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Clathrate Hydrates in UHV 



Structure of Clathrate Hydrates – Electron Diffraction

Bijesh Malla, et. al, J. Phys. Chem. Lett. 2024 (in press) 



Au25, Ag25, Ag29

New molecules
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Molecular materials

T. Pradeep et. al., Acc. Chem. Res., 2017, 2019
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M. Udhaya Sankar, et. al. Proc. Natl. Acad. Sci., 110 (2013) 8459-8464.

Advanced materials for clean water
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We supply arsenic-free water to 1.3 million people every day.
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Our technologies provide clean water to 13 million people.



Alkane- and arene- thiols are great, but…
Clusters are hard to crystallise, except in some cases

Thermal stability is limited

Applications are limited

345 structures!

Jobin et al. Chem. Phys. Lett. 2004, 390,181 
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Building Blocks: Carborane Thiols
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About the Ligand

1-HS-1,2-C2B10H111,2-C2B10H12
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Cu4 Ag14 Ag21    Ag42
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Propeller shaped [Ag21(m9-CBT)12(TPP)2] Nanocluster

Jana et al., Inorg. Chem., 2022, 61, 23, 8593-8603

Side view

Ligand:

Crystal

Top view
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Propeller shaped [Ag21(m9-CBT)12(TPP)2] Nanocluster
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Mass spectrometric characterization
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Light-activated Conversion of Carborane Thiol Appended Silver 
Nanocluster

Ligand:

Jana et. al, ACS Nano 2021, 15, 10, 15781–15793
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Light-activated Intercluster Conversion 

20



Photoluminescence Properties
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Multicolor Phosphorescence of Tetranuclear Copper Nanoclusters

Jana et al., Chem. Sci., 2023, 14, 1613-1626.
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Mass spectrometric studies
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Photophysical properties
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Mechanoresponsive properties
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Thermoresponsive properties
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Dynamics in clusters
Reactions

Isotope exchange

Positional dynamics
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Inter-cluster reactions

A + B  C + D

K. R. Krishnadas, et. al., JACS, 2016
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Ag25-Au25 experiments

K. R. Krishnadas et al. Nature Commun. 2016
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Reaction between Au25(PET)18 and Ag25(DMBT)18
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Optimized structure of [Ag25Au25(DMBT)18(PET)18]
2-
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M. Neumaier, A. Baksi, et. al., JACS 2021
Manfred Kappes, KIT
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Kinetics of the exchange (monitored on the Ag25 side)
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Modulation by Site-specific Positioning of Triphenylphosphine in 

Ag14(CBDT)6(TPP)4 Nanoclusters

+

Ag Solution O9,12-Carborane Dithiol

NaBH4

Synthesis Schematic of Ag14(CBDT)6(TPP)4 Nanocluster  

TPP

Ag14(CBDT)6(TPP)4

Vivek Yadav, et. al., Unpublished
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Ag14 (CBDT)6 (TPP)4

Tetrahedral TPP Square Planar TPP

Crystallization

Ag14 (CBDT)6 (TPP)4
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Tetrahedral TPP Square Planar TPP
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Tetrahedral TPP Square Planar TPP
38



Tetrahedral TPP Square Planar TPP

Packing of Ag14 (CBDT)6 (TPP)4

Crystal system - Monoclinic
Space group - P 21/c
Volume - 8703.8(5) Å3
Z - 2

Crystal system - Triclinic
Space group - P -1
Volume - 8176.8(13) Å3
Z - 2
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Tetrahedral TPP Square Planar TPP

Luminescence of crystals of Ag14 (CBDT)6 (TPP)4
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Ag17   AuAg16 Ag13Cu4 AuAg12Cu4

Vivek Yadav, et. al., Nature Communications, In Press
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Synthesis Schematic of [Ag17(o1-CBT)12]
3- Nanocluster

+

Ag Solution o1-Carborane 
Thiol

NaBH4

[Ag17(o1-CBT)12]
3-
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Characterisation of [Ag17(o1-CBT)12]
3- Nanocluster
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Structure of [Ag17(o1-CBT)12]
3- Nanocluster

+

+
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Alloying of Nanoclusters: The Work Plan
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Structure of AuAg16 Nanocluster
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Structure of Ag13Cu4 Nanocluster
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Structure of AuAg12Cu4 Nanocluster
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Structure of M17 Nanoclusters

Au@Ag16

Ag13@Cu4 Au@Ag12@Cu4

Ag17
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Theoretical Understanding
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Packing of M17 Nanoclusters

Bimetallic Trimetallic

Ag17 (Orthorombic) AuAg12Cu4 (Cubic)

AuAg16 (Trigonal)

Ag13Cu4 (Triclinic)



Structural Pores of AuAg12Cu4 Nanoclusters
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[Ag62S12(CBT)32] Nanocluster

Largest molecule with carboranes so far……

Jana et al., manuscript under preparation 
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Structural anatomy of [Ag62S12(CBT)32] Nanocluster

Ag6@Ag8 Ag6@Ag8S12 Ag6@Ag8S12@Ag48 Ag6@Ag8S12@Ag48S32

Ag6@Ag8S12@Ag48S32(CB)32
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Characterization of Ag62 cluster
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Properties
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Nanomechanical Properties of Cu4 Nanoclusters

Amoghavasha Ramachandra Kini, et. al., Chem. Mater., Revised (submitted) 58



Nanomechanical Properties of Cu4 Nanoclusters
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Catalysis by Ag13Cu4 Nanoclusters

 Direct N9-arylation of Guanine with Phenylboronic Acid Catalyzed by

Cu-doped Silver Nanocluster
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Summary

• Carborane protected nanoclusters are versatile.

• Clusters are thermally stable up to 400°C. 

• Comparatively larger crystals are available for experiments.

• Nuclearity up to Ag62 is now known.

• Need to explore new properties – electrical and thermal conductivity

• Limitation: Need to expand to Au clusters; beyond the reports on Au28 and Au23. 
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Algara-Siller, G.; Lehtinen, O.; Wang, F. C.; 
Nair, R. R.; Kaiser, U.; Wu, H. A.; Geim, A. K.; 
Grigorieva, I. V., Square ice in graphene 
nanocapillaries. Nature 2015, 519 (7544), 
443-445. 

Observing Molecules
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27112024_Au144_N2_25K #2-17 RT: 0.17-1.43 AV: 16 NL: 1.15E5
T: FTMS + p NSI Full ms [3000.0000-40000.0000]
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2D classification images
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