which was assigned as 
[Ag14(NT)7(DPPH)2Cl2] (Fig. 1B). Experimental and theoretical 
isotopic distribution matched well and revealed that the Ag14 
NCs are monovalent (Fig. 1B1). 
Collision-induced dissociation (CID) study of 
[Ag14(NT)7(DPPH)2Cl2]+ further reaffirms the assigned molecular 
formula (Fig. S1). A systematic loss of DPPH and NT ligand (L) 
was observed with an increase in collision energy (CE). Initially, 
one DPPH was lost, and with further increase in the CE, the 
second DPPH unit was lost, followed by other primary ligands. 
The composition of Ag14 NC was further confirmed by elemental 
analysis which confirms the presence of Ag, S, Cl, and P. Their 
atomic percentages matched well with the assigned formula 
(Fig. S2). Besides, elemental characterization was also 
performed using X-ray photoelectron spectroscopy (XPS). Peaks 
corresponding to Ag 3d5/2, S 2p3/2, P 2p3/2, and Cl 2p3/2 appeared 
at ∼368.5, ∼162.9, ∼131.8, and ∼198.3 eV, respectively (Fig. 
S3).  
The 31P NMR spectrum of DPPH alone shows major signals at 
32.7 and -17.1 ppm (Fig. S4), which can be attributed to oxidized 
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species such as DPPHO2 and uncoordinated DPPH ligands.37 The 
31P NMR spectrum of Ag14 NCs shows two doublets due to the 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 A) UV-Vis spectrum of Ag14 NCs. Inset of A shows the emission at 340 nm excitation of Ag14 NCs (star symbol (*) denotes the 
solvent-induced structuration).38 B) The ESI MS of Ag14 NCs. B1) The experimental and simulated spectra match well. B2) 
Photograph of the Ag14 NC solution. Color codes: grey, Ag; blue/sea green, C; yellow, S; orange, P; green, Cl; white, H. 
 
coupling of 31P with 109Ag and 107Ag, which implies the 
coordination of the DPPH ligand to silver.39.39, 40  
Ligand engineering induced tailoring of the optical properties 
The UV-vis spectrum of the NT-protected Ag14 NCs is compared 
with that of the other two Ag14 NCs reported in the literature.33, 

34 A drastic change in optical properties was observed for NT-
protected Ag14NCs (Fig. 2). The UV-vis spectrum of Ag14(3,4- 
DFBT)12TPP8 (3,4-DFBT=3,4 diflourobenzenethiol, TPP= 
triphenylphosphine) displays two major absorption bands at 
368 and 530 nm whereas, Ag14(1,2-BDT)6TPP8 (1,2-BDT=1,2 
benzenedithiol, TPP= triphenylphosphine) shows peaks at 425, 
600, and 860 nm. The [Ag14(NT)7(DPPH)2Cl2] NC shows 
molecular peaks at 340, 490, and 690 nm. The Ag14(3,4-
DFBT)12TPP8 NCs display dual emission peaks around 536 nm 
and 420 nm. Such dual emission was also observed in the case 
of Ag14(1,2-BDT)6TPP8 NCs. The NT-protected Ag14 NCs, in 
contrast, show NIR emission at 1035 nm. This observation 
signifies the pivotal role of ligands in tailoring the optoelectronic 
properties of NCs. 
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Fig. 2 The UV-vis spectra of [Ag14(NT)7(DPPH)2Cl2]+ (violet trace), 
Ag14(3,4 DFBT)12TPP8 (dark blue trace), and Ag14(1,2 BDT)6TPP8 
(sea green trace). 
Secondary ligand-induced assembly of Ag14 NCs 
NCs are assembled into hierarchical structures using strategies 
that involve introducing organic molecules, ions, counterions, 
solvents, and phase transfer agents. The secondary ligand 
induced transformation and self-assembly of nanoclusters are 
studied in detail.41, 42, 43 Considering the long-chain length of the 
bidentate DPPH ligand, we were motivated to introduce 
different ratios of DPPH ligands to induce self-assembly in Ag14 
NCs.   
Different concentrations of DPPH were introduced into the Ag14 
NCs, and their corresponding UV-vis spectra were monitored 
(Fig. 3). The resulting NC architectures (NCA) are labelled as 
NCA-0.5, NCA-1.0, NCA-3.0, NCA-5.0, and NCA-10.0 with 0.5, 
1.0,3.0, 5.0, and 10.0 mole ratio of DPPH (with respect to the 
cluster), respectively. Up to a 1.0-mole ratio, the molecular 
features of Ag14 NCs were intact, with further increasing the 
concentration of DPPH, the NC solution becomes colorless. The 
corresponding UV-vis spectrum reveals the disappearance of 
major molecular features centered at 490 and 690 nm of 
 

 
 
Fig. 3 Variation of UV-vis spectra trend of [Ag14(NT)7(DPPH)2Cl2]+ 
NCs with the addition of different mole ratios of DPPH ligand. 
Inset shows the corresponding photographs of the NCs 
solutions.  

 
 

 
 
 
 
 
 
 
 
 

 
Fig. 4 TEM images showing the self-assembled superhelices and spheres NCA-1.0. Magnified TEM images are shown in A-C. D) 
Electron tomography (ET) reconstruction of NCA-1.0. E) and F) are the 3D reconstructed structure of the Ag14 NC assembled sphere 
and its cross-sectional view. G) DLS measurements showing variation in size of [Ag14(NT)7(DPPH)2Cl2]+ NCs with the addition of 
different molar ratios of DPPH ligands. 
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the NCs. The peak at 340 nm is red shifted to 390 nm. We 
assume that this could be due to the degradation of NCs. The 
disappearance of NC features with increased DPPH ligands 
concentration illustrates that the NCs decompose or transform 
in this operation. The TEM images of Ag14 NCs with different 
concentrations of DPPH revealed the formation of 
supramolecular hierarchical structures (Fig. S5). The NCA-0.5 
shows a sheet-like assembly, and NCA-1.0 forms right-handed 
(P-type) super-helical bundles (Fig. S6 and Fig. S7) or coiled coil-
like structures44, 45 alongside spherical structures of ~200–300 
nm (Fig. S8). The EDS mapping of NCA 1.0 shows the presence 
of Ag, S, Cl, P and C which further suggests the aggregation of 
NCs (Fig. S9, Fig. S10, and Fig. S11). With further increase in the 
concentration of DPPH, we have observed sheets and 
aggregates, which could be due to the decomposition or 
transformation of NCs which is also evident from the 31P NMR 
(Fig. S12 and Fig. S13). The NCA-1.0 was analyzed in greater 
detail. The magnified images of spheres and helical bundles, 
similar to intermediate filaments such as keratin suggest that 
they comprise atomically precise Ag14 NCs (Fig. 4). Resolving the 
three-dimensional (3D) structures using electron tomography 
(ET) reconstruction reaffirms the spherical nature of 
superstructures (Fig. 4D and Fig. 4E). The cross-sectional view of 
the sphere reveals a solid interior due to the Ag14 NC assembly 
(Fig. 4F). Such NC assemblies could be formed by the 
intercluster supramolecular interactions between the NT 
ligands and secondary DPPH ligands. 
 
Dynamic light scattering (DLS) studies unveil the size evolution 
of the nanostructures formed during the controlled addition of 
DPPH ligands (Fig. 4G). The average size of Ag14 NCs was found 
to be 3.2±0.36 nm; NCA-0.5 shows an average size of 245±2 nm. 
The NCA-1.0 superstructures show an average size of 375±5 nm. 
With further increasing the concentration of DPPH, the size 
reduces, suggesting small aggregates and dissolved species.  
To gain more insight into the NC assembled superstructures, we 
have performed ESI MS. Along with the parent NC ion (X+), 
several new peaks were observed in the ESI MS of NCA-1.0 in 
the m/z range of 3900−4600 (Fig. 5). Detailed analysis of the 
peaks reveals that they are NC-DPPH adducts, the composition 
of the adducts are [X3Y3]3+ (Y=DPPH), (m/z 4059), [X2Y3]2+ (m/z 
4287) along with other fragmentation peaks (Fig. 5). Higher NC-
DPPH adducts were not observed, which could be due to their 
lower ionization efficiency. The compositions and the charge 
states of the adducts were determined by analyzing the m/z 
values and isotopic patterns of the peaks. In the isotopic 
distribution of [X3Y3]3+, the difference between the peaks is m/z 
0.33, which confirmed a charge state of 3+ (Fig. 5A2). The 
experimental isotopic distribution matches well with the 

theoretical isotopic distribution of [X3Y3]3+, which further 
reaffirms the assigned composition. The difference between 
peaks in the isotopic distribution of [X2Y3]2+ is m/z 0.5, which 
suggests a charge state of 2+ (Fig. 5A3). Along with these 
adducts there are several other low intensity peaks which could 
be due to weak gas phase adducts of X and Y. Due to low 
intensity, we could not perform CID measurements on the 
DPPH-mediated trimers and dimers of Ag14 NCs. To understand 
the role of DPPH in directing the hierarchical structures, NCA-
1.0 was redispersed in DMF as DPPH is insoluble in DMF and 
analysed using UV-vis spectroscopy and ESI MS (Fig. S14). The 
ESI MS in DMF didn’t show any NC adducts which further 
confirms the role of DPPH in the NC assembly (Fig. S14). We 
have also performed TEM measurements of the DPPH-NT 
mixture, which revealed that they also form thin sheets (Fig. 
S15). The formation of sheet-like structures further reaffirms 
the supramolecular interactions between the primary NT 
ligands and secondary DPPH ligands.  
 
 

 
 

 
 
 
 
 
 
 
 

 
 

 
Fig. 5 A) ESI MS showing the supramolecular adducts in NCA-
1.0. A1) Enlarged view of the same. A2) The experimental and 
theoretical isotopic patterns of [X3Y3]3+. A2’) Schematic 
representation of [X3Y3]3+. A3) The experimental and theoretical 
isotopic patterns of [X2Y3]2+. A3’) Schematic representation of 
[X3Y3]2+. (X=[Ag14(NT)7(DPPH)2Cl2]]; Y=DPPH). Color codes: grey, 
Ag; blue/sea green, C; yellow, S; orange, P; green, Cl; white, H.  
Mechanism for the formation of supramolecular architectures 
We speculate that the optimum concentration of DPPH directs 
orthogonal self-assembly, which leads to the formation of two 
different supramolecular architectures in the same system. 
Specific non-covalent intermolecular interactions could direct 
the formation of such interpenetrating networks. Orthogonal 
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self-assembly6, 11, 13 is an essential strategy in biological systems, 
where complex structures are generated by highly specific non-
covalent interactions between constituents such as proteins, 
amphiphiles, and biopolymers.10 In supramolecular chemistry, 
specific non-covalent interactions are exploited to achieve such 
orthogonal self-assembly.46 The naphthalene diimide 
chromophores47 are known to organize into supramolecular 
helices.48 Substitutions on naphthalene had resulted in helical 
tubes,49 twisted ribbons or helices with preferred handedness.50 
 
Based on microscopic and spectroscopic investigations, we 
propose that the orthogonal self-assembly process of Ag14 NCs 
relies on i) bidentate nature of DPPH ligand, ii) π…π stacking of 
the NT ligands in Ag14 NCs, iii) CH…π interactions between NT 
and DPPH ligands (Fig. S16), and iv) H…H interactions between 
NT ligands (Scheme 1). Such covalent and non-covalent 
interactions together lead to the formation of the microspheres 
and sheets/films of Ag14 NCs (Scheme 1A1) whereas, a lower 
degree of self-assembly in the z-axis results in the formation of 
superhelices which tends to bundle to form rope-like NC 
assemblies (Scheme 1A2). Compared to other ligand-protected 
Ag14 nanoclusters such as Ag14(3,4-DFBT)12TPP8,34 (3,4-DFBT=3,4 
diflourobenzenethiol, TPP= triphenylphosphine), Ag14(1,2-
BDT)6TPP833 (1,2-BDT=1,2 benzenedithiol, TPP= 
triphenylphosphine) and Ag14(pntp)10(dpph)4Cl2,51 (pntp=p-
nitrothiophenol and dpph=1,6-bis(diphenylphosphino)hexane), 
[Ag14(NT)7(DPPH)2Cl2]+ NCs are ligand deficient. Therefore, their 
surface structure can afford a few more ligands without 
stripping the thiolates and phosphines. The NT and DPPH 
ligands and their π…π and CH…π interactions play a crucial role 
in directing such orthogonal self-assembled nanostructures. 
Scheme 1 Schematic illustration showing the mechanism of 
DPPH-induced orthogonal self-assembly of Ag14 NCs into 
superhelices and spheres. 

 
Enhanced emission 
The optical features of Ag14 NCs were retained up to NCA-1.0 
which suggests that the NC property is retained in hierarchical 
structures. This prompted us to investigate their emission 
properties. A significant enhancement in the emission of Ag14 
NCs assembled superstructures was observed (Fig. 6). 

A three-fold enhancement in PL emission was observed in the 
case of NCA-1.0 than its parent Ag14 NCs. With increasing the 
concentration of DPPH (3.0, 5.0, and 10.0), the PL intensity 
reduces significantly. Increment in the emission of Ag14 NCs in  
solution by the addition of DPPH is attributed to the restricted 
motion of the ligands through ordered self-assembly. 
Atomically precise NCs are known to display aggregation-
induced emission (AIE) due to restrictions in the intermolecular 
rotation (RIR).52 The ordered assembly of surface motifs in 
aggregation-induced nanostructures reduces vibrational 
relaxation enhancing  emission.53 
 
 
 

 
 
 
 
 
Fig. 6 Variation of PL trend of [Ag14(NT)7(DPPH)2Cl2]+ NCs with 
the addition of different mole ratios of DPPH ligand (the star 
denotes the solvent-induced structuration). Inset shows the 
variation of PL intensity at 1035 nm with a different mole ratio 
of DPPH ligand.  
 
The inter-nanocluster CH…π interactions are also known to 
restrict the intramolecular rotations/vibrations and amplify the 
PL emission of NCs.54 We hypothesize that inter-nanocluster 
CH…π and π…π interactions that direct the ordered assembly of 
the NCs together restrict the molecular rotations and enhances 
the emission. 

Conclusions 
In this work, we demonstrate a novel facile route for creating 
supramolecular architectures of atomically precise NCs. The 
controlled addition of bidentate secondary ligand DPPH directs 
the orthogonal self-assembly of NCs reminiscent of biological 
systems. The mass spectrometric investigations reveal that the 
supramolecular architectures are formed by the assembly of 
NC-DPPH adducts. The distinct non-covalent interactions of 
surface motifs with excess secondary bidentate ligands play a 
pivotal role in such orthogonal self-assembly of NCs. The self-
assembled structures show an enhanced NIR emission due to 
restricted intramolecular motion (RIM). To the best of our 
knowledge, this is the first example of secondary-ligand induced 
orthogonal self-assembly of atomically precise NCs. We 
envision the application of orthogonal self-assembly 
approaches to create self-assembled structures from atomically 
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precise NCs that offer complex hierarchical architectures of 
NCs. 
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