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Abstract
Assembly of Multifunctional Materials Using Molecular Cluster Building Blocks

Bonnie Choi

This thesis explores the synthesis, properties, @otdntial applications ofmolecular
clusters and thieierarchicakolidsthat form whercomplementarglustersarecombined Chapter
lintroduces theliverse set of molecular clustehat | employ asanoscale building blocks in the
assembly ofmultifunctional materials.The core structure of the molecular clusteiss closely
related to the superconducting Chevrel phasediscrete clustersioweverthe core is passivated
by organic ligandsyhich add stability and@nportant functionalitiesThe molecular clustetsave
rich physicaland chemicapropertiesof their own and Ipresentsome ofthetechniquesisedto
investigate thie intrinsic electonic propertiesFinally, | review some of thenodesby which the
molecular clusters interact with another to assemble into biecat solids.The structural
tunability and complexity embedded in the molecular clustdfsenable thalesign ofmodular
well-defined multifunctionalmaterials with desirable electronic and magnetic properties.

Chapter 2 details the synthesis andarhcterization of a family ofnanganese telluride
molecular clusterBy varyingthe ligands that decorateetisurface of the inorganic coleshow
thatthe core structures can be tun@&tle study of molecular clustepsovides insight intdiow
extended solidform. As such] make structural comparison$the clusterso known solidstate
compoung. Being structurally varied and chemically flexible, the clusters reported intthfger
presentan exciting new class of building blocks tbe assembly of solidtate compounds.

In Chapters 34, | present aanoscale approach to investigate the electiosi@viorsof

individual molecular cluster By using a scanning tunneling microscdpsesed breakunction



technique and densHynctional theory calculations] study the effects of thgunction
environment and the redox propertishe molecular clustem the conductana# single-cluster
junction.Importantly,current blockade effets observedt roomtemperaturén thesinglecluster
junctions,allowing forthe conductanc® be turnedan or off by varying the bias potential.
Chapters 5-7 explore thesynthesis and properties of thierarchical solideomprised of
molecular cluster building block€hapter 5 unveils an approach to creaté¢haeedimensional
(3D) coordination network of molecular clusters by using a bifunctional cyanide liJdred.
cyanide ligand is appended to tmetal sites of theluster through the carbon terminus, leaving
the ntrogen end available for coordination by a divalent metal catimereas the molecular
cluster itself is paramagnetic acroastempeature range of 3300 K, te 3D coordination
compound shows a ferromagnetic transitr-25 K In Chapter 6, | describehe importance of
a molecular recognitiorfeatureon the molecular clustethat contributes tahe assemblypf a
layered, van der Waals salidhe bulkmaterial contairs monolayers ofullereneand can be
mechanically exfoliad to thinner layers, providing key templated strategy to isolafece
monolayers of fullerend.astly, Chapter 7 detailslayered, van der Waals solid§ rhenium and
molybdenumsynthesized using traditional soltiate reactiondBecause the neighboring cluster
units are covalenthypound togetherthe intercluster coupling isnuch stronger inthe plane of
these materials than that of teelfassembled solidlescribedin Chapter 6 The strong twe
dimensional (2D) character in thelsgeredmaterialsallows for the exfoliaion of bulk crystals
into robust, lowdefect monolayers. The surfaces of these monolayers carered with
substitutionally labile ligandswhich s an atypicalet valuable featuramong2D materials |
demonstrate that thelectronic properties athe monolayes can betunedby exchanging the

surface ligands.
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Chapter 1. Chevrel Phase Molecular Clusters and Cluster
Assembled Materials

1.1. Introduction

A well-studied class ofolid-state compounds includes the Chevrel phases with an
archetypal chemical formula, MosEs (M = transition metal; E = chalcogeh)The Chevrel
phases constitute a remarkable number of materials with fascinating physical and chemical
properties. Since they have first gained attention for their superconducting proprities,
particular high transition temperatures and critical fields, other potential applications have

emerged, including batteri&€$ catalysis’ 1° and thermoelectric technologigst?

Figure 1.1. Structure of Chevrgbhases, MMogEs. Molybdenum, purple; chalcogen, green; metal cation, orange.

The basic building block shown iRigure 1.1 is common to the Chevrel phases. An
octahedron of Mo atoms is concentric with a cube of chalcogen atomsS, Se, Te).
Compositional variations are possible with the substitution of Mo atoms for other transition metal
atoms and the chalcogens for halide atoms. In some structures, metal cations occupy the sites

within the crystalline lattice that extends thoBmensionally. The most common method of their
1



preparation is to mix stoichiometric amounts of the elements in a fused silica tube and to heat the
mixture at high temperatures.€, 800- 1000 °C). Because they are formed using high temperature
solid-stae reactions, the structures are most likely the thermodynamically favored phases. By
using a diffusion technique at intermediate temperater.gs 400- 500 °C), different metal ions

can be inserted into the channels of Chevrel phase $blids.

1.2. Dimensional Reduction of Chevrel Phases

A significant body of work has been dedicated to understanding the structural and reactivity
relationships betweenéhmolecular components and their extended arrays. This work inspired the
excision of cluster core from the Chevrel phase solids into frameworks of reduced dimensionality
and connectivity, which include twdimensional sheets, ommensional chains, and ewv
discrete molecular clusters. However, thetiggvn approach to obtaining molecular fragments of
Chevrel phases often involve harsh or intricate reaction conditions. For example, the excision of
[MoeSe] cluster core from the parent N®e; solid is carred out in molten cyanide salfs1
Metal halides can be integrated in the Higimperature solidtate reactions of RBEs, to isolate
solids of [R@Es] with reduced dimensionalities and even discrete molecular cld$t&r©ther
methods to obtain discrete molecular clusters include ligand exchange in the cluster core of
octahedral metal halide solfd<° or reductive dimerization of trinuclear fragmefitdlonetheless,
these reactions are often low yielding or contain a mixture of unknown compounds -as side

products.



1.3. Solution-Phase Synthesis of Molecular Clusters

An alternative method of making discrete cluster fragsmentChevrel phases involves
solutionphase assembly with organometallic reagents and stabilizing organic ligands. This
bottomup approach usesmuch milder conditions to prepare monodisperse, atomically precise
molecular clusters. Crucially, the developmef solutionphase assembly has expanded the
family of Chevrel phase molecular clusters to include 3d transition fo@téhining cores, as
studied extensively by Holdt; 2 Coucouvanig® 2° Saito?® Fenské&” 28 Cecconi® *°
Steigerwalcf32 and othersThe molecular clusters are not oalyractiveas large molecules with
interesting chemical and physical properties$** but they also offer practical advantagesthe
synthesis of soligtate compounds. The use of precursor compounds allows for much lower
reaction temperatures to obtain bulk extended solids and for the preparation of new phases that
may be inaccessible by traditional sedithte routes. Furthermgreomparing the structures of the
molecular clusters with those of extended solids has provided insight into the chemistry of
moleculesto-solids procesg!33 36

The strategies to synthesize polynuclear metal chalcogenide complexes are briefly
described here. One methimdolves sefassembly of metal cations and chalcogen anions in the
presence fostabilizing ligands. Among many sources of chalcogen atoms, a common reagent is
H.E. Transition metal sulfide clusters have been synthesized us®igFf including the iron
sulfide clusters sl (L = stabilizing ligand) described @hapter 5. Theuse of HSe and HTe
are rare due to the toxicity and difficulty in handling these reagents. An alternative method
combines a lowalent organometallic complex and a functionally featent chalcogen. In this
respect, trialkylphosphine chalcogenidesHR), which are milder reagents to handle thasf,H

havebeendemonstrateds soluble and stable organometallic sources of chaléégémespite
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their stability, phosphine chalcogenides of selenium and tetlugan transfer zerwalent
chalcogen to metals due to the poel Brbital overlap and more favorableBbondingBecause

of the greaterstrength of & bond, metal sulfide clusters are not easily synthesized using
phosphine sulfides. By controlling the ratio of the reagents, clusters with different core structures

or with mixed ligands can be isolat&t>°

1.3.1. Cluster Core

The field of polynuclear metal chalcogenideemistry is expansive, as highlighted by
comprehensive reviews over the past few dec#dés.Here, | focus on transition metal
chalcogenide molecular clusters of a single extended family: ligassivated, roughly fourteen

atom spherical cageBifure 1.2).21 27 4142

MngTeg Nig

Figure 1.2. Family of roughly fourteeratomcage molecular clusters with aB4 core. Adapted from referend®.

With M =V, Cr, Fe, Co and Ni; E = S, Se and Te; and L =#&hmtron donor ligand, this
family includes the Chevrel type cages®iLe,3! 3% “3the inverse structure §dsLs,** as well as
their respective chalcogeand metafilled analogs, MEsLe*® and MyEsLs.33 Each member of this
family may be viewed as an exoskeleton of six metal atoms and six chalcogens that assemble to
form a stack of two chaitype sixmembered rings analogous to our dVles prismane clusté?

that will be described in more detail @hapter 2. Supplementing the hexagonal core with two
4



metals produces the dis cluster €.g, NisSe**). The inverse structure or Chevrel typeBylis
obtained by shifting the metal atoms towards thtereof each hexagonal ring and complementing
the slightly deformed prismane core with two chalcogen atams CreTes,>* FesTes,*® and
CosTes®’). In addtion to these basic structures, theByland MsEs cores can be filled with an

additional metal atome(g, NisTes*®) and with an oxygen atone.g,VeSe02®), respectively.

1.3.2. Ligand Shell
The inorganic cores of the molecular clusters are passivated by a ligand shethtiiketsp
both stability and solubility to the molecular clusters. While the ligands prevent communication
(e.g, electronic or magnetic) between neighboring clusters, they embed important functionalities.
As will be detailed irChapters 34, decorating theluster core with bifunctional ligands allows
for fundamental electronic studies of the molecular clusters. In other cases, the ligands assist in
the selfassembly of molecular clusters into hierarchical solids, as will be detail&thipters 5
6. Finally, the ligands that stabilize the surfaces of clustered materials can be exchanged for
other types of IlIigands to modify the materi al

Chapter 7.

1.4. Electronic Properties of Molecular Clusters

Themolecular clusters that we employ in the assembly of multifunctional materials have
rich physical chemistry of their own. We explore the electronic properties of individual molecular
clusters by connecting them to nanoscopic gold electrodes and meabkart@ntiuctance of a
singlecluster unit. To do so, we use a scanning tunneling microdzaged break junction (STM

BJ) technique Kigure 1.3. The motivation tostudy singlecluster electric circuitss to help
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elucidate thestructurefunction relationstps, which will eventually enable the rational design

of molecular clusters with desirable properties.

\ > |
I
s
., 5

Figure 1.3. Schematic ofa singlecluster junction in the STNBJ setup. The cluster core is decoratedthw
bifunctional ligands that attach the cluster to the nanoscopic gold electrodes. Conductance is measured across the
junction when the cluster is in contact with both electrodes gubstrate and tip).

1.4.1. Background of the STM-BJ Technique

The ultimate limit of miniaturization of electronics is to use discrete molecules to fabricate
the electric components. A major hurdle in the development of molecular electronics was the
mechanical difficulty in connecting the electrodes to the molectkb® amanoscale. In 2003, Tao
et al addressed this key issue by using a scanning tunneling microscope (STM) tip to connect an
individual molecule and create a reliable singielecule electric circuit® This technique involves
bringing the STM tip into contact with the molecule in solution dahtgradually retracting the
tip. The conductance across the electroadeculetip is measured until the tip is stretched beyond
the length of the molecule and the junctisnuptured. The process of formation, elongation, and
rupture of the junction isepeated thousands of times to obtain statistical “d&eom these
measurements, ortimensional (1D) and twdimensional (2D) conductancksplacement

histograms can be created.



1.4.2. Environment Effect

The environmentife., solvent molecules) around the molecule connected to the junction
hasvarious effects on the conductarté€® Such a solverinduced effect is attributed to the
solventodés ability to t une*ltishatso pessibl&kto domtralche i on ¢
junctionds el ect r ost \etydifferentaneasiof the eleceodés anbopic e Xx p o s
solution. The STMip is insulated with Apiezon wax such that its area is reduced tor+1
whereas the gold substrate (and electrode) retains an area greater tifaThismsymmetry
in size affords control of the electrostatic environment around the tip and substrate such that
bias polarity across the junction can be modulated. We assign this environment effect to the

formation of a much denser double layer nearsthaller areaip compared to the substrafe.

1.4.3. Linker Group

The linker group attaches the molecular cluster to the electrodes mechanically and
electronically. Gold is primarily used as the electrode material because it remains inert throughout
most electronicprocesses. As such, we focus on aurophilic ligands.vidhethe linker group
interacts with the electrode dictates whether the molecule transports holes or electrons. For phenyl
ligands terminated with an alkylthiol§R) group at theara- position, the dominant conducting
molecular orbitals are in the highestcupied molecular orbitals (HOM®)In Chapters 3-4, we
employ ligands that containthiomethyl group at thpara- positionof the phenyl ringo connect
the molecular cluster to the gold electrodes. The other terminus of the ligand contains a phosphine

group that coordinates to the metal atasiaghe M-P bond.



1.4.4. Coupling betweenElectrode and Cluster

By varying the structure of the linker group, the electronic coupling between the cluster
core and the electrodes can be dramatically changed. Wheraastdmubstituted linker alone
shows a conductance peak across the electrokiertip junction, the molecular cluster ligated
with the same linker group shows no conductance peak, indicating that there is no electronic
pathway in which a carrier can travel from one electrode to the other through the clustePsystem.
By synthetically engineering the linker groups to have both strongnaadt coupling to the
electrodes, molecular switches have been made, where the conductance can be turned on or off by
switching the conductance pathway through the moleééife.

While there have been many synthetic efforts to strengthen the coupling between the
molecule and the electrodes reachhigher conductance valugs,’ poor coupling can also be
beneficial and etiit interesting physical phenomena. One of the features that can arise from poor
coupling is the Coulomb blockade effé€fThis effect refers to the increased resistance at small
bias voltagesinasingel ectron devi ce. I nstead of foll owi
in singleelectronfeatureddiscrete stepsas the electrons in the device create a strong Coulombic
repulsion against a flow of electrons under certain threshold voltages. Though rare, the Coulomb
blockade effect has been demonstrated in specific organic molétsiegje ion bonded to
polypyridyl ligands®® ¢! and quantum dot¥ 63

Through densityfunctional theory (DFT) calculations, we find that the HOMO of our
Chevrel phase molecular clusters (specificallysEghs) is localized on the inorganic core and
is uncoupled to the aurophilic linker group. Meanwhile, the lighasgedHOMO of the cluster
that would couple charge across the cluster junction are much like the HOMO of the ligands

alone. We hypothesize that tiweak couplingacrossthe electroddigand-cluster cordigand
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tip contributes to the Coulomb blockatike effect in our singlecluster junction, and this

feature will be the focus d€hapter 4.

1.5. Assembly of Molecular Clusters into Hierarchical Solids

Through judicious choice of nanoscale building blocks, we can create new materials with
tailored chemicaind physicapropertie* While nanocrystals have been employed as building
blocks to construct superlattice structufe® they lack atomic definition and contain defetesi
due to the nature of their synthesis that results in polydisperse structures and complex surfaces. On
the other hand, molecular clusters are attractive nanoscale building blocks because they are
atomically precise, monodisperse, ammnpositionallydiverse. The use of molecular clusters in
the bottomup assembly of solids will enable the rational design of-defiined materials with
interesting electronic and magnetic propertsiongthe numerous strategies to obtain cluster
based materials, | predehree relevant modes: (1) charge transfer, (2) molecular recognition, and

(3) metal coordination.

1.5.1. Charge Transfer

When electrofrich metal chalcogenide molecular clusters combine with complementary
electronaccepting molecular clusters suchfaléerene§™8° or metal oxide clusterd,there is an
electron transfer between the electrically neutral clusters in solution to produce solid com&inatio
This inter-cluster electrostaticinteraction helps create the binary superlattiéeSome of the
superlattices are structurally analogous to the traditional ionic compounds such &NesTf’
and Cd.5” Unlike with traditional atoms where modification dhe individual atoms is not

conceivable, the ligand shell of the molecular clusters can be ealgto induce subtle changes
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in the packing of the binary superlatti®Sincewe canmake the structural analogy to traditional
binary atomic solids, weonsiderthe clustea s s e mb|l ed super |l att ®mes as
which the fAsuperatomso are defined asdikedi scr e

properties’?

1.5.2. Molecular Recognition

Another method to create organized faeehical solidsis to use building blocks with
preorganized nanostructures that can direct the assembly of functional solids. This concept is
derived from supramolecular principJewhich focus on nofcovalent interactions between
molecules €.g, hydrogerbonding, van der Waalsyeake | e c t r o s+{ ¥tTheoorgania n d
phosphine ligands that we emplimythe synthesis of molean clustersare highly tunable, and
we can affix specific molecular recognition moietiés guide the clustergnto programmable
structuresThe forces holding the clusters together inldlyeredmaterial discussed i@hapter 6
are weak van der Waalsintee c t i o-h'si mandr act ibandirsf* " ahtyekkatrasigtie n
templating® of complementary building blocks into ordered arrays fasebeen demonstrated

with Chevrel phase molecular clusters.

1.5.3. Metal Coordination

As mentionedn Section 1.3.2the ligand shell on the molecular cluster typically prevents
electronic and magtie communication between the neighboring clusters in the -sahd
solutionphase. One of the ways to increase intduster communication is to use a bifunctional
ligand that can bridge clusters together through a metal catifimntoan extended array. This

strategy has been used extensively to create 1megahic framework$’ Clustercontaining metal
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framework solids includexpandedPrussian blue analog3he cyanide ligands capping the
octahedral metal sites ihd cluster can coordinate talevalentmetal cationM 6through the M
Cl MIGN [ @/ linkage to create extended porous solfti§ Other cyanidébridged organic
inorganic hybrid compounds include Kagotype structureswith fascinating magnetic
properties® More recently, it has been demonstrated that the ligands on tkggCmolecular
clusters can be funcinalized with carboxylate groups to react with?Zsalts to form zine

carboxylate linkages and yieé2D or 3Dcrystalline network?

1.5.4. Increasing thelnter -Cluster Coupling

The clustetbased assemblies presented thus far do not involve direct covalent bonding
between the neighboring cluster units. To increase -gltister coupling,we can append
appropriatdunctionalligandson the molecular clustets differentially and directionallgonnect
theclusters®® 8 Another appealing approachitoproveinter-cluster coupling is to fuse the cores
in a controllable fashion. There aseveralexamples of fused dimers containing two stellated
octahedra[M¢Es]c or es | i nked t o-§ bridding ligantd$h® Theidgrierizationo €
occurs ponthe loss of terminal ligands; however, the mechanism by which this process occurs
remains elusiveThe ntercluster bonthg mode is similar to those in the par@itevrel phases.
By investigating the chemistiof dimerization further, we can potentially extend the core fusion
strategy to create differenypes of polymerized clustersThe new cluster polymers would

represent nanoscale fragments of the pathetrel phas&damework.
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1.6. Structural Characterization

In most cases, weanobtain single crystals of the clusi@ssembled solids that are suitable
for single crystal Xray diffraction (SCXRD). When fine polycrystalline solids are obtained, we
use synchrotron Xay diffraction to characterizthe superlattice structut€The phase purity of
thesolidsis oftendetermined by comparing the powderray diffraction (PXRD)patternof bulk
solids with the simulated pattern from the crystal structure. When fullerenes are uaed as
complementary building blécin the assemblythe degree of charge transfer candasily
monitored by Raman spectroscopy. We can also compare the changes in the bond lendths of M

and MM within the molecular cluster to deduce the degree of charge transfer.

1.7. Redox Properties

A key advantagef using molecular clusters in the assembly of hierarclsicldis is the
rich electrochemical properties the constitueraiecular clusterempart on the resulting solids
The majority of the Chevrel phase molecular clsstere utilize support reversiblemulti-
sequential electron transfer. In the assembled solids, the redox properties of theatysterents

are retained® ®which may prove invaluable fdaheir applicationgn catalysis and batteries

1.8. Collective Properties

Because of their atomic precision, the clustesembledolidsexhibit collective behaers,
and this feature inspirebe further development of bottorap assembt hierarchical materials
using molecular cluster building blockSome of the materials properties that can be tuned using
different molecular clusters argectronidransport, thermal transpoand magnetic ordering. For

example, we perform elg@al resistivity measurements on cluséssembled materials to
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determine their electronic properties. Depending on the constilustés, the activation energy
of the materialscan vary from 100 to 850 meV. % We also study the structufenction
relationships in a series of futtnecontaining cecrystals ofCosEsLs using thermal transport
measurement¥. Lastly, we investigate lorgange cooperative magnetic properties in cluster
assembled materials using superconducting quantum interference device (SQtiDJorspin
relaxation By varying the intercluster interactions, we can adjust tiveset of the ferromagnetic

transitiors 58

1.9. Summary and Outlook

The molecular approach of usingnoscale building blocke assemble solidsresers a
promising path to creating mufiinctional materials with tunable pperties. Owing to the
expansivecollection of molecular clustersie can design and synthesize a wide variety of solid
state materialsThe collective properties that arise in these materials are especially attractive for
their potential applications. There are many remaining challenges to address so that we can apply
the clusterassembled solids to relflie applications. How can we predictatdgntrol the structuse
and properties of thessembled materials? How do the new priigecompare to the conventional
materials? What can we do to increase the stability of the materials? To confront these challenges,
we can combine our knowledge and expertise of chemistry, physics, theory, and materials science.

With the numerouspportwnitiesat hand it seems like there is also plenty of room at the top.
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Chapter 2. Structural, Dimensional, and Interfacial Diversity in
ManganeseTelluride Molecular Clusters

2.1. Preface

This chapter is based on a manuscript enti
Mol ecul ar Cluster Core Nuclearityo by Bonni e
Steigerwald, and Xavier Roy, publishedlimrganic Chemistry It is reprinted with permission
from the American Chemic&8ociay. | synthesized all compounds. | characterized the molecular

clusters using SCXRD with essential input fr@m Daniel W. Paley an®r. Theo Siegrist.

2.2. Introduction

Our interest in synthesizing and studying mangaiesed molecular clusters is motivated
by the reports of remarkable magnétiand catalytie ® properties in manganese oxide clusters,
and by the promising uses of MnTe in the preparation of dilute magnetic semiconducting alloys,
8in the fabricatiorof X-r a 'y -say dktectors?® andas magnetic impurities in nanocrystéls.
12 While the chemistry of manganese oxide molecular clusters is versatile ad#'tittere is
only a small handful of known manganese clusters containingenednalcogensi.g., S, Se, and
Te), and none that are passivated wittyjhe twoeelectron donor ligands. Noteworthy examples
from literature include [Mg(SPh)d%,*® [MnsSe(SeSiMa)4*,*" [MnsSnSea7]***® and [Mn.
Tes(E'Pry]* (E =S, Se, Te}*?°

In this chapter we report the synthesis, structural diversity, and chemical behaviors of a
family of manganese telluride molecular ckrst whose chargeeutral cores are passivated by
two-electron donor ligand$Ve describe three different core structures: a cuitgpe MnTes, a

prismane MgTes, and a dicubane Mreg. Various trialkylphosphines and -INeterocyclic
21



carbenes (NHCsre employeds surface ligands aitds shownthat the formation of the different
cluster core structures is controlled by the choice of ligand. Bulky ligands such a¥t; orP

PCy generate a MiTesL4 cubane cluster, while the smaller L = PiM@odue@s the prismane
MnsTesLs. The PEs ligand is intermediate in size, and its use yields both cubane and prismane
clusters.

These manganese telluride molecular clusters are labile, and the capping phosphines can
be replaced by stronger ligands while thenma core structure of the cluster remains intact. The
interplay of structural diversity, and ligand versatility and lability makes these clusters potentially
useful building blocks for the assembly of larger aggtes and extended structures. In this
regpect, we demonstrate the simplest prototype of these dolishing reactions: the direct
coupling of two MaTes('PLNHC)s units to form the dicubane Mhes(PLNHC). Lastly, we
discuss the core structure of these molecular cluagerscognizable buildgnunits for the zinc

blende and the hypothetical wurtzite latticesalid-state compount¥inTe.

2.3. Synthetic Design

The hard, higkspin Mn(ll) ion interacts very weakly with soft organophosphine ligdnds
and as a result, ionic MnXX = Cl, Br or 1) precursors proved to be a poor choice for the synthesis
of phosphinecapped manganese telluride clusters. For el@ntpe reaction of MnG| bis(tert
butyldimethylsilyl)telluride and a large excess #PRresulted in the formation of an insoluble,
amorphous solid that, when pyrolyzed, yields diMnTe. In light of these results, we turned to
an alternative chemitapproach in which we react a levalent manganese organometallic
complex with a souvwwad eot of tec¢tiiuonalml y of lgaw e
clusters. Trialkylphosphine tellurides fRTef>*have been used as -react.
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val ent o tel | ur-telunom bonds With rseveralow-vakerit transition metal
complexes, including G@ECO)%,?* Cr(DMPD),?® and Fe(COTy®* (DMPD = 24
dimethylpentadienyl, COT = cyclooctatetraene). By controlling the reaction conditions, stable

polynuclear metal chalcogenide clusters have been intercepted in the melecdkds process.

Figure 2.1. Molecular structure of MiTes(PPrs)s showing thermal ellipsoids at 50% probabilifylanganese,
magentatellurium, teal phosphorusprange carbonblack Hydrogen atoms and a toluene of solvation are removed
to clarify the view.

We found thatthe 28 ect r on ¢ bbutpdieaePMairdacts withPrPTe in
refluxing tetrahydrofuraTHF) in the presence of a laag@xcess of 'Pr; (10 equivalents) to form
a brown solution from which dark orange crystals grevdat°’C over 24 h. SCXRD reveals that
this compound is a polynuclear manganese telluride complex with a etypenecore,
MnsTes(PPrs)s (Figure 2.1). Thecore is a tetranedron of Mn atoms with each face capped with a
Te atom forming a larger tetrahedron; four phosphine ligands passivate this inorganic core,
forming again a tetrahedron. As in the closely related clusi@eRe Prs)4,28 the cubane core of
MnsTes(PPrs)s is severely distorted; the Mhe; rhombs are noplanar with mean Tn-Mn-Te

torsion angle of 156.6°. Other important mean bond digtsiand angles are listedTiable 2.1
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Because the prepar at‘%botadienafMds can e bothttime® n o f
consuming and challenging, we sought a more convenient precursor for the preparation of this
molecular cluster. Analogous to the prawsty reported use of the complex 4EkCr(allyl). as a
source of reactive, lowalent chromiunt? we treated auspension of anhydrous MnGh THF
with one equivalent of 'Prz and two equivalents of allyimagnesium chloride7& °C. After ~2
h, we obtained a dark brown mixture, which we believe contains a manganese diallyl compound
or a reactive equivalent thereod which we added one equivalent®&PTe. The reactiowas
warmed to room temperature and was stirred for ~5 hn,Tife mixture was concentrated to
dryness and recrystallized from toluene to afford dark orange crystals:®eNPPrs)4 identical
tot he compound p reéyladieneRMe.fIn amrastvta ¢ud original approach
(Method A) this onepot synthesigMethod B)does not require a large excess of phosphine and

employs commercially available precursdegy(ire 2.2).
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Figure 2.2. Schematic ofhe synthesis and reactivity of manganese telluride molecular clusters

We prepared cubargpe clusters, MiTesL4, capped with various trialkylphosphines (L
= PEs, PPr;, PCy) using boh approachesF{gure 2.3. The cores of MmTes(PCy)s and
MnsTes(PE)4 are similar to that of MiT es(PPrs)s, but the MAMn, Mn-Te, and MRAP distances
in MnsTes(PE&)s are shorter than those in WMies(PPrs)s and MnTes(PCys)s, reflecting the
smaller coneangle of PE£® *° (Table 2.1). This cubane geometry is pervasitr@oughout
molecular cluster chemistrgand we compare MitesLs to several related compounds. The only
reported manganese telluride cubane cluster to date is the ionic clusi@ef(#C:H7)4]* (E =
S, Se, Te), which is capped with chalcogenolate ligdhtfsAs in our neutral Mgl esL4 clusters,
the core of [MaTes(ECsH7)4]* is significantly distorted from a perfect cube, and the-Tén
distances are within the typical range for such bonds. The meadvirMieparation in all MaTesL4

(~3.1 A) is significantly longer than the nearesighbor distance of 2.73 A in elemental Md an
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lies between that of traditional singbpnded manganese dimeesg, ~2.9 A in Ma(CO)10)3% 32

and that of [MaTes(ECsH7)4]* (~3.3 A ¥° which exhibits no MaMIn interactions. We can also
view the MnTesL4 cluster as an illustration of the topological s#lfality of the tetrahedron: the
cubane core is the intersection of two concentric tetrahedraanihTe, that have different edge

lengths (~3.1 A and ~4.4 A respectively).
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Figure 2.3. Molecular structures ofa) MnsTes(PEt)4 and (b) MnsTes(PEg)s showing thermal ellipsoids at 50%
probability. Color scheme is the same a§igure 2.1 Hydrogen atoms and molecules of solvation are removed to
clarify theview.

We found that tHpeadieneRMestwithcERPTeih theMpregedce of a
large excess of PEproduces a mixture of two clusters of different nuclearitys Ma(PE&)s and
MnsTes(PEg)s. These compounds were separated based ondifference in solubility; during
the course of the reaction, Wires(PEt)s precipitates from refluxingHF as a brown solid. We
filter this solid and recrystallize it from dichloromethane3&t °C. Figure 2.4shows the molecular
structure of MgTes(PE®)s as determined by SCXRD. The cluster has a cylindrical prismane core
built from two facesharing hexagonal Mmes puckered rings with alternating Mn and Te atoms
at the vertices; each Mn atom is further coordinated by one Pl MnTe> rhombs that form

the lateral surfaces of the cylinder are +pdenar but to a lesser degree than in the cubane
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structures; the mean In-Mn-Te torsion angle is 164.3° in Mihes(PE)s while it is 155.2°in
MnsTes(PEg)s. The MnMn, Mn-Te and MAP distanes in MrsTes(PEg)s are similar to those of

MnsTes(PES)4 (Table 2.1).

Table 2.1. Meart bond distances (A ) and angles (°) for [Mn{@] = 4, 6, 8) clusters.

Distances (A) Angles (°)

Compound Mn-Mn Mn-Te Mn-L(L=P,C) Mn-Te-Mn Te-Mn-Mn-Te
MnsTey(PER)4° 3.029 2.712 2.479 67.9 155.2
MnsTes(PPrs)s 3.118(18)  2.738(9) 2.533(5) 69.4(5) 156.7(13)
MnsTey(PCys)a 3.10(6) 2.732(17)  2.527(17) 69.1(14) 156(3)
Mn,Tes(Me;NHC), 3.22(5) 2.741(18)  2.185(14) 72.1(13) 159(3)
MneTes(PMes)s 3.07(3) 2.714(16) 2.512(17) 68.9(6) thombh  162.6(4)

99(3) hexagon
MneTes(PER)s 3.010(17)  2.720(7) 2.540(12) 69.5(3) thombh  164.3(6)

101(2) fexagon
MngTes((PRLNHC)s 3.27(12y 2.77(4Y 2.175(6) 72(3) 159(6)

69.3 (bridge) 180.0 (bridge
(a) We | i st average geometric parameters and

measurements are typically much smaller; they are-0.04 A for MaC distances, 0.060.005 A for othel
distances, and 0.6@1 °for angles.

(b) The TeMn-Mn-Te torsion angle is the dihedral between two fuseddnings. The angle would be 180°f
a perfectly planar rhomb and ~109.5°for-Te >> MnMn.

(c) Nostandard deviation is listed when a measurement has only one independent value.

(d) The bridging MaMn and MnTe distances, respectively 3.1715(18) and 2.7513(10) A, are omitted fron
averages.

Figure 2.4. Molecular structure of MgTes(PEt)s (a, sideview; b, topview) showing thermal ellipsoids at 50%
probability. Color scheme is the same agigure 2.1 Hydrogen atoms and a dichloromethane of solvation were
removed tcclarify the view.
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Our findings thus far suggest that the core structure of these manganese telluride clusters
is controlled by the size of the capping ligand. Phosphines with a large cone &gler(PCy)
form clusters with a small radius of curvieguMmnTesLs. The intermediatsized phosphine PEt
produces a mixture of Miies(PEg)s and MrsTes(PE)e. In addition, we have found that the
prismane MeTes(PEg)es is metastable, reorganizing into the cubfype MnTes(PEE)s when left
in solution for 4 week at35 °C. Our hypothesis would predict that smaller capping ligands favor
the formation of clusters with larger radii of curvature, and we find this to be the case with the
smallest trialkylphosphine ligand, PMd his ligand gives the prismane Mes(PMes)s. We used
PXRD to confirm, more importantly, that using PMerms MnsTes(PMes)s exclusively, and we
do not see any evidence of the cubane cluster or of the conversion of the prismane to the related
and as yet hypotheticdinsTex(PMes)s cubanecluster. The prismane core is assembled from three
nonplanar MnrTe; rhombs that are analogous to the ones inTdis. This MreTes structural
unit is reminiscent of the [B8e]?""* clustef*38 but to the best of our knowledge, MiesLe is the
first example of a prismane chalcogenide cluster with a fully reducedi@yran inorganic core

which has no formal charpdt is also the only prismane cluster containing either Mn or Te.

2.4. Dissociaton of Phosphine Ligands

In contrast to [MaTes(ECsH7)4]*, which does not participate in ligaisdbstitution
reactions, the MiTesL4 clusters are labile, and in solution, ligand dissociation leads to the
precipitation of an insoluble orange solid. Thatdity of the cubane compounds Mes(PRs)4 is
strongly influenced by the choice of capping ligand, solvent, and temperature. While
MnsTes(PEg)s decomposes within minutes when dissolved in dichloromethane at room

temperature, MiTes(PPrs)2 and MmTes(PCys)2 remain unchanged in solution for ~16 h in non
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coordinating solvents such as dichloromethane or toluene. The same cluster solutions are stable
indefinitely when kept at35 °C, and the addition of free phosphine increases their lifetime at room
temperature. All MnTes(PRs)s compounds react immediately in coordinating solvents such as
THF to form larger insoluble cluster aggregates.

Lability and ligand substitution are essential features of chsteed catalytic systeris
but they often make solutidmased studies and applications challenging. The coordinating
characteristics of Mheterocyglic carbenes (NHC are similar to those of phosphin&s?
Importantly, they are generally strongeidonor ligands than phosphines and form more stable
bonds to metal® Despite the ready availability of NHCs, very few examples of NHC complexes
of Mn(ll) are known to daté&***We e xpl ored whetdhed @NHCHRe),enana
to atrialkylphosphine telluride, could transfer a tellurium atom to avalent manganese to form
a manganestllurium bond while liberating an NHC that could bind to the metal to form an-NHC
capped manganese telluride moleculaster. To examine this reaction, we prepared the precursor
'PRLNHCTE" from the corresponding carbel®eNHC (1,3 diisopropyt4,5-dimethylimidazol2-
ylideneY® and elemental Te, and used this carbene telluride in our cluster synthesis. We employed
'PrNHCTe in both synthetic approaches (Methods A and B) and obtained the tybamctuster
MnsTes('Pr_NHC)4 (Figure 2.5). In contrast to phosphireapped clusters whose syntheses require
an excess of free phosphine, only a stoichiometric amoulRrdfHCTe is required to form
MnsTes((PrNHC)s. Using the same synthetic approach we prepares 8ifMe:NHC)s, where

MezNHC = 1,3,4,5tetramethylimidazeR-ylidene’®
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Figure 2.5. Molecular structures dofa) MnsTes(PNHC),; and (b) MngTes(Pr.NHC)s showing thermal ellipsoids at
50% probability. Color scheme is the same asigure 2.1 Nitrogen, blueHydrogen atoms and toluene molecules
of solvation areemoved to clarify the view.

SCXRD shows that the cores of Migs(Me2NHC)s and MnTes(‘PNHC)4 are similar to
that of M Tes(PRs)s. Orientational disorder within the single crystals of sV ('Pr,NHC)4
precluded detailed metrical analysis of this complex, buflfédiMe>NHC)s gave a higher quality
single crystal structure, and we list the mean bond distances and angles of this Cliadtier2ri.
Due to the instability of the MBIHC in solution, we uséPrLNHC in subsequent substitution
reactions (see below). The Mre distances in the MEHC-capped cluster are similar to those in
the phosphineapped clusters, although the Mm distances are slightly longéFdble 2.1). The
average MAC(NHC) bond lenth is 2.185 A, suggesting a MI{NHC) single bond with
negligible M  C(NHC) backbonding contribution$? In this respect, the behavior of MiesL4
is similar to that of the cubane #&gL4 (L = PPr, PBus, PCy).*® 5° We demonstrate that
MnsTes(PPrs)s reacts withPrNHC to afford MmTes((PLNHC).. Similarly, NHC ligands have
been used on G8&; and Fes clusters to access oxidation states that are unstable with phosphine

ligands®:>2

30



a Mn,Te,(P'Pr;),

ip @
|
"
L o L .
solv o
lI
' | a
""L/\ I _ .-/f e = ,'A\
1 I [} I o
6.83 354 1.66 1.04
4.5 eq Pr,NHC - :
b Mn,Te,(PPr;), 2284 RLNHC — mn Te (Pr,NHC), + PPr,
e .
‘ L N .
|
4 € 14 a
solv |
solv
L
| '| ‘
. * [ "
\ ” \ I! Vi |
LN S, W ,,J-‘!.,,,, — W
7.49 5.42 382 1.70 .62 1.50 1.0%
(v Mn,Te,('Pr,NHC), solv

solv

8.0 15 70 65 60 55 50 45 40 s 30 25 20 15 10 05
ppm

Figure 2.6. 'H NMR spectra ofa) MnsTes(PP1)4, (b) product of the reaction dPLNHC with My Tey(PPrs)4, and

(c) MnsTey(PRNHC), as directly synthesized, inyBs at 240 K.3'P NMR spectra are shown in the inset of (a) and

(b) . I'n (c), mi nor soTHFenDZ | me@wanaes )e.s-coHddaccquiingto dhd @r € 6 ¢ O
reaction scheme above (orange 4Va(PPr)4; red, PLNHC; blue, MnTes((PNHC)4; green, FPr;). We consistently

observe free 'Pr; peaks in MaTey(PPrs)a.

The stronger binding of the NHC to the tetrahedral Mn(Il) manifests itself in the increased
solutionphase stability of MiTes('PNHC)s vis-a-vis that of MmTes(PRs)s. We further
demonstrate the affinity of the cubane core for NHC in a ligaru$titution reaction. When we
treat a g-toluene solution of MaTes(PPrs)4 with 4.5 equivalents dPLNHC at room temperature
the solution turns from red to orange, ahtiINMR spectroscopy verifies th®rNHC replaces
the erstwhile clustebound FPrs; (Figure 2.6). The'H NMR spectrum of MaTes(PPrs)4 (Figure

2.6a) exhibits two broad resonances centered at 3.5 and 6.8 ppm (corresponding to methyl and
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methine groups of 'Prs bound to Mn, respectively). We always observe a small amount of free
PPr; at 1.0 and 1.6 ppm in tHél NMR and at-17.5 ppm in thé’P NMR. Upon addition of a
slight excess dPLNHC, the peaks due to freéPRincrease in intensity, and the peaks.5 and

6.8 ppm completely disappeg@figure 2.6). Two new broad peaks emerge at 5.4 and 7.5 ppm,
corresponding to the clustboundPr,NHC isopropyl methyl and olefinic methyl groups. These
new broad resonances at 5.4 and 7.5 ppm match those@&MBNHC)4 synthesized from
'PrNHCTe aml low-valent manganes€igure 2.6c). After the addition ofP,NHC, the*'P NMR
spectrum shows the disappearance of a broad peak ppm corresponding tof®:; bound to the
cluster. These results indicate tha stronger NHC ligand replaces the weaker phosphine on our
molecular clusterSimilarly, NHC ligands have been used oruSoand FeSs clusters to access

oxidation states that are unstable with phosphine ligmds.

2.5. Aggregated Growth into Solid-State Materials

While the NHC ligands can replace phosphines, they themselves remain labile, and in
solution their dissociation from the cluster leads to the dimerization autbene. After several
weeks at-35 °C a toluene solution of Mfies('Pr,NHC)s deposits the dicubane cluster
MnsTes('PLNHC)s, which forms subsequent to the loss of one of the NHC caps from each of two
cluster monomers. The structure of the dicubane clufigure 2.5b) is composed of two
[Mn4Tey]° cores directly linked via two MiTe bonds. The bridging Mfiez rhomb is strictly
planar, featuring distances Mvin (3.172 A), MdTe (2.751 A) and angle Mre-Mn (69.3°).

When the phosphireapped clusters lose sufficient amounts of phosphine, they atgreg
to form an insoluble orange precipitate that is highlysamsitive and amorphous as determined

by PXRD. We performed pyrolysis on the solid that forms widh is added to a toluene solution
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of MnsTes(PPrs)s. The orange solid was weighed and seateter vacuum in a 20 ciong Pyrex
tube. The sample was slowly heated to 300 °C in a tube furnace, keékpiegptyend of the
sample tube at room temperature. The orange solid turned black at ~200 °C, and a clear liquid
condensed at the cold erAfter 12 h at 300 €, the tube was removed from the furnace, cooled,
and opened in the glovebokhe PXRD pattern of the black powder {80 % of the initial mass)
corresponds to that of hexagohHVInTe with NiAs lattice Figure 2.7), and the condensed liquid
contained free Pr; as identified by'H and3'P NMR. From the mass of the solid pead post
pyrolysis, we calculate that the composition of the aggregation product ranges from
(MnTe)(PPr)o.2sto (MnTe)(PPrs)o.1z.
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Figure 2.7. PXRD of UMnTe upon pyrolysis of the orange aggregate product.

2.6. Comparison toBulk MnTe Phases

We consider our manganese telluride molecular clusters as reconstructed fragments of the
associated solidtate compound, MnTe. Though the properties of the molecular clusters show
fundamental differences with those of their corresponding bulk compound, the study of the

formation of molecular clusters is a valuable model for understanding the bulk structwieean
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versa. MnTe typically crystallizes in its most energetically favored hexagonal NiAs lattiéé type

but it can also adopt a metastable zinc blende structure when grown asyfinmdelcular beam

epitaxy at low temperatute® or when alloyed with HVI semiconductor§®®® Consistent with

these observations, theoretical calculations have suggested that the energy difference between the
zinc blende and NiAs structures is srfalhile the wurtzite lattice, which has been postulated but

has never been experimentally obser’fad,significantly higher in energy.

MngTeg Molecular Cluster Wurtzite

Moving 3 Mn atoms

Figure 2.8. Pictorial comparison of MiTes cluster and a fragment of solid state wurtzite lattice type.

Based on these experimental and theoretical studies, we examine the cubagllyland
hexagonal Mgl esLe clusters as fragments of the zinc blende and wurtziletstes, respectively.
Similar MyE4 and MsEs clusters (M = Zn, Cd and E = S, Se, Te) have been postulated as a base
for the growth of zinc blende and wurtzite latti€e$? and both of these species have been
observed experimentally by mass spectrometry of ZnS clusters obtained by laser ablation of bulk
ZnS® Figure 2.8illustrates the relationship between the prismane core and the wurtzite structure.
A set of simple transformations can be used to generate a hexagonal fragment of the wurtzite lattice
from the core of MgTesLe. At first sight, the link between the Mhes cubane and the zinc blende
structure is less apparent. The /Vley core structure hascubic symmetry, suggesting that it can
form rock salt or zinc blende lattices. These structuresstated structurally by a simple shift of
cations from an octahedral environment in the rock salt to a tetrahedral environment in the zinc

blende, but we note that the rock salt structure of MnTe is postulated to be much higher in energy
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than either zinblende or wurtzite structuré3Our work highlights the importance of the capping
ligands on the internal structure of the cluster, but it alsoestgdhat in the molecular cluster
regime, the cubic zinc blende and hexagonal wurtzite structures are relatively close in energy.
These results provide insight into the structural reconstruction taking place during the molecule

to-solid transformation.

2.7. Conclusions

We have described the synthesis and characterization of a family of manganese telluride
molecular clusters whose neutral inorganic cores are stabilized bgléatoon donor capping
ligands. We prepare these clusters by treating a functioleahyalent organometallic complex
of manganese with a source of functionally dealent tellurum. Using this approach, veentrol
both the core structure of the clusters and the ligands that decorate their surfaces. We report three
structural types of mayanese telluride: the cubane Mias, the prismane MiTes and the dicubane
MngTes. Our polynuclear compounds are labile and this feature enables ligand substitution
reactions that preserve the internal core structure of the cluster. While ligand dissde#tsoto
rapid core aggregation, the use of strong NHC capping ligands, slows down this reaction and
allows us to isolate a stable intermediate of the aggregation process. Being structurally varied and
chemically flexible, the clusters reported in thisriwform an exciting new class of building blocks

for the assembly of solidtate compounds.

2.8. General Synthesis Information
All reactions and sample preparations were carried out under inert atmosphere using

standard Schlenk techniques or in a nitrefided glovebox. Anhydrous manganese(ll) chloride,
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trimethylphosphine, triethylphosphine, triisopropylphosphine and tellurium powder were
purchased from Strem Chemicals. Allyl magnesium chloride (1.7 M solution in THF),
tricyclohexylphosphine, and all othexagents and solvents were purchased from Sigma Aldrich.
Dry and deoxygenated solvents were prepared by elution through-adtiurmin solvent system
(MBraun SPS)Mn (-ButadienePMes,?” Me:NHC (1,3,4,5tetramethylimidazeP-ylidene)?®
'PrNHC (1,3diisopropyt4,5-dimethylimidazol2-ylidene)*® Me:NHCTe? 'PrNHCTe?’ and

RsPTe (R = EtIPr, and Cy¥ 2® were prepared according to published protocols.

2.9. Synthetic Procedures and Characterization of Compounds
Mn 4Tes(PEts)4

Method A.To a s ol u%butadiene)PMe; (2060 rogt-0.84 mmol) in 3 mL of THF
was added EPTe (205 mg, 0.84 mmol) and BRE290 mg, 8.36 mmol). The reaction mixture was
heated at reflux for 3 h. Once cooled to room temperature, the mixture waslftheough a 0.2
em syringe f il tneacuodhedolutoo was eoonleédri@d fCeadd dark orange
crystals grew over 3 d. The supernatant solution was decanted and the recovered dark orange
crystals were driedh vacuo Yield: 42 mg (17 %)

Method B. A suspension of anhydrous MR@400 mg, 3.17 mmol) in 50 mL of THF was
treated with PEt(370 mg, 3.17 mmol). The mixture was cooled#8 °C and allyl magnesium
chloride (3.7 mL, 1.7 M in THF, 6.34 mmol) was added dropwise. After stirringB&C for 2 h,

a solution of freshly preparedsEfTe (410 mg, 3.47 mmol of PEind 400 mg, 3.13 mmol of Te
in 18 mL of THF) was added to the reaction mixture, which was subsequently slowly warmed to
room temperature. After stirring for 4 h, the reddisiown mixture was evaporated to drynass

vacua The product was dissolved in 30 mL of toluene and the mixture was filtered through a
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medium frit over Celite. The filtrate was concentratedvacuq and f il tered thro
syringe filter. Slow pentaneapor diffusion at35 °C yielded dark orange crystals over 1 week.
The supernatant solution was decanted and the recovered dark orange crystals wereadtied

Yield: 200 mg (21 %)

Anal. Calcd for MaTesP4C24Hs0: C, 23.97; H, 5.03. Found: C, 23;62, 4.72.
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Figure 2.9. Electronic absorption spectrum of Mmes(PEt)si n di chl or omet hane (0.59 &gM)
stabilized by thes addition of 75 L of PEt

Mn 4Tes(P'Pra)4
Method A. To a solution oM n (-futadiene)PMes (150 mg, 0.62 mmol) in 7 mL of THF
was addetPrsPTe (180 mg, 0.62 mmol) anéP®; (1000 mg, 6.24 mmol). The reaction was heated
at reflux for 2 h. Once cooled to room tempe¢
syringe filter and concentratad vacuo The solution was cooled t85 °C and dark orange
crystals grew over 2. The supernatant solution was decanted and the recovered dark orange
crystals were driedh vacuo Yield: 100 mg (46 %)
Method B. A suspension of anhydrous MR@b00 mg, 4.77 mmol) in 50 mL of THF was
treated with FPr; (760 mg, 4.77 mmol). The mixtewas cooled te78 °C and allyl magnesium

chloride (5.6 mL, 1.7 M in THF, 9.53 mmol) was added dropwise. After stirring8eiC for 2 h,
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a solution of freshly preparedsPTe (760 mg, 4.77 mmol of;and 610 mg, 4.77 mmol of Te

in 20 mL of THF) wasadded to the reaction mixture, which was subsequently warmed slowly to

room temperature. After stirring for 5 h, the reddistown reaction mixture was evaporated to
drynessin vacuo The product was dissolved in 40 mL of toluene and the mixture weaedilt

through a medium frit over Celite. The filtrate was concentrateccuq and filtered through a

0.2 em syringe fil t e+5° anddark sranfjectystats grewoses240.0 01 e
The supernatant solution was decanted and the recalenedrange crystals were drigdvacuo

Yield: 760 mg (44 %)

Anal. Calcd for MaTesP4CseHsa: C, 31.54; H, 6.18. Found: C, 29.90; H, 5.91.
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Figure 2.10. Electronic absorption spectrum of Mies(PPr)si n di chl or omet hane (1.35 gM).

Mn4Tes(PCys)a

Method A. To a s o |*“butadiemePMes {100vhg, 0.2 mmol) in 3 mL of THF
was added Te (53 mg, 0.42 mmol) and PQy6 mg, 0.63 mmol). The reaction was heated at
reflux for 6 h. Once cooled to room temperatu
filter and concentrateth vacuo Slow pentane vapor diffusion &5 °C yielded dark orange

crystals overl week. The supernatant solution was decanted, the recovered dark orange crystals

were washed with 2 mL of pentane and diredacuo Yield: 30 mg (15 %)
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Method B. To a suspension of anhydrous Ma(d50 mg, 2.00 mmol) in 30 mL of THF
was added PGY560mg, 2.00 mmol). The mixture was cooled-#® °C and allyl magnesium
chloride (2.3 mL, 1.7 M in THF, 4.00 mmol) was added dropwise. After stirrin¢BefiC for 2 h,
a solution of freshly prepared ¢BTe (560 mg, 2.00 mmol of P&€gnd 253 mg, 2.00 mmol dfe
in 10 mL of THF) was added to the reaction mixture, which was subsequently slowly warmed to
room temperature. After stirring for 2 h, the reddistown reaction mixture was evaporated to
drynessin vacuo The product was dissolved in 20 mL of toluems the mixture was filtered
through a medium frit over Celite. The filtrate was concentrateccuq and filtered through a
0.2 em syringe fil t e-85.°Canhdbewnrscrydtalsgrewooner naeek. Theo o | e «
supernatant solution was deczshaind the recovered dark orange crystals were washed with 3 mL

of pentanes and drié vacuo Yield: 500 mg (52 %). Anal. Calcd for MhesPsC72H132: C, 46.70;

H, 7.18. Found: C, 46.42; H, 7.18.
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Figure 2.11. Electronic absorption spectrum i Tes(PCy)si n di chl or omet hane (1.56 &M).

MneTes(PMes)s

Tellurium (200 mg, 1.56 mmol) and PyE.0 mL, 19.40 mmol) were stirred in 5 mL of
THF for 1 h. ThuedieoeggPMe (355 xg, M48(mkol) was added as a solid to

the resulting greegrey suspension and the reaction mixture was heated at reflux for 2 h. Once
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cooled to room temperature, the mixture was f
brown precipitée was dissolved in 3 mL of dichloromethane. The solution was filtered through a

0.2 em syringe fil t e¥r35°Cardéronnariystals grewmoven3adsThe oo |l e
supernatant solution was decanted and the recovered brown crystals wene vhigeh Yield:

190 mg (32 %). Anal. Calcd for MhesPsCigHs4: C, 13.93; H, 3.51. Found: C, 12.02; H, 2.85.
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Figure 2.12. Electronic absorption spectrum bfngTes(PMes)si ' di chl or omet hantenwa . 71 & M
stabilized by thesaddition of 50 €L of PMe

MneTes(PEt3)s

To a s ol u4tbutadenePMes (206 rg-0.84 mmol) in 3 mL of THF was added
EtPTe (205 mg, 0.84 mmol) and BE290 mg, 8.36 mmol). The reaction mixture was heated at
reflux for 3 h. Once cooled to room temperatur
filter. The brown precipitate was dissolved in 2 mL of dichloromethane and filtered through a 0.2
¢ msyringe filter. The solution was cooled #85 °C and brown crystals grew over 3 d. The
supernatant solution was decanted and the recovered brown crystals wene daieb Yield:
86 mg (23 %).

Anal. Calcd for MaTesPsCseHoo: C, 23.97; H, 5.03. Foune, 23.04; H, 4.83.
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Figure 2.13. Electronic absorption spectrum MneTes(PEt)si N di chl or omet hane (0. 42

e M,
stabilized by thes addition of 80 L of PEt
Mn4Tes(Me2NHC)4
To a solution oM n (-ButadienelPMes (75 mg, 0.31 mmol) in 3 mL of THF was added
Te (40 mg, 0.31 mmol) and MEHC (38 mg, 0.31 mmol). The reaction mixture was heated at
reflux for 2 h. Once cooled to room temperaturt

filter. The brown precipitate was dissolved in 2 mL of dichloromethane and filtered through a 0.2

em syringe filter. Si3°@ygdeddarieorarge erystploover Tiniedks. u s i ¢

The supernatant solution was decanted and the recovemgeoreystals were dried vacuo

Yield: 46 mg (45 %).

Anal. Calcd for MaTesNgCogHag: C, 27.41; H, 3.94: N, 9.13. Found: C, 27.45; H, 3.85; N, 8.92.

Mn4Tes(Pra2NHC)4

Method A. To a s o |*“butadiemePMes {239vhag, (L.80 mmol) in 7 mL of THF

was addedPrNHCTe (308 mg, 1.00 mmol). The reaction mixture was heated at reflux for 3 h.

Once cooled to room temperature, the mixture
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pentane vapor diffusion a5 °C yielded dark orange crystals over 3 d. The supernatant solution
was decanted and the recovered orange crystals wererdviacuo Yield: 326 mg (89 %)

Method B. A suspension of anhydrous Mr@800 mg, 2.38 mmol) in 25 mL of THF was
cooled to-78 °C ard allyl magnesium chloride (2.8 mL, 1.7 M in THF, 4.76 mmol) was added
dropwise. After stirring at78 °C for 1 h, a solution 0PLNHCTe (733 mg, 2.38 mmol) in 10 mL
of THF was added to the reaction mixture and warmed slowly to room temperature.tiviitey s
for 2 h, the orange mixture was evaporated to dryimegacuo The product was dissolved in 10
mL of toluene and the mixture was filtered through a medium frit over Celite. The filtrate was
concentratethvacug and f il tered through a 0.2 em syr.i
at-35 °C yielded dark orange crystals over 3 d. The supernatant solution was decanted and the
recovered orange crystals were driledacuo Yield: 652 mg (71 %)

Anal. Calcd forMnsTesNgCasHso: C, 36.41; H, 5.56; N, 7.72. Found: C, 33.76; H, 5.38; N, 6.97.
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Figure 2.14. Electronic absorption spectrum i Tes(PLNHC)si n di chl or omet hane (1.71 &M

MngTes((PraNHC)s

A suspension cdnhydrous MnCl(540 mg, 4.31 mmol) in 40 mL of THF was cooled to
78 °C and allyl magnesium chloride (5.0 mL, 1.7 M in THF, 8.63 mmol) was added dropwise.
After stirring at-78 °C for 1.5 h, a freshly prepared solutionP&NHCTe (780 mg, 4.31 mmol
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of 'PLNHC and 550 mg, 4.31 of Te in 20 mL of THF) was added to the reaction mixture and
warmed slowly to room temperature. After stirring for 2 h, the orange mixture was evaporated to
drynessin vacuo The product was dissolved in 20 mL of toluene and theune was filtered

through a medium frit over Celite. The filtrate was concentrateccuq and filtered through a

0.2 em syringe f il t e#35°Cand erangecctysiatsigrennovewdéveeeks.o ol e
The supernatant solution was decanted and the recovered orange crystals wenevdiced

Yield: 660 mg (43 %).

Anal. Calcd for MgTegN12CseH120: C, 31.18; H, 4.76; N, 6.61. Found: C, 31.87; H, 4.81; N, 6.78.

We note that when we rapidly crystallize the same product using pentane vapor diffe@toiCat

MnsTes(PRLNHC), forms.
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Figure 2.15. Electronic absorption spectrum lingTes(PLNHC)si n di chl or omet hane (0.86 &M

2.10. Instrumentation

NMR

All *H and®'P NMR were recorded on a Bruker DRX4Q®0 MHz)NMR spectrometer.

Elemental Analysis

All elemental analyses were performed by Robertson Microlit Laboratories with glovebox
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handling. We note that the ligands on the clusters are labile and the more volatile ones can
dissociate from the core when the samples have been evacuated. As aveesbkerve lower

organic content than expected in some samples containing volatile ligands. For example, the
difference between theoretical and found organic content is the greatest for the molecular cluster

MnesTes(PMes)s which contains the most volatile phosphine BRMe

Electronic Absorption

Electronic absorption measurements were performed on a Shimadza8QQV
spectrophotometer. All samples were dissolved in dichloromethane, loaded in a quartz cuvette in
the glovebox ad sealed under nitrogeAll spectra were taken following a recording of the

background spectrum of the solvent.

X-ray Diffraction

Single crystal X-ray diffraction data were collected on an Agilent SuperNova
diffractometer using mirremonochromated Cudor Mo Kgradiation. The crystals were mounted
using a MiTeGen MicroMount cooled to 100 K with an Oxf@iffraction Cryojet system. Data
collection, integration, scaling (ABSPACK) and absorption correction -ffatexed Gaussian
integratiorf* or numeric analytical methotwere performed in CrysAlisPf8 Structuresolution
was performed using ShelX¥3ShelXT or SuperFlig?® Subsequent refinement was performed
by full-matrix leastsquares on#n ShelXL8’ Olex2’® was used for viewing and to prepare CIF
files. PLATON* was used for SQUEEZE,ADDSYM"® and TwinRotMat. Many disordered

solvent molecules were modeled as rigid fragments from the Idealized Molecular Geometry
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Library.”® Details of crystallographic data and parameters for data colheatid refinement are in
Table 2.2

Powder X-r ay di ffraction data were S3cPowderect ed
diffractometer.Small crystals were evenly dispedseincrushed, on a zebackground Si plate
and covered with a polycarbonate dome, as the crushing of the crystals led to the destruction of
the crystalline lattice as indicated by significant broadening and degradation of the diffraction
pattern upon santg grinding. The polycarbonate dome has a broad amorphous peak from 18 to

25 9 and this background was subtracted using HighScore Plus.

2.11. Structural Determination
Mn 4Tes(PEts)4

A THF solution of MnTes(PEg)swas cooled to afford dark orange crystals upon standing
3 d at-35 °C. A suitable crystal (.14 x .11 x .06 mm) was mounted with the aid of STP oil treatment
and cooled to 100 K on the diffractometer. Complete data (99.5%) was collected to 0.72 A . 65473
reflections were collected (1060 unique, 1043 observed) with R(int) = 3.9 % and R(sigma) = 0.8 %
after absorption correctioff ax= 0.883,Tmin = 0.733).

The lattice was cubic |, <fEL|> was 0.768, and the apparent Laue group w<&snm
Therefore,a solution was initially attempted irdBm. This gave an acceptable refinement with
the phosphine alkyl groups disordered over the mirror plane. To resolve the disorder, a solution
was attempted in 123. The twin instruction TWIN 0 1 0 1 0 0-Q & wasapplied to test for
combined merohedral and racemic twinning. Two twin domains were obtained, related by the twin

law 0-1 0F1 0 0/0 0 1; i.e. a mirror plane perpendicular to 110.
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When the twinning had been identified, the refinement in 123 proceemddely.
Hydrogen atoms were placed in calculated positions and refined with riding coordinates and ADPs.
The final refinement (1060 data, 30 parameters, O restraints) convergediWith> &) €

1.2 %, wR = 2.9 %, S = 1.19. The largest Fouriertfeas were 0.27 an®.17 ej .

Mn4Tes(P'Prs)a

A toluene solution of MsTes(PPrs)s was cooled to afford dark orange crystals upon
standing 24 h a35 °C. A suitable crystal (.15 x .07 x .05 mm) was mounted with the aid of STP
oil treatment and cooled 100 K on the diffractometer. Complete data (99.8 %) was collected to
0.815 A . 22304 reflections were collected (5667 unique, 5436 observed) with R(int) = 3.3 % and
R(sigma) = 2.8 % after absorption correctiop= 0.432, Tin = 0.141).

The structurevas solved routinely in C2/c. A toluene molecule was located on an inversion
center and refined as a rigid fragment from the IMGL with ADPs restrained by RIGU. All other
nontH atoms were freely refined. Hydrogen atoms were placed in calculated pogitibrefiaed
with riding coordinates and ADPs. The final refinement (5667 data, 278 parameters, 45 restraints)
converged with R(Fo> 4 d)) € £3 %, wWR=5.5 %, S = 1.08. The largest Fourier features were

0.54 and0.60 e 3.

Mn4Tes(PCys)a

A tol ueneMmTesPCG)swas efool ed to afford bl ack
d 86 MACsuitable crystal (.06 x .03 x .02 mm)
and cooled to 100 K on the diddlrlacdtoenettea .0 .C®3

compl eteness was <collected to 0.815 . 36452

46



observed) with R(int) = 4.8 % andTiRkEsiOgmd)L, =

Tmin = 0.463).

The struct urrceutwansé | sponldvndéddPdt cnmsn wer e | ocat e
successive difference maps. A toluene mol ecul
was refined as a rigid fragment from tthe | MGI
atome Wwerely refined. Hydrogen atoms were pl a
riding coordinates and ADPs. The final refin
conver gRr@>wiFh) = wWRA Pd.6 %, S = 1.03. The | :

were 1-17®1d4aamdd occurred near Te at oms.

MneTes(PMes)s

A dichloromethane solution of Mfies(PMes)s was cooled to afford orange crystals upon
standing 3 d at35 €. A suitable crystal (.06 X04 x .04 mm) was mounted rapidly and cooled to
100 K on the diffractometer. Complete data (99.8 %) was collected to 0.815 A . 65179 reflections
were collected (13443 unique, 11510 observed) with R(int) = 5.7 % and R(sigma) = 4.4 % after
absorption correain (Tmax= 0.878, Tin = 0.824).

The lattice was metrically near bodgntered tetragonahEb=16.08j ,c= 41. 38 A,
= b = 90 A, 9 = 90.6 A) but R(-centerdd orthortombicst i ¢ s
(a=22.62,b=22.86,c = 41.38). The space group was assigned as Fdd2 based on the systematic
absences. A solution in P1 and subsequent ADDSYM analysis confirmed this assignment. The
structure was solved in Fdd2 using ShelXS. The refinement initially appeared routine with two
half-clusters and a dichloromethane in the asymmetric unit. HowteeFourier map revealed a
minor (<10 % occupied) orientation of each independent cluster. Additipthalgtructure has a
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local (noncrystallographic) mirror plane perpendicular to thaxis, which in combination with
the--2 axis makes the structure pseudocentrosymmetric.

Close inspection revealed that the unit cell contains four layers stacked ABCD along the
polarc axis, with layers AB related by d glides and layers AC related by teatering. The minor
component is generated by a translation of the entire asymmetric unit by (Y2 00), which is a stacking
fault corresponding to ABAB stacking. This form should be nearly isoenergetic because of the
noncrystallographic mirror plane. Thpresence of stacking faults perpendiculas i®confirmed
by synthetic precession frames which show that reflections with odd indices are systematically

weak and streaked alotige | reciprocal axisHigure 2.16).
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Figure 2.16. Reconstructed precession frames of the Okl and 1kl reciprocal layers with k right and | up. Some apparent
systematic absence violations in the Okl layer are caused by overlap with adjacent layers.

The pseudosymmetry anghole-molecule disorder were treated with the following
refinement strategy: Each crystallographically independent fragment was placed in a residue with
chemically equivalent atoms named equivalently. The atomic positions in each residue were
restrained wh SAME. Furthermore, all4€ and 1,3 & distances were made equivalent with

SADI. The asymmetric unit contains one-Vi&-PRs unit in the pseudmnirror plane, one above,
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and one below. The atoms above and below the pgglade were chosen so that paifatmms

were related by the pseudoversion center. These pairs of atoms were constrained with EADP.
Furthermore, the ADPs of the minor component were constrained to match their equivalents (by
translation %2 00) in the major component. Finally, all ADRs Wether restrained with RIGU and

a shortrange SIMU for overlapping atoms.

The structure was tested for pseudomerohedral twinning with TwinRotMat and
additionally the twin laws 10/100/001 (fourfold rotation around the c¢ axis) and 010/160/00
(twofold rotation around 110) were tested, but no twin law was found.

All hydrogen atoms were placed in calculated positions and refined with riding coordinates and
ADPs. The Flack parameter was refined to 0.57(6). The final refinement (13443 data, 393
parameters, 2030 restraints) converged wittFR> 4 df) € £1 %, wR=8.7 %, S = 1.05. The

largest Fourier features were 1.31 ad®1 e A3,

MneTes(PEt3)s

A dichloromethane solution of Mfies(PEg)s was cooled to afford black crystals upon
standing 3 d at35 °C. A suitable crystal (.16 x .09 x .05 mm) was mounted with the aid of STP
oil treatment and cooled to 100 K on the diffractometer. Complete data (99.5 %) was collected to
0.815 A . 18021 refléions were collected (6276 unique, 6039 observed) with R(int) = 3.9 % and
R(sigma) = 3.7 % after absorption correctiopd= 0.471, Tin = 0.075).

By analysis of the systematic absences, the space group was @n@aca. B-1 was
0.945 but thea glide @sences were weakly violated with <I> = 3.0 vs. 19.0 for all reflections.

Refinement in Cmc2proceeded successfully while solution in Cmca gave an apparent disorder of
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the atoms labeled P52 and P72, which are equivalent in Cmca and inequivalent inADialg2is
in PLATON ADDSYM confirmed that Cma2vas the correct choice.

All Mn, Te and P atoms were located easily. P52 and P72 lie on a mirror plane and the
alkyl groups on these phosphines were disordered over the mirror plane. Due to this disorder and
the pseudaentrosymmetry discussed above, these alkyl groups were located with difficulty using
extensive distance restraints for the intermediate refinements. In the final refinement, the
disordered ethyl groups were restrained with SAME and RIGU ingtngctAll other norH atoms
were refined freely. Hydrogen atoms were placed in calculated positions and refined with riding
coordinates and ADPs.

The structure contained a void with an apparent THF molecule disordered over a mirror
plane. Explicit refinemet of this solvent was unsuccessful. Analysis in PLATON SQUEEZE gave
a void of 157 A containing 46.5 electrons (THF = 40).eThis was modeled as a diffuse
contribution to the overall scattering. The final refinement (6276 data, 309 parameters, 193
restrants) converged with RFo> 4 d) € 8.0 %, WR =7.9 %, S = 1.08. The largest Fourier

features were 1.08 an@.70 e A3,

Mn4Tes(Me2NHC)4

A dichloromethane solution of Miies(Me2NHC)s was cooled t635°C with slow vapor
diffusion of pentanes to afford orange crystals after 5 weeks. A suitable crystal (.10 x .04 x .02
mm) was mounted rapidly and cooled to 100 K on the diffractometer. After data collection,
inspection of diffraction imags and a plot of frame scales revealed that substantial radiation
damage had occurred after several hocsordingly,the run list was truncated to give a minimal

complete data set and crystal decay (B factor only) was refined in ABSPACK. After tredprec
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and faceindexed absorption correctionnd0.615, Tin 0.159), the data set was 99.8 % complete
to 0.833 A in mmm with R(int) 7.0 % and R(sigma) 7.8 %. 23035 reflections were collected with
8095 unique and 6691 observed.

The structure was solvedadily in ShelXS and all nehl atoms were located routinely.
Since the diffraction was somewhat weak and dominated by the heavy atoms, some restraints were
required for C and N positions and ADPs. The fourN#HC ligands were made similar using
SAME and allanisotropic ADPs were restrained with RIGU. A cocrystallized molecule of
dichloromethane was restrained with DFIX for 1,2 and 1,3 distances.

All hydrogen atoms were placed in calculated positions and refined with riding coordinates
and ADPs. The Flack pameter was determined a611(14) by the Parsons method. The final
refinement (8095 data, 440 parameters, 568 restraints) convergedi{f >R 4 d)) € 8.5 %,

WR2 = 24.0 %, S = 1.06. The largest Fourier features were 2.22&&le A and occurrd near

Te atoms.

Mn4Tes(Pra2NHC)4

A toluene solution of MisiTes(PLNHC)s was cooled te35 °C with slow vapor diffusion
of hexanes to afford orange blelike crystals after 3 d. A suitable crystal (.19 x .12 x .09 mm)
was mounted quickly under air withe aid of STP oil treatment and cooled to 100 K on the
diffractometer. Complete data were collected to 0.833 A and 91.7 % completeness to 0.72 A.
252569 reflections were collected (33207 unique, 26451 observed) with R(int) 4.5 % and R(sigma)
3.3 % after bsorption correction (fax.840, Tmin .703).

The diffraction showed evidence of extensive disorder; many reflections were streaked and

some diffusescdtering was present{gure 2.17). The crystal used for the full data set was the
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best of many that werexamined from several crystallization attempts. Many crystals showed
substantial radiation damage during the data collection. There were weak, diffuse superstructure
reflections corresponding to a doubkedxis (Figure 2.18), but when the data set wasdgrated

and solved on this larger cell the refinement was unstable and the difference map was

unsatisfactory.

Figure 2.17. Diffraction image showing streaks and diffuse scattering.

Figure 2.18. Synthetic precession image (hOl section; h right, | up) showing weak, diffuse superstructure reflections.
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The space group was assigned-dstased on the?Fl statistic. The structure solved easily
in P-1 with two clusters in the asymmetric unit. (A solution in P1 was also evaluated but the
refinement was not improved and the Flack parameter was 0.5.) Each independent cluster appeared
to be disordered over two positions. One disorder could be resolves parts and the other
disorder caused relatively large difference peaks near the Te atoms of the cluster. The three
independent cluster geometries were restrained with SAME for the intermediate refinements but
their atomic positions were unrestrainedhe final refinement.

Six of the eight independelfrNHC ligands were disordered over two or three positions.
The more welbehaved ligands were used as FRAG fragments to introduce the starting positions
of the more severely disordered ligands. gjeemetries of all ligands were restrained with SAME
and FLAT and all MrC distances were made equivalent using SADI. Several pairs of ligands had
unreasonably short intrar intermolecular contacts and these were treated by introducing anti
bumping restints where necessary. One position of a disordered ligand (RESI NHC 8) was
located near an inversion center so that it overlapped with its own symmetry equivalent; this ligand
was placed in PARTL because both symmeteguivalent positions cannot be pFatin the same
unit cell. (This apparent disorder could be interpreted in terms of a supercell or a
pseudocentrosymmetric structure, but these possibilities did not result in satisfactory refinements
as noted above.)

There were two toluene molecules inetAsymmetric unit, one disordered over two
positions and one in three positions. These were refined as rigid fragments wibpbiaized
geometry from the Idealized Molecular Geometry Librdmxll ADPs were stabilized with RIGU

and SIMU.
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Hydrogen atoms were placed in calculated positions and refined with riding coordinates
and ADPs. The final refinement (33207 data, 2256 parametersy@&vdints) converged withmR
(Fo> 4d) E#£7 %, wWR=9.8%, S =1.02. The largest Fourier features were 2.311a2@l e

A3 and occurred near Te atoms.

MnegTeg((Pr2NHC)s

A toluene solution of MgTes(PrLNHC)s was cooled to afford orange crystalsonop
standing in solution for 4 weeks &5 °C. The crystals were covered with oil inside of the
glovebox and mounted rapidly under air. A suitable crystal (.07 x .04 x .02 mm) was mounted with
the aid of STP oil treatment and cooled to 100 K on the diffraeter. Complete data (99.6 %)
was collected to 0.833 A ; 97.3 % completeness was collected to 0.815 A . 30272 reflections were
collected (10212 unique, 7940 observed) with R(int) = 4.1 % and R(sigma) = 5.4 % after
absorption correction (lax= 0.677, Tnin = 0.268).

The structure solved readily inP The cluster sits on an inversion center with half a
molecule in the asymmetric unit. There is one disordered toluene on a general position and one on
an inversion center. These were refined with a SAME aiston their geometry, a shadange
SIMU restraint for overlapping atoms, and RIGU restraints on all atoms. All other atoms were
freely refined. Hydrogen atoms were placed geometrically and refinkdidiitg coordinates and
ADPs.

The final refinemen(10212 data, 635 parameters, 696 restraints) converged wii R
4s(Fo)) = 4.4 %, wR = 11.1 %, S = 1.02. The largest Fourier features were 2.0alab@ie A3

and occurred near Te atoms.
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Table 2.2. Selected crystallographic ddta manganese telluride molecular clusters

Compound Mn 4Tes(PEts)4 Mn 4Tes(P'Prs)a Mn 4Tes(PCys)a MnesTes(PMes)s
Formula CaeHaaMn4PsTey, CroH13oMn4P4Tey,

CasHeoMN4PsTey CiHs CiHs CigHs6MnsPsTes, CHCl2
MW 1202.76 1463.2 1943.94 1636.59
Space
group 123 C2/c P-1 Fdd2
a(A) 13.17415(5) 23.6635(3) 14.2055(4) 22.5903(5)
b(A) 13.17415(5) 10.83596(10) 15.2008(6) 22.8156(5)
c(A) 13.17415(5) 23.9044(3) 20.8007(6) 41.3011(7)
U 90 90 83.467(3) 90
b (°) 90 107.9866(12) 84.482(2) 90
2(° 90 90 76.400(3) 90
V (A3 2286.48(2) 5829.92(11) 4326.1(2) 21287.0(7)
Z 2 4 2 16
I calc(g cnm®) 1.747 1.667 1.492 2.043
T (K) 100 100 100 100
a (i) 0.71073 1.54184 1.54184 0.71073
2 glin, mC 7.58, 59.07 12.66, 142.9 8.33, 143.6 6.42, 59.53
Nref 65473 22304 36452 65179
R(int) 0.0397, 0.0076 0.0330, 0.0283 0.0476, 0.0700 0.0566, 0.0442
e ( min 3.733 23.592 16.047 4.897
Tmax, Tmin 0.883,0.733 0.432,0.141 0.751, 0.463 0.878,0.824
Data 1060 5667 16652 13443
Restraints 0 45 45 2030
Parameters 30 278 806 393
R1(obs) 0.0118 0.0225 0.0444 0.0406
wR2z(all) 0.0284 0.055 0.1157 0.0868
S 1.194 1.073 1.032 1.047
Peak, hole
(e Ad) 0.27,-0.17 0.54,-0.60 1.79,-1.21 1.31,-0.91
Flack 0.56(6)
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Compound MneTes(PEts)s MnsTesMe2NHC)s  MnaTes('PraNHC)4 MngTes('Pr2NHC)s
Formula CagHasMN4uNgT &y, CaaHgoMNuNgT &y, CesH120MNgN12TEs,
CasHooMnNsPsTes CH.Cl C/Hs 3C/Hs
MW 1804.13 1311.83 1543.45 2818.45
Space
group Cmc2 P22:2; P-1 P-1
a(R) 20.8798(6) 9.5916(4) 13.84818(18) 14.1776(4)
b(A) 14.5239(4) 19.4968(15) 19.8259(3) 14.6358(7)
c(A) 22.4484(7) 23.8118(14) 24.1907(4) 14.9029(8)
U 920 90 93.2204(11) 61.056(5)
6] 90 90 103.8643(12) 83.162(4)
2(9 920 90 97.4031(11) 87.953(3)
Vv (A3) 6807.6(4) 4452.9(5) 6368.18(15) 2686.0(2)
z 4 4 4 1
J calc(g cntd) 1.76 1.957 1.61 1.742
T (K) 100 100 100 100
a (i) 1.54184 1.54184 0.71073 1.54184
2 glin, maC 10.83, 143.3 8.70, 147.4 6.63,59.41 8.97, 143.0
Nref 18021 23035 252629 30272
R(int) 0.0390, 0.0371 0.0699, 0.0784 0.0455, 0.0327 0.0413, 0.0538
e ( min 30.153 30.623 2.608 24.527
T max, Tmin 0.471, 0.075 0.615, 0.159 0.840, 0.703 0.677,0.268
Data 6276 8095 33207 10212
Restraints 193 568 8971 696
Parameters 309 440 2256 635
Ri(obs) 0.0299 0.0854 0.0466 0.0443
wR2(all) 0.0787 0.2403 0.0977 0.111
S 1.066 1.065 1.115 1.024
Peak, hole
(e Ad) 1.08,-0.70 2.27,-2.26 2.31,-1.23 2.00,-1.09
Flack 0.493(11) -0.011(14)
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2.12. Powder X-Ray Diffraction

The collected diffraction patterns are in good agreement with the simulated powder
patterns generated from the SCXRD data and there are no indications of amorphous content,
confirming the purity of the crystalline pha$®e note that the simated patterns were generated
from SCXRD run at 100 K, while the PXRD patterns were collected at room temperature, and that
some of the solvates are removed from the crystal lattice under ambient conditions. These details
account for the differences betwethie experimental PXRD patterns and the simulated ones. We
were unable to obtain PXRD patterns fdnsTes(Me:NHC), and MnTes('PNHC)s as the
crystalline materials degrade quickly at room temperature under radiation. It is worth noting that

we alsoobserved substantial radiation damage duri@XBD data collection at 100 K.
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Figure 2.19. Simulated PXRD oMnsTes(PEt)4 as predicted from the SCXRD structure.
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Figure 2.20. PXRD of MnsTes(PER)a.
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Figure 2.21. Simulated PXRD oMneTes(PEt)s as predicted from the SCXRD structure.
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Figure 2.22. PXRD of MneTes(PEg)s. The peak at 9°suggests that a small amount of MéPER)4 is present in the
sample.
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Figure 2.23. Simulated PXRD oMn,Tes(PPr)4 as predicted from the SCXRD structure.
3000
2000 -
2
®
c
[0]
=
1000 -
0+
T T T v T ¥ T T T 4 T T T 1
5 10 15 20 25 30 35 40 45 50
20 (degrees)
Figure 2.24. PXRD of MnsTey(PP13)a.
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Figure 2.25. Simulated PXRD oMnsTes(PCys)4 as predicted from the SCXRD structure.
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Figure 2.26. PXRD of MnsTes(PCy)a.
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Figure 2.28. PXRD of MngTes((PLNHC)e.
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Figure 2.29. Simulated PXRD oMneTes(PMes)s as predicted from the SCXRD structure.
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Figure 2.30. PXRD of MnsT es(PMes)s.
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Chapter 3. Environmental Effect on Sngle-Cluster Junctions

3.1. Preface
This chapter i s based oDepeadenn@omductance Dgcay e nt i
Constant i n Single Cluster J u n c Seolkhoo\lin, by B «

Ari Turkiewicz,  Giacomo Lovat, Colin Nuckolls, Michael L. Steigerwald,
LathaVenkataramangand Xavier Roy published irChemical Scienck | synthesized all
compounds. Dr . Brian Capozzi in Professor Lat

molecule conductance measurements.

3.2. Intro duction

Controlling charge transport through molecular electrodes is critical to the realization of
nanoscale electronic devicess While numerous organic molecules have been studied as
connecting wires for singlmolecule junction studigs!! very little is known about the effect of
metal complexes in these types of junctiéh'S.We recently reported that we could incorporate
electronrich molecular clusters in singtaolecule electrical circuit€ In order to determine how
transport through such systems depends on molecular length, we have connected the same
electronrich cluster, CeSe;, to conducting ligands of varying lengths.

We have found that the inclusio the cluster in the molecular circuit reduces the effect
of ligand length on conductance decay with apparent molecular size. Moreover, we have found
that the decay constant is impacted greatly by changing the solvent fronrtritfigtobenzene
(TCB) to 1-bromonaphthalene (BrN). Specifically, the decay constant of the cluster is 9i64 A

BrN, while it is 0.12 Al in TCB. We hypothesize that the unusually low decay constant of the
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clusters arising in BrN indicates that the cluster energy levels ae wahe metal Fermi level
(Er). This work demonstrates, for the first time, a molecular system whetarthelng decay

constant can be modified by altering the environment around the molecule.

3.3. Synthetic Design

The singlecluster circuits that we hawesigned, assembled, and studied consist of an
atomically defined CgBe molecular clustéf: ¥ (Figure 3.1a) wired between nanoscale
electrodes. The wiring isofmed from bifunctional, conjugated ligandsgure 3.1b) that bind
specifically and directionally to the electrode and to the cluster. We employ an atomically defined
segment of polyacetyleft&that has a phosphine group on one tausithat coordinates to a cobalt
atom on the clusters and a thiomethyl group on the other terminus that attaches to the Au
electrode?® 2 The mone, di-, and triene ligands atel, L2, andL3 and the corresponding clusters
arel, 2, and3, respectivelyFigure 3.1c shows the molecular structure bfas determined by

SCXRD1®

Figure 3.1. (a) Structure of the cluster core £§3®. (b) Chemical structure of the conducting ligand sekriegn = 1,
2, 3).(c) Molecular structure ofL as characterized by SCXRITarbon, black; cobalt, blue; selenium, green;
phosgorus, orange; sulfur, yellow.
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3.4. STM-BJ Measurements and Histogram Analysis

We measured the conductance of both the individual molecular clust&raiid the free
conducting ligandsL(1-L3) using a scanning tunneling microscope based Hrewition (STM
BJ) techniqué? In this technique, an Au STM tip and substrate are repeatedly brought into and
out of contact to form and break Au point contacts in solutions of the target compounds. During
this process, a bias voltage is applied across théiganehile current is measureéd determine
theconductanceG = 1/V) of the junction. The measurements are repeated thousktiies, and
the data is analyl to reveal statistically significantsults. The data is processed by compiling
thousands of individual conductance traces into-dimensional(1D), logarithmicallybinned
conductance histogram$. We further generate twdimensional (2D) histograms of the
conductance versus displacement by aligning each conductance trace after the point contact
rupture (at a conductance of 0.5) @nd overlaying laconductance traces.

In order to characterize transport through the molecular clusters and the free ligands, we
measured the conductance 188 and L1-L3 in two different solvents, BrN and TCB. These
solvents were chosen taking into consideration thebdldy of both the ligand and the cluster
systems as well as for their varied affinity to gold electréé®gure 3.2a,b contains thelD
histograms for the measurements in BrN, Bigaire 3.2d,eshows the same for the measurements
in TCB. The 2D histogams forl andL1 in each solvent are an inset in the respective figures. The
2D histograms show a significant difference in length of the molecular featuteafat forL1.
Moreover, the cluster junction lengths measured from the 2D histograms correlate with the
molecular lengths of the cluster with the ligands fully extended (measured in BrN: 9 A and 21 A,
and expected from SCXRD: 13 A and 32 A Lfbrand 1 respectively) Despite the additional
complexity of the cluster system, we conclude that we are indeed probing transport threugh Au
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ligand-clusterligand-Au junctions based on this large difference in the observed lengths.

Furthermore, the histogramshigure 3.2a,dshows shoulders, with an increasing prominence for

the longefligand systems. Comparing the conductance of these shoulders with the ligand

conductance ifrigure 3.2b,e we attribute these shoulders to free ligands, that is, ligands that have

detached from #h clusters.
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Figure 3.2. Logarithmicallybinned conductance histograms 68 in (a) BrN and(d) TCB andL1-L3 in (b) BrN
and(e) TCB. Insets in (a, d) and (b, e) are 2D histogramslLfandL1 respectively(c) and(f) Condut¢ance peak

values of the singleolecule junctions fol-3andL1-L3a s a

functi

on of

t eg, dhas2rumber

units whileL1 has 1 unit) for measurements in BrN and TCB, respectively shown on-dogggtt along with least
square linear fits. Marker size reflects the error in the Gaussian fits to the conductance histogram peaks.

3.5. Conductance Decay Constants fathe Ligand and Cluster Series

and

We fit the peaks of all conductance histograms for both solvétitsa Gaussian function

pl ot

t he

peak

conductance

v al

ues

ver sus

(Figure 3.2c,f). In both solvents, and for both free ligand and cluster, we observe that the

conductance decreases exponentially wittreasing molecular length following the relationship
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G~e""whereni' s the number of fen®ithededay ®nstam. We he b
report the decay constant per Angstrom using a8
for the free ligand series is essentially independent of the solven@(15 A*in TCB and 0.17

A1 BrN). The unexpected resus the factor of 3 difference in the decay constants of the cluster

series in different solvents as can be seen compBiguges 4.2cand4.2f. In TCB, theb of the

cluster system is 0.12 R and in BrN it is 0.04 A. We note that the difference beswethe decay

constant of the ligand and that of the cluster is greater intBaN in TCB. Furthermore, the

absolute values of the conductance of the cluster series are significantly higher when measured in
BrN than in TCB, with the conductance ®beingalmost an order of magnitude higher in BrN
compared to TCB. Such a solvantiuced effect on the conductance has been observed in other
systems, and this has been attributed to the

function2*2°

3.6. DFT Calculations
Regardless of solvent, the effect of C=C cHaimgth on conductance is less pronounced
in 1-3than inL1-L3. Furthermore, the conductance and the decay €f3 are insensitive to the
choice of solvent, while the solvent significantly influences tho4e3fTo understand the origin
of these trends, we modeled compoudd3 with the simplified clusters (M@)CosSe(L1),
(MesP)XCosSey(L2), and (MeP)xCosSes(L3), respectively, and compared the electronic structures
of these model clusters to that of the corresponding ligands alone. Since the ligands used in this
study are generally highest occupied moleculaitairtHOMO)-conducting’® 2’ we examine the

occupied orbitals of1-L3 and1-3 that contain the sulfurglone pair and the C=@-bonds.
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Figure 3.3. Computational studies of conducting ligarids (left) and model clusters (PMeCosSe(Ln) (right) for

(a) L1 and (PMe)sCosSey(L1), (b) L2 and (PMe)sCosSey(L2), and(c) L3 and (PMeg)sCosSe(L3). The orbitals
associated with sulfur p° | one @&L3rand HOME8, HOMODWand HOMO |
HOMO-4 levels are shown for (MBlCosSey(L1), (MesPxCosSelL2) and (MeP)xCosSey(L3), respectively.

We find that for each of the clusters, the highest energy occupied orbitals are localized on
the inorganic core and uncoupled to the ligand and thbiAding thiomethyl group. Since these
high-energy occupied orbitals are effectively isolated from therenment by the ligands, it is
unlikely that they are important for conduction across the molecularly wired cluster. As shown in
Figure 3.3, the highest occupied orbital thatsh weight on the ligand is HOM® in
(MesP)lCosSey(L1), HOMO-7 in (MesPxCaosSe(L2), and HOMG4 in (M&P)xCosSe(L3).

These highest ligandased orbitals, that can couple charge across the molecularly wired cluster
junctions, are essentially combinations of thpelgne pair on sulfur and the Ca&bonds, and

these orbitals are muclké the HOMOs of the ligands alone. In each case, the energies of the two
related orbitals are essentially identiaaky, the energy of HOM&! in 3 differs from the energy

of HOMO inL3 by less than 0.03 eV). Therefore, while the ligdwaded orbitals prade a conduit
through which the carriers can move from one electrode through the cluster to the other electrode,

the variation in the relevant energies should be the same 1r3ket as in th&1-L3 set. From a
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simple model for tunneling transpdftthe barrier for transport is defined by the conducting orbital
energy. Thusif the conducting orbitals' energies are the same in the ligand and the cluster, then
the decay constants should be the same in both systems. However, this is not what is

experimentally observed.

3.7. Tight-Binding Model

To understanaur results, we consider several possible mechanisms of charge transport
through these junctions. Charge transfer can occur via a cohergasaffance process through
an orbital lying on the ligandlusterligand assembly that is coupled to both electrotreshat
situation, the conductance depends on at least two related factors: the energy of this conducting
orbital relative to the metaldEand the coupling between this orbital and both electrddesthe
length of the molecule increases, the HOMOMO gap narrows, and if conductance were just
related to energy level alignment, one would naively expect conductarastually increase.
However, transport through the junction is also related to how well the conducting orbital overlaps
with the leads, and since the orbital is more delocalized over a longer conjugated molecule, this
overlap decreases with increasimgdth. The conductance thus typically decays exponentially
with increasing molecular length. Specifically, as the conjugated backbone gets longer, the
molecular orbital is delocalized over a larger molecule, and since the orbital is normalized, a
smaller faction of its amplitude resides on the sulfur atoms; therefore, the bonding (coupling)

between the molecule and the electrodes decreases.
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Figure 3.4. Sample transmission functions using the tigimding model for(a) ligand and(b) cluster series. Insets

in (a) and (b) are schematic diagram8. b5 eMe5 Geo,el® =us
3.5 eMgeV,dhdE=-19eV.c)Conductance values versus number of r
transmission functions shown. The data points in (c) are-colbed as the transmission functions in (a) and (b). Data

points are fit with a line, and both lines show a similar detabout 0.5 A. (d) 2D plot showing the ratio of decay
constigl ses Dobt ained by keeping G,alld Bn@dthiecpasamat er sh
site). It is not possible to obtain a ligand decay constant that is hare 12 times that of the cluster decay constant

If we assume that the conducting orbitals of the cluster and of the ligand for a given length
are similar in both character and energy, we can develop a simpkbitigiig model of the
molecular junctios to examine how the additional electronic structure of the cluster could impact
transport through the system. Our tigpimding model is schematically presented in the insets of
Figure 3.4a,bfor the ligand and the cluster respectively. For the condubtagds, we assign a
single energy level] for eactunit, and allow nearest neighisato be coupled by. The terminal
units are coupled to the Au electrodes using an imaginareseiy,i @./We apply a similar
model for the cluster, adding an adtial energy levelk,, between two ligands and coupling this
site to its nearest neighbor ligand states WitWe computed the transmission functions for these

model systems using &3%Greends function approa
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Sample computed transmission functions are showigure 3.4a,busing the same values
for U G andd for the ligand and the cluster series. The transmission functions display resonances
at energy values corresponding to the moleaufaitals of the system where the probability of an
electron being transmitted through the system is unity. The transmission functidndontains
one resonance at energy U, while longer mol ec
the coresponding model. As the length of the molecule increases, the frontier resonance moves
closer to E but also narrows, which is a consequence of the frontier orbital being delocalized over
a longer molecular backbongdpon comparing the transmission funasofor the ligands with
those of the clusters, we see that the clusters contain resonances that are closeandhgir
ligand counterparts, but with narrower resonances. This observation leads to a lower transmission
at B-to which the experimentalljneasured values should correspond; more importantly, it also
leads to a conductance that is more sensitive to the exact location ef the E

In Figure 3.4c, we show the conductances that are determined from thebtighing
model for each molecule versush e number of W@Aened units in the
parameter values for both series). From the fit to these values, it is clear that the predicted decay
constants are essentially the same for the ligand and cluster series. We use ofi® aetl bf
values to calculate the representative transmission/conductance functions shimure3.4a,b.
Regardless of what value is assignedgséand U we find that this model predicts very similar
decay constants for the two systerRg(re 3.4d).

Our tight-binding calculations suggest that the ligand and cluster series should have the
sameb values, unless the energy alignment of the cluster resonance is altered relative to the
electrode Fermi level in this model. We have three sets of observatbsspiport this hypothesis:

1) b of the cluster in BrN is significantly lower than in TCB,f®)alues measured in both solvents
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are the same for the ligand series, an@ 8) the cluster is lower than that of the ligand in both
solvents. The steeper tsanission curves of the cluster seriesFigure 3.4 indicate that the
resonance energies are closer go\Within this coherent transport model, we can see that a small
change in Ewill result in a large shift irb for the cluster relative to the liganBor instance,
changing E by -0.5 eV shifts thé value to 0.1 A for the clusters while a similar change in E
for the ligand changesto 0.3 AL These results, when viewed in light of the known ability of
solventbinding to produce changes ir,# point to BrN shifting E closer to resonance relative
to TCB. This effect is compounded by the sensitivity of the metal. The free ligand and the cluster
have very different characteristias.g, size, steric hindrance, redox behavior, dielectric constant
polarizability and binghg ability) that will result in different shifts ind

The discussion above presupposes coherent charge transport through a single orbital
spanning the whole junction. An alternative mechanism involves a direct thspagk charge
transfer from the etgrode to an unoccupied molecular level on the cluster through a resonant
transfer proces¥. In this picture, the cluster does not have to be chemically attached to the
electrodes to form a conducting junction and the charge transfer efficiency depends on-the core
electrode spacing. We discountistimechanism based on a previously published study in which
we demonstrated that our clusters form molecular junctions by bonding their terminal thiomethyl
groups to the Au electrodé$By varying the substitution pattern or removing the aurophilic
functionality, we showed that we can modulate or completely shut down the conductivity of these
molecular junctions, suggisg that there is an orbital pathway for the transport of charge in these
cluster systems, and refuting the idea of direct threspgite charge transfer mediated by an orbital

localized on the core.
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We also consider a hopping mechanism for ch&nagesfer, a process generally mediated
by a thermally induced conformational chari§é® We first rule out the possibility that such a
conformational change can occur in the lighad/or in the cluster core as the rigid structure of
our clusters lacks internal bonds with rotatioregmkes of freedom that could be accessed through
an activated process. On the other hand, the ligand connection peintsg GS-Au and the €
P-metal torsional angle) have the rotational degrees of freedom for such a conformational
change®® In this mechanism, the charge would tunnel from the source electrode thertigand
to the cluster and then would transfer to the drain electrode through a second coherent tunneling
process. Such a transport process requires that the cluster can reversibly change its oxidation state
with each charge transfer. Since the apgiied in these measurements is not small (~ 0.5 V) and
the cluster core G8e; is redox active, it is plausible that such a hopping process is at play.
However, as the length of the ligands gmses, the probability of turlimg into the cluster should
decrease, irrespective of solvent. Within our experimental constrains, it is thus difficult to

rationalize our observation thlathanges wh solvent using this mechanism.

3.8. Conclusions

We measuredhe charge transport througiolecular clusters with ligands of different
lengths and showed that the conductance decay depends on the solvent used for these
measurements. Our results illustrate a novel effect that allows the environment to alter the
conductance decay constants doighte proximity of the cluster resonance energy to the metal
Fermi level. This study opens up the possibility to carry out conductance measurements using
clusters designed to modulatetBrough a gating effe¢twWhile the conducting ligands alone are

limited to a onalimensional system, the thrdenensional architecture of the metal chalcogenide
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cluster allows us to envision novel electronic devices where a molecular cluster is contacted by

electrodes at multiple locations.

3.9. General Synthesis Information

Unless otherwise noted, all reactions were carried out under nitrogen using standard
Schlenk techniques or in a nitrogkited glovebox.Chlorodiethylphosphine was purchased from
Acros Organics. Selenium powder and dicobalt octacarbonyl were obtainegthemChemicals.
Potassiumtert-butoxide, 4bromobenzaldehyde, and all other reagents and solvents were
purchased from Sigma Aldrich. Dry and deoxygenated solvents were prepared by elution through

a dual column solvent system (MBraun SPS).

3.10. Synthetic Pracedures and Characterization of Compounds

AN
/©/\/§O
Br

Compoun4

(1,3-Dioxolan2-ylmethyhtriphenylphosphonium bromide (11.60 g, 27.0 mmol) was
dissolved in 120 mL of THF. To the solution, lithium methoxide (1.51 g, 39.7 mmol) suspended
in 15 mL of THF was added and rinsed with 5 mL of THF and 5 mL of methanol. uéxrefi
condenser was attached and the suspension was heated to reflux for 30 min. 4
Bromobenzaldehyde (2.00 g, 10.8 mmol) dissolved in 25 mL of THF was added dropwise to the
refluxing suspension and was further heated to reflux for ~12 h. The mixture wad tm&T.
In air, 100 mL of 10 % HCI solution was added and stirred for 1 h. The mixture was poured into

225 mL of dichloromethane. The organic phase was extracted and the aqueous phase was washed
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with dichloromethane (3 x 30 mL). The combined orgagtiase was washed with saturated
aqueous NaHCgsolution and brine, dried with MgSQOand evaporated to dryness. The crude
product was purified by column chromatography. Yield: 1.85 g (81 %).

The structure of compountiwas confirmed byH NMR as publishd in literature’

NN
WO
Br

Compoundb

This preparation was analogous to that of compalingding 27.1 mmol ofl,3-dioxoan
2-ylmethyl)triphenylphosphonium bromide, 29.0 mmol of lithium methoxide, and 10.8 mmol of
compound4. Yield: 2.24 g (87 %).
'H NMR (400 MHz, [d-di ch|l or omet hane-$.29 (1,98, 6.85).07 2d, m}s 6. 2 3

7.247.30 (1H, m), 7.3§.42 (2H, m)7.527.55 (1H, m), 9.61 (1H, d).

S
o8
Br

Compounds

4-Bromobenzaldehyde (0.89 g, 4.8 mmol) was dissolved in 40 mL of THF and cooled to
0 °C. Dimethyk4-thiomethylbenzyl phosphondtg1.18 g, 4.8 mmol) was added and the solution
was stirred for 30 min. A solution of potassiter-butoxide (0.62 g, 5.5 mmol) in 10 mL of THF
was added dropwise to the cold solution. The reaction was stirred and warmed gradidlly t

over ~12 h. In air, 50 mL of water was added and the mixture was poured into 50 mL of
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dichloromethane. The organic phase was extracted and the aqueous phase was washed with
dichloromethane (2 x 10 mL). The combined organic phase was washed véthiveat brine,

dried with MgSQ and evaporated to dryness. The white solid was recrystalliz8@ &€ from a

mixture of toluene and-hexanes. Yield: 1.35 g (92 %).

'HNMR (300 MHz,[@-di chl or omet hane], 298 K).25L:7@25(2H, 2. 50

m), 7.327.48 (6H, m).

S
Sl
Br

Compound?

This preparation was analogous to that of compd,nsing 4.1 mmol of aldehydg 4.1
mmol of dimethyl4-thiomethylbenzyl phosphonate, and 4.5 mmol of potassertrbutoxide.
The white solid was recrystallized &0 °C from dichloromethane and washed withexanes.
Yield: 803 mg (60 %).

'HNMR (300 MHz,[@-di chl or omet hane], 298 K): U 2.51

7.21:7.47 (8H, m).

S
\\\
Br

Compound
This preparation was analogous to that of compdiyngsing 1.1 mmol of compourt)

1.1 mmol of dimethyM-thiomethylbenzyl phosphonate, and 1.2 mmol of potastutbutoxide.
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The yellow solid was recrystallized &0 °C from dichloromethane and washed withexanes.
Yield: 270 mg (67%).
'HNMR (400 MHz,[d-di chl or omet hane] , 2 96361KH, m)68694 2. 49

(2H, m), 7.197.46 (8H, m).

Conducting ligand.1

Compound (1.16 g, 3.8 mmol) was dissolved in 50 mL of THF and cooled&cC. n-
Butyllithium (1.6 M in hexanes, 2.6 mL, 4.2 mmol) was added dropwise and the reaction was
stirred for 45 min. Chlorodiethylphosphine (0.57 g, 4.6 mmol) in 10 mL of TH$ adaled
dropwise to the solution and the reaction was warmed gradually to RT over ~12 h. The solvent
was removedn vacuoand 20 mL of toluene was added to the crude product. The mixture was
filtered through a fine frit and the solvent was once agaimvenin vacuo The white solid was
recrystallized at30 °C from a mixture of toluene amdhexanes. Yield: 1.00 g (84 %).

'HNMR (400 MHz,[@-di chl or omet hane], 298 K): U 1.02

7.10 (2H, m), 7.25 (2H, m), 7.4651(6H, m).

3P NMR (162 MHz,[@di chl or omet halbe] , 298 K): U0 =
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Conducting ligand.2

This preparation was analogous to that of conducting ligahdusing 1.2 mmol of
compound?, 1.3 mmol ofn-butyllithium, and 1.4 mmol of chlorodiethylphosphine. The yellow
solid was recrystallized aBO °C from THF and washed witithexanes. Yield: 178 mg (40 %).
'HNMR (300 MHz,[¢-di chl or omet hane], 298 K): U = 0.98
6.65 (2H, m), 6.96 (2H, m), 7.19 (2H, m), 7-3%2 (6H, m).

3P NMR (162 MHz,[@-di chl or omet halbe] , 298 K): U0 =

S\
\\\
/\p

~

Conducting ligand_3

A solution of tetramethylethylenediamine (0.1 mL, 0.67 mmol)rabdtyllithium (1.7 M
in THF, 0.4 mL, 0.67 mmol) in 10 mL of THF was stirred & °C for 30 min. The solution was
cannula transferred tmmpound (200 mg, 0.56 mmol) dissolved in 40 mL of THF&8°C and
stirred for 1.5 h. Chlorodiethylphosphine (2fry, 1.68 mmol) in 3 mL of THF was added
dropwise, and the mixture was warmed gradually to RT over ~Tha.solvent was removea
vacuoand 5 mL of THF was added to the crude product. The mixture was filtered through a fine

frit and recrystallized a30 °C from THF. Yield: 92 mg (44 %).
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'HNMR (400 MHz,[@-di chl or omet hane], 298 K): U0 = 1.04
6.526.62 (4H, m), 6.846.96 (2H, m), 7.247.47 (8H, m).

SIPNMR (162 MHz,[@-di ch|l or omet halbe] , 298 K):

g
]

Generakynthesis of CgbSe(Ln )s clustersl-3:

Se then Co,(CO)g
Tol, N,, RT to reflux

= COBSeS(Ln)S

CosSes(L1)s (1)

Conducting ligand.1 (223 mg, 0.71 mmol) was dissolved in 40 mL of toluene. Selenium powder
(56 mg, 0.71 mmol) was added and the suspension was stirred until theéissiided. Dicobalt
octacarbonyl (56 mg, 0.16 mmol), dissolved in 5 mL of toluene, was added to the solution and the
reaction was heated to reflux for ~12 h. The hot mixture was filtered through a fine frit. The dark
brown solution was cooled to RT acdncentrateth vacuq and the product was precipitated with
diethyl ether. Yield: 102 mg (65 %). The crystal structuré bas been published in a recent
report®, and crystallographic data is available from the Cambr@hystallographic Data Centre
(deposition number 894790).

'HNMR (400 MHz, [¢-t et rahydrofuran], 298 K): 4 = 0.89
s), 7.13 (12H, s), 7.20 (12H, m), 7-3243 (36H, m).

SIP NMR (162 MHz, [t et r ahydr of ub8gbmopd). 298 K): 0 =
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CosSe(L2)6 (2)

This preparation was analogous to that,afsing 0.88 mmol of conducting ligah&, 0.88 mmol

of selenium powder, and 0.40 mmol of dicobalt octacarboviyld: 137 mg (66 %).

'H NMR (400 MHz, [a-tetrahydrofuran], 298 KYi = 0. 90 (36H, m), 2. 04
s), 7.047.33 (72H, m).

We were not able to measure @ NMR spectrum of compourgbecause of its low solubility.

CosSe(L3)s (3)

This preparation was analogous to that,afsing 0.24 mmol of conducting ligah&, 0.24 mmol

of selenium powder, and 0.06 mmol of dicobalt octacarbonyl. The dark brown product precipitated
upon cooling the hot filtrate to RT. Yield: 8 mg (14 %).

'HNMR (400 MHz, [t et r ahydr of &= 0.89(36H, mg A0F (24H), m), 216 (18H,

s), 6.507.38 (84H, m).

We were not able to measure e NMR spectrum of compourgidue to its low solubility.

3.11. Instrumentation
All *H and®P NMR were recorded on a Bruker DRX300 (300 MHz) or Bruker DRX400

(400 MHz)NMR spectrometer.

3.12. Additional Conductance Data
Figure 3.5 shows the 2D conductance versus displacement histograms for ligkahds
and clusterd-3in BrN. Both 1D and 2D conductance histogramsLfbrandL2 are constructed

from 5000 individual conductance traces, while those3o&re constructed from 6000 traces; all
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data was collected at an applied voltage of 500mV. Histogranisdere constructed frof000

traces, for2 were constructed from 3000 traces andJaevere constructed from 2000 traces. In
solution, the clusters tend to decompose over time, so we were unable to obtain as much data as
we collected for the ligands. Cluster traces were collieatean applied voltage of 375mV and

solution concentrationof-5 0 & M.
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Figure 3.5. 2D conductance versus displacement histogram&-bandL1-L3 collected in BrN Histograms were
created by aligning indidual conductance traces at 0.5dhd then overlaying all traces to generate the 2D image.
Molecular plateau lengths for the clusters are roughly twice as long as their ligand only counterparts.

We have also carried out conductance measuremenis3oand L1-L3 in TCB. 2D

conductance versus displacement histograms for ligahds$3 and cluster4-3in TCB are shown

88



in Figure 3.6. Conductance histograms are constructed from 3000 trackslfod0 traces foz,

4000 traces foB, and 10000 traces faul-L3.
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Figure 3.6. 2D conductance versus displacement histogramé-fbandL1-L3 collected in TCB Histograms were
created by aligning individual conductance traces at @.&n@ then overlaying all traces to generate the 2D image.
Molecular plateau lengths for the clusters are roughly twice as long as their ligand only counterparts

We measured the conductancd ahder an inert atmosphere of Ar gas to examine whether
thepresence of oxygen or water in the cluster solution impacts the measurEigerd 8.7). We

observe no change in the conductance of
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Figure 3.7. (a) Logarithmicallybinned conductance histogramsd#b) and(c) 2D conductance versus displacement
histograms forl collected inTCB under ambient conditions and under an inert atmosphere of Ar. The peak3at ~10
Go comes from uncoordinatddl. Histograms were created by aligning individual conductance tedad®$ G and

then overlaying all traces to generate the 2D image.

3.13. Additional Details on the Tight Binding Model

We use a tight binding model to determine a Hamiltonian matrix and then use a non
equilibrium Greends Fun c tvelyagnodelftransmissionithsoogh then o r d
molecular junctions. As described in the main text, we use-site rmodel to represent the
molecule, and couple only nearest neighbor sites. For the ligands, the model consists of 1, 2 and 3
sites (forL1-L3) ofenergy), wi th nearest neighbors coupled

two n-length ligands with an additional site in between the ligands. This site has an ejangy E

is coupled to its nearest neighbor kadbbyanU. I n
imaginary, energy independent, seifergytermiti / 2. I n order to compute
functions, we turn tothe nemqui | i bri um Greenéd6és Function for

function for the molecular junction is defined @) = [EI-H], and transmission is then given
asT(E)= Tr(l.G &kG) , which i s comput ad dcaré ocoapting matricdsy . He
coupling the molecule to the | eft and right |

such that the ligand conductance values are similar to the experimental values.
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When adding the cluster site, we explore a paransp@ee of1.5t0-0. 1 eV {for U
3.0 to-1.6 eV for k to see the impact that these values have on the decay constant for the two
systems. This is demonstratedRigure 3.4d, where it is clear that it is not possible to obtain
significantly different onductance decay constah) {alues using this model. As mentioned in
the text, we also show iaigure 3.8 that it is possible to obtain higher conductances for a given

cluster as compared to its corresponding ligand.

T (eV)

-2.8 24 -2.0 -1.6
Ey (eV)

Figure 3.8. 2D plot showmg the conductance ratiolofo L1 (G1/G.1) as obtained from our tight binding model. We
kept @, U, and Uo¢gmahsbantWavhfiil ed vtahati nggiEven certain pa
in which the cluster is more conducting than its corresponding ligand.

3.14. Details on the DFT Calculations

All calculations were done using Jaguar (Schrodinger, Inc., New York28¥4). All
calculations were based on density functional theory (DFT), and used the B3LYP functional. The
6-31G** basis sets were used throughout, with the LACVP potentials/basis sets used for the heavy
atoms.

For the strictly organic moleculekX(, L3, and L3) the geometries were fully optimized.

For the clustecomntaining systems the geometries were optimized in the sense that we found
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local energetic minima, however owing to the complicated chemical structures there are
undoubtedly many similar, enetgally essentially degenerate local minima in each case.

For each molecule we studied we have included the final total energy and the final optimized
geometry. For the strictly organic systems we have also included diagrams indicating the atomic

numbering similar diagrams for the clustepntaining systems are too cluttered to be useful.
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Chapter 4. Room Temperature SingleCluster Current Blockade

4.1. Preface

This chapter islargelybased on a manus Jdempgature €arrentt | e d
Blockade in Atomically Defined Singl€l ust er Junctionso by Giacon
Daniel W. Paley, Michael L. Steigerwald, Latha Venkataraman, and Xavier Roy published in
Nature Nanotechnologyl synthesized all compounds. | characterized the molecular clusters using
SCXRD with essential input fro@r. Daniel W. Paley. Dr. Giacomo Lovat in Professor Latha

Venkat aramanos gr omgbkecufe eondudanam mehsueeindnts.s i ngl e

4.2. Introduction

Fabricaing nanoscopic devices capable of manipulating and processing single units of
charge is an essential step towards creating functional devices where quantum effects dominate
transport characteristics. The archetypal shadgetron transistor comprises aahtonducting or
semiconducting island separated from two metallic reservoirs by insulating baflBarenabling
the transfer of a welllefined number of charge carriers between the island and the reservoirs, such
a device may enable discrete singlectron operations:©

The transfer of a welllefined number of electrons between the island and the reservoirs is
possible when random charge fluctuatialue to thermal and quantum effects are suppressed. This
effect imposes two constraints on the nanoscale system: (1) the energy required to add one electron
to the islandi(e., the charging enerdg?/2C) whereC is the capacitance of the island) mustesd
the thermal energksT; and (2) the conductance of the tunnel junctides (he insulating barrier
between the island and the reservoirs) must be smaller than the conductance quange¥hG

11n singleelectron circuits, quantum dots have emerged as ideal candidates since their small sizes
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make the capacitive charging energy much larger than ¢ne#h energy. For example, Coulomb
blockade and Coulomb staircase effects of shetgetron tunneling has been observed at room
temperature for evacuated tunnel junctions where a scanning tunneling microscope tip is
positioned above metallic or semiconting nanopatrticles. In these cases, the charging energy is
on the order of 1400 meV? 24 However, the intrinsic variations in sizeidh shape of
nanoparticles synthesized with conventional nanofabrication techniques result in poor
reproducibility of their transport characteristics.

We describe a singlmolecule junction comprising a redaxtive, atomically precise
cobalt chalcogenideluster wired between two nanoscopic electrdde§.We observe current
blockade at room temperature in thousands of sicigiter jundbns. Below a threshold voltage,
charge transfer across the junction is suppressed. The device is turned on when the temporary
occupation of the core states by a transiting carrier is energetically enabled, resulting in a sequential
tunneling process andhancrease in current by a factor of ~600. We performsitu andex situ
cyclic voltammetry as well as density functional theory calculations to unveil-atepoprocess
mediated by an orbital localized on the core of the cluster in which charge cagsieies before
tunneling to the collector reservoir. As the bias window of the junction is wide enough to include
one of the cluster frontier orbitals, the current blockade is lifted and charge carriers can tunnel
sequentially across the junction.

We alsodescribe an analogous singleister junction formed with Mg&sLe in which we
can access different charge states at room temperature. In the cag&hbMee can access both
the negatively charged and positively charged species by varying the tipcbigs the cluster
junction. The asymmetric conductance behaviors in thebd&®d cluster systefurther support

our twostep incoherent tunneling mechanism. The high structural tunability within this class of
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molecular clusters will enable the design obletularscale electronic systems with multiple

functionalities.

4.3. Synthetic Design

The singlecluster junctions consist of an octahedral core of cobalt atoms surrounded by a
cube of chalcogen (sulfur or selenium). This clusgpe was introduced ilChapter 1 and
subsequently used to study the solvent effect on the conductance inctiisgge junction in
Chapter 3. Here, we wire an organic bifunctional ligandL (= diethyt4-
thiomethylphenylphosphine) between the cluster core and the Au electrodesospéagrus end
of the ligand attaches to the catia Co-P bond, and the aurophilic thiomethyl group connects to
the Au electrodesgia Au-S bond Figure 4.1ashows the core structure of §Sels, as determined
by SCXRD. These compounds are stable in multiple charged states and we structurally
characterize the neutral, monocationic, and dicationic species for each core composition (See
Table 4.1 for structural details). SCXRD data show only smaaliations in intefatomic distances
among the different charge states, indicating that reorganization energies upon changing the charge
state are small. Electrochemical characterization and DFT calculations of similar clusters indicate
that their energyrontier orbitals are fully localized on the inorganic core and essentially
decoupled from the ligands, making this system an ideal playground to explore the effects of
charge quantization osinglemolecule transpoff *® The atomic precision of these clusters
overcomes the main shortcominfdevices built from quantum dots® *which have intrinsic

size, shape and composition variations resulting in poor reproducibility of transport characteristics.
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Figure 4.1. (a) Top: Molecular structure of the [6&] core as determined by SCXRDobalt, blue; sulfur, yellow.

The [CaEs] core is a magnetic singlet (S = 0) in the neutral state, a doublet (S = %2) in the 1+ state and a triplet (S =
1) in the 2+ state. Bottom: Structure of the molecular connector L asétketthe cluster into a junctiofb) Schematic

of the STMBJ measurement in an ionic environment. The Au tip is coated with an insulating wax before immersion
in a solution of the target clusters in PC. As a potential difference is established bétgvéprand the substrate,
dissolved ions accumulate more densely on the small tip area left uncovered by the wax.

4.4. STM-BJ Measurements

We measure, reliably and reproducibly, the conductance and cuoléade (}V)
characteristics of single cluster juincts using the STMBJ technique with Au metal electrodés.
The clusters are wired into junctions usibdunctional ligands that bind specifically and
directionally to the core and the electrddé® The phosphine group on one terminus of the ligand
attaches to the covéa a CoP cmrdination bond, and the aurophilic thiomethyl group on the other
terminus of L connects to the Au electrod&san AuS bond.Measurements are carried out in
propylene carbonate (PC), a polar solvent that can dissolve ionic compounds to create an ionic
environment around the junctidfi.The Au tip is coated with an insulating layer to suppress
background ionic curref.Figure 4.1b illustrates the asymetric doubldayer that builds up in
the junction as a result of the small area of the coated tip (surface ared)-+élatine to the large

area, uncoated substrate (~1°grfihis asymmetrical ionic environment results in the energy levels
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of the cluster core being pinned to the substrate chemical potential, thereby allowing the tip
chemical potential to be modulated relative to the molecular orbitals ppied biag® 2°In
contrast to previous electrochemical gating systems that require both reference and counter

electrodes, the junctions can be gated using only two electrodes.

4.5. Histogram Analysis and FV Plots
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Figure 4.2. Logarithmically binned 1D conductance histograms fogSglos at (a) negative andb) positive tip bias,
respectively. Each histogram is constructed from 1,000 traces measured at a fixed tip bias using 100 bis)decade.
2D conductancelisplacement histogram for €L s constructed from 1,000 traces measure@.aR2 V tip bias. The
histogram is created by aligning all the traces at the point where the conductance crossear@3hen overlaying

them using 100 bins/decade on the conductance axis and 625 bins/nm on the displacement axis.

Conductance results for the §SglLe system are qgsented first. The experiment typically
begins by introducing the monocationic ESel.s]|[BF 4], but we find that the charge state of the
cluster trapped between the tip and the substrate is dictated by the potential across the junction.
Figure 4.2a,b shows logarithmically binned ordimensional (1D) conductance histograms at
differenttip biases! Clear peaks are visible at integer multiples of the conductance quansum (G
= 2¢?/h = 77.5 puS), associated with the breaking of arAjunction, and at a biasependent
value for the molecular cluster junction. Sifieally, the molecular conductance peak shifts to
higher values as the magnitude of the bias is increkgpde 4.2cshows a twedimensional (2D)

histogram of the conductance ofd¢Sels. This allows a direct determination of the extent of the
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junction dongation, which has been shown to correlate witttloéecular lengti¥? The junction
elongation for this cluster is ~1 nm. By accounting for the Au relaxation gap-0-8.6m upon
breaking ofAu contact$’), we find that this elongation correlates well with the molecular length
of a cluwster with ligands fully extended, as measured from SCXRD (~1.8 nm). We conclude that
we are indeed probing transport through-IA@CosSe-L-Au junctions. If the cluster were to
decompose during the measurements, we would observe a clear peak due to jionctehwith

L alone(Figure 4.3).16
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Figure 4.3. 1D conductance histograms of ligand L measured at different tip biases in PC usiAgJ3ébthnique.
The inset presents the current as a function of tip bias and shows a clear linear trend.
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Figure 4.4. (a) Semilogarithmic plot of the current versus tip bias fors&hs (red trace) and GS8elLs (blue trace)
measured in PC. The inset shows the current blockade region at low tip bias on &dileegdr)d ower panelin situ

CV recorded for a solution of G&Ls in PC with 0.1 M TBAPE supporting electrolyte using a sweep rate of 100
mV/s. The voltammogram shows two current steps at reduction (V < 0) and oxidation (V > 0) tip bias separated by
~1V. Upper panelCV recordedex situin a standard-&lectrode electrochemical cell using a glassy carbon working
electrode in dichloromethane solution of 0.1 M TBARBEpporting electrolyte and using a sweep rate of 100 mV/s.
The data is calibrated using the ferrocene/ferrocenium redox cqapample 1V trace for CeSsLs. (d) 2D I-V
histogram for CeSsLe. The current axis is logarithmically binned. The superimgogslow curve represents an
average of the current over all traces per voltage bin. Note that the data bé#e®nand 0.2 V includes some
additional contributions due to capacitive currents as the voltage is swept at a rate of 50 V/s. Pink citaiéove
the plot are 4V values extracted from the mductance measurementsHhigure 4.4a. (e) Normalized differential
conductance, dl/dV, extracted from the averalecurve (red trace) and from the conductance measurements (pink
dots).

We determinehlte most probable junction current for each tip bias from the conductance
histograms and plot these as a function of tip bidsgare 4.4a(red trace). The current through
the junction is very low over a bias window that extends from approximately +36f® rf30
mV. Beyond these voltage thresholds, the current through the junction increases sharply, and at a

bias of-810 mV the current is a factor of ~560 higher than that& mV. To understand these
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results, we perfornm situ cyclic voltammetry (CV)measurements on €&lLe using the STM 2
electrode setup as a nanoscale electrochemical cell. The voltammogram sHegurend.4b

(lower panel) reveals three distinct charge states separated by two reversible redox peaks,
consistent with the electrochemical behavior okSgbs measuredex situusing standard CV
technique with macroscopic electrodes. At low tip bias, the speciée a&idctrode surface is
[CosSsLe]™. A large negative applied voltage reducesefgbes]” to CasSsle; conversely, a large
positive applied voltage oxidizes [63Le]* to [CosSsLe]?*. The potential of the redox peaks in

thein situvoltammogram matches wellitlv the threshold voltages observed in the shufjlister

junction measurements, suggesting that the increase in the junction current occurs when the charge
state on the cluster is altered. Independently, we perform traditional ionically gatedBSTM
measwements in which a third electrode is used to apply a gate voltage as detevledisly>*

By varying the gate voltage, the chasgate of the cluster can be changed and thus the conductance

can be turned on or offfigure 4.5). These results are consistent withithgituCV measurements.
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Figure 4.5. (a) 1D conductance histogram 6sSsLs measured at different gate voltages usirggedectrode setup.
Depending on the gate voltage, conductance is turned on @&.gfft{ace at-1.0 V when conductance is turned on
and at 0.0 V when conductance is turned off).2D conductance histogram of §5al s at a gate voltage 61.0 V.
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Figure 4.6. 1D conductance histograms of éSaLs measured afa) negative andb) tip biases, respectively, in PC
using STMBJ technique.d) 2D histogram measured @50 mV.

We turn to the cobalt selenide system,c&ls, to further understand the interplay
between the cluster energy levels and the junction current. The tip persd@ace of the junction
current extracted from 1D histogranfsgure 4.6) is shown irFigure 4.4a(blue trace). The shape
of the current versus tip bias curve foreSeLs is very similar to that for CsssLe; there is a low
current region (conductance <1Go) at low tip bias and then a sharp linear increase in current
beyond a threshold. This behavior is analogous to that observed in quantum dots at low
temperaturé® 2>and it is commonly attributed to Coulomb blockade. The tunneling conductance
across the GgéseiLs junction in the blockade regime is like that forsSghs and the on/ofturrent
ratio is over 600 for CsSelLe. A clear difference between the two systems is that the current
blockade for CeSeiLs is lifted at a smaller positive voltage than fors&shs. Voltammetric data
explain this behavior: the CV of €®eale (Figure 4.7) shows that the 1+/2+ redox couple is

shifted to lower voltage when compared ta:&he.
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Figure 4.7. CV of CaSelLes in 0.1 M TBAPK in dichloromethane with a 100 mV/s scan rate.

To corroborate theskndings, we measured currevbltage (V) curves for over 3000
singlecluster C@SsLe junctions over a range e1.3 to +1.3 V. These measurements allow us to
probe a wider voltage range than that accessible through the conductance histogram method. A
sanple FV trace is shown ifrigure 4.4c (additional individual traces are includedrigure 4.8).

All I-V curves were overlaid on a logarithmic scale to generate a\2Bidtogram Figure 4.4d).

An average-V curve (yellow trace) is obtained from thisap and used to determine an average
normalized differential conductance, di/dW¥idure 4.4¢). The average-Y curve shows a
crossover from a loveonductance to a higtonductance regime when we sweep the voltage for
both bias polarities. The boundariesttod blockade regime are clearly marked by two peaks at
0.6 and +0.7 V in the dl/dV trace. The/lvalues extracted from the conductance histograms
(shown inFigure 4.4aand included as pink circles igure 4.4d,6 are in reasonable agreement
with the FV curve. The difference is ascribed to the high scan rate (60 V/s) employed N the |
experiment® which will significantly alter the doubldayer density around the tip. Similar

behaviors are observed for thesSeLe junctions Figure 4.9).
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Figure 4.9. (a) I-V 2D histogram for CgSeLe. The current axis is logarithmically binned. The superimposed white
curve represents an average of the current over all traces per voltage bin. Note thatiétsvdata0.2 V and 0.2 V
includes some additional contributions due to capacitive currents as the voltage is swept at a rate ofop0 V/s.
Normalized differential conductance, dl/dV, extracted from the averggeurve.
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4.6. Two-Step Incoherent Transport Mechanism

Our results can be understood in terms of a-gtep incoherent transport mechanism
wherebycarriers first tunnel through the connector from one electrode to a level localized on the
inorganic core and then into the other electratfe have four ofervations that strongly support
this sequential tunneling process. First, we can rule out a simplesoiiance/iesonance
mechanism whereby a resonant conductance level is gradually approached as the tip bias is varied.
Indeed, the dramatic increasedurrent observed for our system is significantly higher than what
has been measured singlemolecule diode$® 27?8 Considering that the molecular orbitals on
the cluster core are at best weakly coupled to the ligand 1&veisee the discussion of DFT
calculationsn Section4.7) and that two peaks are observed in the di/dV plots (whichdamply
that two different ligand levels come-iasonance), our results preclude a coherent resonant
transport mechanism. Second, the CV measurementsitbsitu andex sit) clearly show that
different charge states are accessible within the bias window of the junctions. Third, we can reject
a coherent transport mechanism that is simply gated as the cluster chargeattetedS Were
coherent transport (with gating effects) occurring, we would expect that increasing the cluster
charge state, from G8sLs to [CasSsLe]* to [CosSeLe]?*, would produce a monotonic change in
conductance. Insteadfigure 42a,b shows that the conductance is low for §&he]™ and
increases at both negative and positive tip biases #8:Coand [CaSsLe]?*, respectively. Finally,
we can rule out that the sharp incretiagséer i n th
between the electrodes and the cluster within the junction or clusters around the jurection (
electrochemical current). Measured at a bias beyond the threshold voltage, the 2D histogram in
Figure 4.2cshows that the current does not changé distance until the junction breaks. At the

breaking point, the conductance suddenly drops to the instrument noise flobQg} lddicating
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that the cluster needs to be connected to the electrodes in order to conduct and that the

electrochemical currd is at least two orders of magnitude smaller than the junction current when

a coated tip is used.
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Figure 4.10. (a) HOMO and HOMQ13 orbitals of model compound (PMI#C0osSsL2> with energies relative to

vacuum, as calculated from DFT. The energy level diagram shows several orbitals energetically close to the HOMO.
These orbitals are quite similar to the HOMO we present explicitly. ¥3Ceg there is a set of essentially ideat

L-based Sentered orbitals; we show just one for simplicity. Note that the HQM®IO gap is around 3 e\(b)

Schematic of the proposed sequential tunneling transport mechanism. Green and red markers represent cluster levels
available and unavailabfer sequential tunneling, respectively. Solid and hollow markers represent occupied and
unoccupied cluster levels, respectively. Bottom panel illustrates the absolute current (blue) and di/dV (green) that
would correspond to each charge state of the clasta function of tip bias.

4.7. DFT Calculations and Sequential Tunneling

Using DFT, we model G&sLswith a simplified cluster, (PMgCosSsL2, and show that
the cluster core energy levels are weakly coupled to the electrodes. Because the thiomethyl
terminaed ligand L is known to conduct through its highest occupied molecular ¢H@aO),°
we examine the occupied levels of the §&p system. The HOMO is localized on the inorganic
core and the highest occupied orbital that has weight on L is H@BJ@hich is essentially a

combination of the t hi oibendsligure 480aghows theoHOMO pai r
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and HOMQ13 orbitals & (PMes)sCosSeL2 and their relative position on the energy scale. Our
DFT calculations clearly show that the gSg-based HOMO and the-hased HOMG@L3 are at
best weakly coupled, and that orbitals of energy higher than HQ@B1@re all localized on the
inorganic core, sequestered from the environment by the ligand shell. These calculations support
our hypothesis that a coherent transport through a single orbital cannot explain our data.
Additionally, any redox process will involve orbitals that are locdliae the cluster coré&rom
these observationgje propose a coreentered sequential tunneling process that is mediated by
the ligand.

Figure 4.10bis a schematic illustrating this sequential tunneling mechanism that leads to
a current blockade. At smdilas, the cluster in the junction is in the 1+ charged state and it has no
clusterbased energfrontier levels within the bias window. Consequently, transport océars
tunneling mechanism, likely through a single orbital that has weight onltlaséds and the core;
this is the blockade regime. By increasing the tip bias in the negative direction, the bias window is
opened to include an unoccupied level (0/1+ redox) and sequential tunneling can begin. The
blockade is lifted and a sharp increase imanitris observed. Similarly, as the tip bias is increased
in the positive direction, the bias window is opened to include an occupied level (1+/2+ redox)
and sequential tunneling is allowed. By extending the bias window further, we expect an additional
steep rise in current as an additional occupied level (2+/3+ redox) is accessed. However, this third

process is currently inaccessible with our experimental constraints.

4.8. Current Blockade in Mo-Based SingleCluster Junction
Similar to the Cebased singkeluster junctions, we found that Meased singkeluster

junction exhibits singlelectron tunneling albeit with different accessible charge staigsre
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4.11 shows the molecular structure of Mels used to form the singleluster junction between
two Au dectrodes.The synthesis of Ms&slLe, entails a quantitative conversion from pyridine
bound MaSs to L-bound M@Sg in tetrahydrofuran when the mixture of bBs(py)e** and L is
heated to reflux temperature. As the ligand exchange preckEsSs(py)s, which is insoluble in
tetrahydrofuran, is converted to MiaLe that dissolves readily. The reaction mixture is filtered
and the solvent in removea vacuoto yield MasSsLe. This 26valence electron molecular cluster
can be characterized BYMR. Sharp peaks in th#H NMR and3!P NMR spectra suggest an

absence of unpaired electrons in the neutrajSla molecular clustef!:32

Figure 4.11. Molecular structure of MgssLe as determined bpCXRD. Molybdenum, magenta; sulfur, yellow;
phosphorus, orange; carbon, black.

We employ the same experimental conditions as in thbaSed systentkigure 4.12a,b
shows the logarithmically binned 1D conductance histograms at positive and negative tip biases,
respectively, anéigure 4.12cshows a 2D histogram of the conductance o§3d_s at +400 mV,
which shows the extent of junction elongation (~1 nm). We note that thelecteon reduced
MoeSs molecular cluster is sensitive to oxidafidand is most likely entributing to the poorer

conductance stability in the STBUJ measurements.
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We next determined the mogtrobable junction current for each tip bias from the
conductance histograms and plotted these as a function of tipFgase( 4.138). The current
across the junction is very low over a bias window that extends from +@2Zt¥. This range is
the current blockade regime. The current through the junction increases beyond these threshold
voltages. At low tip bias, the species at the electrode suifaMasSeLe]®. A large negative tip
bias reduces [MgSsLe]® to [MosSsLe]' while a large positive tip bias oxidizes [MalLe]° to
[Mo6SsLe]*". Ex situCV performed with macroscopic electrodes in a dichloromethane solution of
MosSsLe, shows reversibleneelectron reduction and oxidation wavesla87 V and-0.13 V (V
vs. Fc/F¢ redox couple), respectivelfigure 4.13b). The spacing between the two redox events
(1.24 V) in MaSsLs agrees well with that of known M8s(PEt)s (1.27 eV)3*

20 r 1
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Figure 4.12. Logarithmically binned.D conductance histograms for k8L at(a) positive andb) negative tip bias,
respectively. Each histogram is constructed from at least 1,000 traces measured dipabfiasdising 100 bins dec
L. (c) 2D conductancalisplacement histogram for M&Ls constructed from 1,000 traces measuret4&0 mV tip
bias. The histogram is made by aligning all the traces at the point where the conductance crossesdtbe@
overlaying them using 100 bins deen the conductance axis and 635 binstmmn the displacement axis.
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Figure 4.13. (a) Current versus tip bias for M&Le measured in PGb) CV of MosSLsremrded in dichloromethane
with 0.1 M TBAPF supporting electrolyte, using a standard trekxetrode electrochemical cell with a glassy carbon
working electrode. Sweep rate: 100 m¥ $he data is calibrated using the ferrocene/ferrocenium redox cécple.
Two-dimensional 4V histogram. The current is logarithmically binned, and the tip bias axis is linear. The
superimposed yellow curve is an average of the current over all traces per volta@¢ Rormalized differential
conductance dI/dV extracted frothe averageV curve from (c).

In addition to measuring the conductance o&84be at various tip biases, we also obtained
[-V curves for over 1000 cluster junctions over the rafge to +0.8 V Figure 4.3c shows a 2D
I-V histogram of all overlaid-V curves on a logarithmic scale. We note that the data between
0.2 and +0.2 V include some additional contributions due to the capacitive currents. We use the
average vV curve (yellow trace inFigure 4.13c) to generate the normalized differential
conductance, dl/dV, plotHgure 4.13d). Based on the normalized dI/dV trace, the current

blockade is lifted at the onset of +0.2 afid5 V.
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Analogous to the GfsLs study, the increase in junction current occurswtiee charge
state on the cluster is modified. In the case 0§3dos, we can access both the negatively charged
and positively charged species by varying the tip bias across the cluster juRigjioe. 4.13d
shows a clear asymmetry about 0 V in conttasthat was observed for gsLe systems. This
observation augments our previous claim that the transport across theselastglgjunctions is
not simply a resonant transfer through a single orbital on the molecular system. The shallowest
resonance ithe dl/dV spectrum corresponds to the energy level closest to the Fermi energy of the
leads, and the spacing of the resonances reflects the location of the molecular energy levels relative
to the Fermi energy. Fdhe MoeSsLs System, the energy levels armst likely asymmetrically

spaced from the Fermi of the leads, thus showing a clear asymmetry about 0 V.

4.9. Conclusions

We have studied singlelectron transport in a single redagtive molecular cluster wired
between two nanoscopic electrodes. The atq@recision, the small size of the core and the weak
electronic coupling to the organic connectors allow us to observe current blockade at room
temperature in thousands of singlester junctions. The dominant transport mechanism in these
devices is likgf a twostep process akin to electron tunneling in a debbleier tunnel junction.
The ligands act as insulating barriers interposed between the electrodes and the molecular levels
of the inorganic core. Current flows through the junction only whenettwparary occupation of
the core states by a transiting carrigr,t he HAchargingd of the cluster
The on/off ratio of these transistors is much larger than that of typical electrochergataltly
organic molecule$,?” 3an effect attributed in part to the small electron transfer reorganization
energies of the systetfiBy taking advantage of the rich chemistry of molecular clustarese
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results provide an optimistic path to designing reeemperature wiecularscale transistors with

multiple states and functionalities.

4.10. General Synthesis Information

All reactions and sample preparations were carried out under inert atmosphere using
standard Schlenk techniques or in a nitrefiked glovebox unless otheise noted.
Chlorodiethylphosphine was purchased from Acros Organics. Dicobalt octacarbonyl and selenium
powder were purchased from Strem Chemicals. All other reagents and solvents were purchased
from Sigma Aldrich.Dry and deoxygenated solvents were prep by elution through a dual
column solvent system (MBraun SP®jethyl-4-(methylthio)phenyl phosphine (L), €8aiLs,

and MaSs(py)s were prepared according to published proto&bf8.

4.11. Synthetic Procedures and Characterization of Compounds
CosSsl 6

The Coebased molecular cluster was prepared using a modified procedure for the synthesis
of [CosSs(PE&)s][BPhs] by Cecconiet al®® The ligand L (1.00 g, 4.71 mmol) was added to a
degassed solution of Co(BEA 6268 (530 mg, 1.57 mmol) in acetone/ethanol (1:1; 15 mL:15 mL).
The mixture turned from pink to greémown. Hydrogen sulfide was bubbled through the solution
for 10 mins at room temperature. During that time, the reaction turned dark brown. The mixture
was sirred for 16 h under nitrogen. The black precipitate that formed was collected on a glass frit,
washed with a small amount of acetone/ethanol and airiegicuo *H NMR shows that the solid
contains only CeBsle. The product was recrystallized by slow pegation of a concentrated

dichloromethane solution under inert atmosphere. Yield: 25 mg (5 %)
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'HNMR (400 MHz,[@-di ch|l or omet hane], 298 K): U = 0.87

7.14 (2H, d), 7.30 (2H, 1).

[Co6SsL6][BF 4]

When we expose the acee/ethanol filtrate from the &L synthesis to air for several
days, black blochike crystals of [CeSsLs][BF4] form in the solution. The product was
recrystallized by diffusing ethanol into a concentrated solution ofeJgCe|[BF4] in
dichloromethane. The crystals were collected, rinsed with ethanol andrdviacuo Yield: 180
mg (35 %).

'HNMR (400 MHz,[d-di c hl or o met h a268 {4H, brp-®0B (6K, br:s), 4i48 (3H,

s), 6.98 (2H, d), 7.33 (2H, m).

[CosSsL6][BF 4]2

A solution of AgBR (5 mg, 24 pmol) in 0.2 mL of acetonitrile was added dropwise to a
solution of C@SsLes (21 mg, 11 pumol) in 3 mL of dichloromethane. The vial was wrapped in foil
to protect the reaction from light and stirred 16 h. The solvent was/eshitovacuoand 5 mL of
dichloromethane was added to the crude product. The mixture was filtered through a 0.2 um
syringe filter and the solvent was removiedvacuo The solid was dissolved in 0.5 mL of
acetonitrile and the resulting dark brown solutieas layered over toluene (10 mL). Dark brown
crystals of [CeSsLe][BF4]2 were obtained after 5 days &5 °C. The crystals were collected,
rinsed with toluene and hexanes, and dimedacuo Yield: 16 mg (70 %).
IH NMR (400 MHz, [CC N] , 2 9 8L4TKAH; br){.28(6H, br s), 2.34 (3H, s), 6.78 (2H,
d), 8.02 (2H, m).
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[Co6SesL6][BF 4]

A solution of ferrocenium tetrafluoroborate (9 mg, 44 umol) in 4 mL of acetonitrile was
added dropwise to a solution of gSelLs! (72 mg, 44 pmol) in 4 mL of tetrahydrofuran. The
reaction was stirred 16 h. The solvent was remavedcuoand the solid was rinsed with toluene.
The product was dissolved in 2 mL of acetonitrile and the solution was filtered through a 0.2 um
syringe fiter. The mixture was concentratiedsacuoand layered over toluene (5 mL). Dark brown
crystals of [CeSeLe|[BF4] were obtained after 5 days &5 °C. The crystals were collected,
rinsed with toluene and hexanes, and dimedacuo Yield: 30 mg (40 %)

'HNMR (400 MHz,[d-di ch]l or o met h a-h4e[4H, brd, .80 (6K,)br s), 1.5143H,

s), 6.90 (2H, d), 7.16 (2H, m).

[CoeSesl][BF4]2

A solution of ferrocenium tetrafluoroborate (15 mg, 53 pmol) in 4 mL of acetonitrile was
added dropwise to a lsion of CaSels' (60 mg, 26 pmol) in 4 mL of tetrahydrofuran. The
reaction was stirred 16 h. The solvent was remavedcuoand the solid was rinsed with toluene.
The product was dissolved in 2 mL of acetonitrile and the resulting solution wagfileoeigh
a 0.2 um syringe filter. The mixture was concentrateeacuoand layered over toluene (5 mL).
Dark brown crystals of [Cs3esLs]|[BF4]> were obtained after 2 days. The crystals were collected,
rinsed with toluene and hexanes, and dimedacuo Yield: 32 mg (50 %)
'HNMR (400 MHz,[d-di chl or o met h a%26é {4H, brp-@78 (6K, br:s), 4143 (3H,

s), 6.58 (2H, d), 7.74 (2H, m).
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MoeSsl 6

The ligand L (220 mg, 1.05 mmol) was added to a suspensiongss(dg)s (210 mg, 0.16
mmol) in 5mL of tetrahydrofuran, and the mixture was heated at reflux for 16 h. The mixture was
cooled and filtered through a 0.2 em PHWFE syr
vacua Slow diethyl ether vapor diffusion yielded dark brown crystale 3ipernatant solution
was decanted and the recovered dark orange crystals werendraeaio Yield: 290 mg (86 %)
'HNMR (400 MHz, d¢benzene, 298 K):: a = 1.17 (6H, m),
d), 7.78 (2H, 1)

3P NMR (162 MHz, d-benzene2 98 K) : 4 = 21 ( s)

4.12. Instrumentation
NMR

All 'H NMR and®P NMR were recorded on a Bruker DRX400 (400 MHz) spectrometer.

X-ray Diffraction

Single crystal X-ray diffraction data were collected on an Agilent SuperNova
diffractometer usingmirror-monochromated Cu &or Mo Ky radiation. Data collection,
integration, scaling (ABSPACK) and absorption correction @adexed Gaussian integratiSn
or numeric analytical methot®y were performed in CrysAlisPrd. Structure solution was
performed using ShelX12 Subsequent refinement was performed by uitrix leastsquares on
F2in ShelXL*? Olex2**was used for viewing and to prepare CIF files. Many disordered molecules

(e.g, BF4 anions) were modeled as rigid fragments from the Idealized Molecular Geometry
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Library.** ORTEP graphics were prepared in CrystalMdR@etails of crystallographic data and
parameters for data collection and refinement afiealrie 4.1.

Crystals were mounted on MiTeGen mounts with the aid ailfaroil and cooled to 100
K on the diffractometer for screening and data collection. A minimum of 1 hemisphere of data to

0.8 A resolution was collected for all compounds.

Ex situ Cyclic Voltammetry

Electrochemistry was carried out in dichloromethane aoetonitrile with tetran-
butylammonium hexafluorophosphate (TBAJPEupporting electrolyte (0.1 M) using a Princeton
Applied Research PARSTAT 2263 potentiostat inside an dfitied glovebox. Measurements
were carried out with a glassy carbon workingetede, a platinum counter electrode, and a silver
pseudereference electrode. Measurements were calibrated using the ferrocene/ferrocenium redox

couple.

4.13. Structural Determination

Structure solution and space group assignment were performed in ShelXThawith
difficulty. In the final refinements, nel atoms were refined anisotropically with no restraints
unless noted; €1 hydrogens were placed in calculated positions and refined with riding isotropic
ADPs and coordinates. The nrooutine details of the resfements are given below:
CosSsl6

One GH4SMe group was disordered over two positions, which were located with the aid
of rigid phenyl fragments (AFIX 66) and subsequently refined with SAME and RIGU restraints.

All other details of the refinement wereutine.
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[CosSsL6][BF 4] and[CoeSesL6][BF 4]

These structures are isostructural and were solved and refined routinely in P

[CosSsL6][BF 4]2

There are two independent clusters, one with 1/6 molecule in the asymmetric unit and the
other with 1/3 moleculenithe asymmetric unit. These were each refined routinely; one disordered
ethyl group on the phosphine was modeled in two independent positions with SAME and RIGU
restraints to stabilize its geometry and ADPs.

There are three independent sBfolecules, alldisordered over different symmetry
elements. One Bfsits on a twofold axis (Wyckoff sif@ with a whole molecule in the asymmetric
unit; this was placed in PAR-L with occupancy % . Another BE on a threefold axis (Wyckoff
sited) with 1/3 molecule ithe asymmetric unit; this molecule is additionally disordered in a 90:10
ratio by a norcrystallographic inversion center. The finalB&on Wyckoff sitea (site symmetry
32) and fulfills the symmetry of the threefold axis but not the perpendicular twofold axis. The
necessary special position constraints were set up by hand: for the B atom and the F sitting on the
threefold axisx =y = 0; Ut'= U?% U@ =UB=0; U?= 1% * UL

All 1,2 B-F distances and 1,3 F distances were made equivalent with a floating DFIX
restraint. The ADPs of two of the disorderedsBiions were restrained with RIGU. ADPs of

overlapping atoms were stabilized with a strarige SMU restraint.
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[CoeSesL6][BF 4]2
This crystal is isostructural with [G8sLe][BF4]2 and the coordinates from the previous
solution were used directly instead of solving de novo. All details of the refinement were identical,

except that the disorders of the L ethyl group and theoBRVyckoff sited were not observed.

MoeSsl 6

This structure was solved and refined routinely it.P
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Table 4.1. Selected crystallographic data for-Gmd Moebased singkeluster junction.

Compound CosSsL 6 [CoeSeL6][BF 4] [CoeSeL6][BF 4]2 Mo6SsL 6
Formula Ce6H102C0:S14Ps = CeeH102C06S14PsBFs  CoeH102C06S14PsB2Fs CeeH102M06S14Ps
MW 1883.71 1970.52 2057.33 2105.77
Space group 12/a P-1 P-3c1 P-1
a(A) 21.3182(2) 12.9224(3) 21.0803(3) 12.4685(4)
bA) 16.8028(1) 13.9345(3) 21.0803(3) 14.3077(5)
c(R) 23.1835(3) 14.8239(3) 33.4515(5) 14.7115(6)
U 90 114.2610(18) 90 102.643(3)
b () 103.849(1) 94.1899(17) 90 112.344(3)
2(9 90 114.823(2) 120 109.881(3)
V (A3 8063.05(14) 2109.23(9) 12873.6(4) 2091.89(14)
Z 4 1 6 1
} caic(g cnrd) 1.552 1.551 1.592 1.672
T (K) 100 100 100 100
a (i) 1.54184 1.54184 1.54184 0.71073
2 din, m&d 6.564, 146.002 6.85, 145.968 7.168, 146.452 6.972, 58.650
Nref 75385 68304 164775 44853
R(int) , 0.0608,0.0318 0.0554, 0.0265 0.1668, 0.0516 0.0513, 0.0508
e ( min 14.251 13.716 13.578 1.373
T max, Tmin 0.981, 0.970 0.759, 0.493 0.963, 0.919 0.881, 0.957
Data 8036 8409 8592 10135
Restraints 197 0 115 0
Parameters 498 466 535 424
R1(obs) 0.0291 0.0391 0.0614 0.0326
wR2(all) 0.0666 0.1050 0.1693 0.0582
S 1.024 1.026 1.006 1.053
Peak,;gle 0.53,-0.46 0.95,-0.94 1.03,-0.83 0.64,-0.52

o A-
CC(DC #) 1557952 1557951 1557954
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4.14. STM-BJ Experimental Details

We measured the conductance of sifgldecule junctions formed with two gold
electrodes using homebuilt modified Scanning Tunneling Microscope (STM). We used 0.25
mm diameter cut gold wire (99.95%, Alfa Aesar) as the STM tips and 100 nrrcagtied
(99.999%, Alfa Aesar) steel pucks as substrates. A commercially available -atgle
piezoelectricpositioner (Naneé”15, Mad City Labs) was used to achieve-anfgstrom level
control of the tipsubstrate distance. The STM was controlled using a custom written program in
IgorPro (Wavemetrics, Inc.) and operated in ambient conditions at room tempefatirgold
substrates were cleaned using a UV/ozone cleaning lamp for 20 minutes prior to use. For each
measurement, 1000 traces were first collected prior to adding molecular solutions to check the
cleanliness of the gold surface. Solutions of the targdt m@c ul es at ~10 €M <co
propylene carbonate (Alfa Aesar, 99% purity) were added to the substrate for STNUbictzin
measurements at applied biases ranging freth+fo +£1 V. After the formation of each A&u
junction, the piezoelectric otor moved the substrate at a speed of 20 nm/s to break the junction.
The current and voltage data were acquired at 40 kHz. For each of the compouyBdd,s@nd
CosSsle, we collected 1,000 traces at each bias to generate 1D and 2D conducttograrns
without data selection.

For the threeelectrode measurements, a Pt wire was inserted into the PC solution (in
addition to the tip and substrate) and the voltage at the Pt wire was controlled using a separate
output channel of the data acquisition cangréby working as a gate electrddéleasurements
were done with an added electrolyte (100 mM tetrabutylammonium perchlorate). The tip/substrate
bias was set to 90 mV and the potential on the Pt wire was varied during the measurement.
Conductance histogmes of 1000 traces measured at différgate potentials were recorded.
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4.15. Details on the DFT Calculations

All calculations were done using Jaguar (Schrodinger, Inc., New York, NY, 2014). All
calculations were based on density functional theory and usB8thd functional. The 81G**
basis sets were used throughout, with the LACVP potentials/basis sets used for the heavy atoms.

The geometry of trarR€0sSe[P(CHs)s]sl2, where L = P(CH)2(CsHsSCHs) was optimized.
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Chapter 5. Three-Dimensional Network of Cyanide-Linked
Molecular Clusters
5.1. Introduction
Cyanometalate anions have been used extensively as building blocks for the assembly of
magnetic coordination compounds due to their ability to form strong bonds with transition metal
cations ando mediate strong magnetic interactions. Cyanide bridgedrddiss span a wide
variety of hybrid organiénorganic materials, including single molecule magfétsingle chain
magnets;® magnetic spongesswitchable spircrossovet® and chargaransfersystems?® ! The
use of cyanidgroupsto link distinct molecular components is invaluable to the field of molecular
magnetisnbecausé& makes it possible to makeaterials that are not only magnetically interesting
but can also mergethe intrinsic physical properties of the molecular building blocks, such as
electric conductivity? redox activity:> ** luminescencé® and chirality*® ¥’ This molecular
approach allows for a rational design of intricate magnetic materials through effective
manipulation of dirensionality, topology, and structural versatilifythe molecular components.
Cyanide complexes of octahedral metal clusters¢apped by chalcogens or halides with
the composition MEs (M = transition metal; E = S, Se, Te) osXA2 (X = halide) have ben used
as building blocks to construct thrdamensional (3D) coordination networks2! Notable
examples of such assembly include clustgpanded Prussian blue analogtf@s.Thus far, no
significant magnetic ordering has been observed in the cyéinid® networks of MEs/MeX 12
molecular cluster€ven at low temperatureig paramagnetic centers in the assemblies are well
separated by diamagnetic clustekssemblies containing paramagnetic molecular clusters have
also not coupled magnetically with the surrounding paramagregiosition metal ions, as

determined by magnetic susceptibility measuren@nt$.?
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Of the manyknown Chevrel phase molecular clusters, those witheSsecore have
especially pronounced paramagnetféiior example, in [FéSs(PEt)s](PFs), the ground state has
S = 7/2 due tathe ferromagnetic coupling between lespin Fe(lll) and one intermediagpin
Fe(ll), andoxidized[FesSs(PEB&)s](PFs)2 has S = 4. The paramagnetic ground states in these iron
sulfide moleculaclustersmost likelyarise from their closely spad set of electroactive orbitéis.
28 Unlike with 4d/5d transition metal chalcogenide clusters, the orbitals in which the unpaired
electrons residm iron sulfide clustersnay over | ap mor-e rdypecosiaks gf wi t h
the cyanide ligandased inmagnetic superexchange coupling. In this section, we describe the
synthesisind propertiesf acyanideligated FeSs molecular cluster, [NE&}s[FesSs(CN)e], and its
reactionwith Mn(lIl) ions to assemble into a 3D extended coordinatimmpoundthat shows

ferromagnetic ordering below25 K.

5.2. Synthesisand Propertiesof Cyanide-Ligated FesSs Molecular Clusters

Exchange of the phosphifigandswith strongeri-bonding ligands such asiterocyclic
carbenes and cyanides have been reported for iron sulfide clusitdrsdifferent core
compositiong® 3% We first explored whether we can employ similar ligand exchange techniques
on the octahedral cluster to obtain cyarlidated FeSs. We found thafNEts]s[FesSs(CN)s] (4)
can be prepared in quantitaiyieldvia a ligand exchange reaction with fSg(PEg)e][BF4]2 and
tetraethylammonium cyanidéNE%CN) in acetonitrile. Whereas the phosphiimund FeSs
cluster is highly soluble in acetonitrilehe cyanide substituted clustéris sparingly soluble
Therefore,as the substitution reactiggroceeds4 precipitatesout of acetonitrile solutionThe
molecular structure afis shown inFigure 5.1and selected crystallographic data are presented in

Table 5.1 The compound containa discrete octahedraluster anion [F&Ss(CN)s]>, which

127



consists of an octahedron of Fe atoms capped by a cube of S atoms and six terminal cyanide ligands.
The FeFe distances range from 2.608é&hd 2.651(5) A and average to 2.63(1) A, and the average
Fe-S bond distance is25(1) A . These values agree well with those reported for phodigjzites

FesSs molecular clusterd!

o

Figure 5.1. Structure of [FeSs(CN)e]* in compound4, showing thermal ellipsoids at 50% probability. Iron, green;
sulfur, yellow; carbon, black; nitrogen, light blue.

We reliably obtain only4 even when wevary the addeequivalencies of the NEKEN,
indicating that thdigand substitution proceeds with omectron reduction of the [F8s]?* core
and omplete substitution of the psphine ligandsOnce isolated4 is only soluble in highly polar
organic solvents such as methanol and propylene carbd@gtdic voltammetry (CV) of
[FesSs(CN)e]>* in propylene carbonate shows two reversitddox events, in line with the
electrochemical behaviorsbservedin iron sulfide molecular clustersF{gure 5.2.2> 7 The
magnetic susceptibility measuremefdr4e st abl i sh room teeamp@g@t ar e
ground state, which can be rationalized by ferromagnetic coupling betwedovirgpin FélIl)

(S =1/2) and one lowspinFe(ll) (S = OXFigure 5.3.
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Figure 5.3. Temperature dependence of tlag eciprocal molar magnetic susceptibility arj éffective magnetic
moment of4 at 500 Oe. The red line in (a) is a fit to the data-3®@ K to the CuriaNVeiss law.

5.3. Assembly into 3D Coodination Network

We used4 as a building block for the synthesis ofanidebridged 3D coordination
compound Upon adding a solution of Mn(acetaté) methanolto 4 dissolved in propylene
carbonate, blackowder precipitates out of the mixture immediat&/hen the diffusion of the

two layers is fast, polycrystalline materials form that have uniform dispersion of Fe, Mn, and S
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throughout the crystain mass % ratio: 44, 22, 34espectively(Figure 5.4). We use this

polycrystalline material for the investigation of ithedo mp o unagmhdiicsproperties.

Figure 5.4. (a) HAADF image of56 and (b-d) EDS mapping of Mn, Fe, and S in the polycrystalline material,
respectively.

When the diffusion of the two layers is significantly sloveledvn with the addition of a
buffer layer of 1:1 propylene carbonate and methanol, small black crystals are ohbtéuiogd,
were suitable forsingle crystal Xray diffraction (SCXRD).X-ray analgis reveals that the
compounds a 3D network of [FeSs(CN)e]> and Mr(ll) unitsinterconnected by cyanide ligands
to form FeC [ Mn linkages Figure 5.539. Overall, the compound has a chemical formula of
(NEts)Mn3(OAC)3(HOMeu(H20)FesSs(CN)s (5). Within the interstitial spaces of the structure lie
one NEf cation and a methanol of solvation.

In contrast tothe clusterexpanded Prussian blue analdgat hae a general formula
M @[MeEs(CN)g]3xH 20, we observe that our coordination network is structurally more complex.
First, thereare three different environments for i) (Figure 5.5b). Mn1 contains only on&e
C [ Min linkage with a Fe&Sg cluster, and five of its octahedral coordination sites are occupied by
one methanol, one water, one acetate, and one doubly coordinated acetate molecule. Mn2 contains
two FeC [ Min linkages separated by ~97°{Mn-N), and four of its remaining coordinafi
sites are occupied by two methanol and two acetate molecules. The acetate molecules coordinated

to Mn2 are also coordinated to Mn1 of neighboringelusters. Mn3 contains thréeC [ N
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Mn linkages infac configuration to the Mn(ll) site. The remaig coordination sites of Mn3 are
occupied by one methanol and one doubly coordinated acetate molecule. In all three types of Mn
sites, methanol serves as a coordinating solvent through the oxygen. The complexity of this 3D
structure may be attributed teveral factors. Thiarge [NE&]" cations supporting the cluster anion

may not be able tfit into the interstitial spaces of a calijjee shape as in other clusteased
Prussian blue analogsAnother possibility is chargbalance. It has been shown in other cluster
based assemblies with cyanide bridges that the charge of the molecular cluster affects the overal
structure of the 3D network compouffd.astly, the coordinating abilities of acetate in the Mn(ll)
precursor as well as solvent may halt the growth of more extidredC [ MAn linkages.Efforts

to address these concerns are currently underway.

b ° ®
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Mn3 g ® @ Mn1
] &
6"‘$ d
a_ P e
@73@ De
° © %p €@
< Mn2
e ®
-

Figure 5.5. (a) Molecular structure db along theb-axis. Color scheme as Figure 5.1 Manganese, blue; oxygen,
red. NE} cation, methanol of solvation, and hydrogen atoms have been omitted for ¢igrdagymmetric unit ofs
showing three different Mn(ll) sites.
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Figure 5.6. PXRD pattern ob simulated from SCXRD (light blue) and measured experimentally (black).

We note that theowder Xray diffraction PXRD) patternof the polycrystalline material
and the simulated PXRD pattern from the SCXRD dataremkedlydifferent Figure 5.6). As
aforementioned, we use the polycrystalline sample to characterize other physical properties of the
coordination compound, which we distinguish5&sWe are currently investigating the structure

of the polycrystalline compourisbwith synchrotron Xray diffraction.

5.4. Magnetic Propertiesof Cyanide-Bridged FesSs Clusters

Above 25 K,56exhibits CurieWeiss behavior, following the relationstep(T) = [C/(T T
d) ]e HeGric, where C is the Curie coe@andaqndrethed i s
diamagnetic and temperattirelependent contsutions, respectivelyHigure 5.7). We obtained a
good fit to the data, with C = 7.1 emu K®gnol f.u.)}, d = 62=50.0609 &mu O&(mol
f.u.)?, anderic =-0.002 emu O&(mol f.u.y*. The posive Weiss constant indicates ferromagnetic
interactions between neighboring magnetic units. Our analysis inditee56 has a room

t e mp e re@ad fu r &f.ulshieh is smaller than the value for uncoupled three Mn(ll) (each S
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= 5/2) and one [FSs(CN)e]> (S = 5/2). Theeer increases abruptly below 25 K and reaches a
maximum €erf = 83.0€g) at 21 K, which is much higher than the ferromagnetic spin state of the
individual components; thisbservatiorsuggests longange ferromagnetic ordering.
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Figure 5.7. Temperature dependence of {ag reciprocal molar magnetic susceptibility afij effective magnetic
moment of56at 10 Oe. The red line in (a) is a fit to the dat88&t300 K to the CuriaNeisslaw.

Figure 5.8ashows the temperature dependence of-field cooled (ZFC) and field cooled
(FC) magnetization fasoat 100 Oe. We observe an abrupt change in magnetization at ~25 K. In
the ZFC measurement, we cooled the sample to 3 K in the abdeateymplied magnetic field,
then applied 100 § and observed the magnetization of the sample as we raised the temperature.
In the FC measurement, we applied the same field at a temperature well above 25 K and observed
the magnetization as we reduced témperature. As the strengththe magnetic field increases,

the transition softens.
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Figure 5.8. (a) Temperature dependence of the ZFC magnetization 05 &vith an external field of 100 O¢b)
Magnetiation of5 as a function of the applied field above (100 K) and beRiw, 1.7 K) the transition temperature.
The inset shows thew-field magnetizatiomemonstrating hysteresis below the transition temperature

The magnetic response Bdto an external field changes dramatically upon cooling below
the transition temperaturdzigure 5.8b shows the fieledependent magnetization curvetlatee
different temperatures. At 100 K, the magnetization scales linearly with the applied magnetic field
At 1.7 K, the magnetization curs@aresigmoidal with a coercive field of ~200 Oe. The hysteresis

is maintained a0 K and supportslongrange ferromagnetic ordering below the transition

temperaturg~25 K).

5.5. Conclusions

We observe longangeferromagnetic ordering in a 3D coordination compound assembled
from cyanideligated iron sulfide molecular clusters and hipin transition metal cations. The
strong cooperative magnetic response in this material likely arises from strong coupling between
the paramagnetic centers that are bridged by cyanide. By varying the transition metal ion
precursors, we may be able to tune the magnetic properties of -tiniséelr networks. These

results present a promising opportunity to design magnetic materialmwitiple functionalities.
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5.6. General Synthesis Information

All reactions and sample preparations were carried out under inert atmosphere in a
nitrogenfilled glovebox unless otherwise noted. The compoundsSHRER)s][BF4]> was
synthesized according to aported procedur&.All reagents were purchased from Aldrich and
used as received. Acetonitrile and prieme carbonate werdried with 4 A molecular sieves,
degassedand distilled under reduced pressure. All other dry and deoxygenated solvents were

prepared by elution through a dicalumn solvent system (Mbraun SPS).

5.7. Synthetic Procedures andCharacterization of Compounds

[NEt4]s[FesSs(CN)g] (4). To a solution of [FeSs(PE®)s][BF4]2 (500 mg, 0.3 mmol) in 10 mL of
acetonitrile was added tetraethylammonium cyanide (320 mg, 2.0 mmol). The reaction mixture
was stirred to dissolve tetraethylammaniayanide and was left undisturbed at room temperature.
Crystals of [NEf]s[FesSs(CN)s] grew overnight. The supernatant solution was decanted and the
dark brown crystals were washed with acetonitrile and ether andidneduo Yield: 460 mg

(87%) IR (ATR) &n=2076 it

(NEts)Mn3(OACc)3(HOMe)4(H20)FesSs(CN)s (5, 59. To a solution ot (100 mg, 0.06 mmol) in
2 mL of propylene carbonate was added slowly a solution of Mn(acgthi®) mg, 0.6 mmol) in
2 mL of methanol Upon the addition of thiein(acetate) solution, black powder precipitatésd.
The supernatant solution was decanted and the black precipitate was washedtihétholand
driedin vacuo Yield: 60 mg (68 %). Dark brown rectangular crystal$ slitable for SCXRD
were obtained Y slow diffusion of the Mn(acetatejolution to a concentrated solutiondéver
1 week. IclR2088drRbroad) 3
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5.8. Instrumentation
Infrared Spectroscopy
Infrared spectra were recorded on a Perkin Elmer Speet@TIR spectrometer using

a PIKEATR attachment.

X-ray Diffraction

Single crystal Xray diffraction data were collected on an Agilent SuperNova
diffractometer using mirremonochromated Cu d¢adiation. The crystals were mounted using a
MiTeGen MicroMount cooled to 106r 140K with an OxfordDiffraction Cryojet system. Data
collection, integration, scaling (ABSPACK) and absorption correction -ffatexed Gaussian
integratiorf? or numeric analytical methoti were performed in CrysAlisPf§Structure solution
was performed using ShelX¥3ShelXT3® or SuperFlip’’ Subsequent refinement was performed
by full-matrix leastsquares on#n ShelXL® Olex2*® was used foviewing and to prepare CIF
files. PLATON®® was used for SQUEEZ#, ADDSYM*! and TwinRotMat. Many disoeted
solvent molecules were modeled as rigid fragments from the Idealized Molecular Geometry
Library.*2 The most pertinent crystallograptuata for all compounds are listedTiable 5.1

Power xr ay di ffraction dat a wer e 3cPRoldere ct ed
di ffractomet er (Bmallorgstal€werelévgnlyrdiapersed,uricrosied, on a zero

background Si plate.

Cyclic Voltammetry
Electrochemistry for 4 was carried out in THF with tetr@abutylammonium
hexafluorophosphate (TBARF supporting electrolyte (0.1 M) using a CH Instruments
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Electrochemical Analyzer potentiostat inside a nitrefiied glovebox. Measurements vee
carried out with a glassy carbon working electrode, a platinum counter electrode, and a platinum
pseudereference electrode. Measurements were calibrated using ferrocene/ferrocenium redox

couple.

Magnetic Susceptibility Measurements

Magnetic susceptibly of the compounds was measured using a Cryogenics S700X
SQUID magnetometer. Loose polycrystalline sample was placed into a gel capsule, which was
placed inside a plastic straw. Temperature sweep@saoid5 dvere performed for temperature
range 3300 K at various fields5 @&vas measured under both zéiedd cooled ZFC) and field
cooled FC) conditions. In both cases, the magnetization was measured in the temperature range
3-100 K at an applied field of 10, 50, 100, 500 Oe. In addition, field sweegmgpaed fields
between50 kG and 50 kG were measured at 1.7, 20, 100K. The magnetism data were corrected
for the small diamagnetic contribution of the gel capsule containing the sample and the straw and

the diamagnetic contributioof the compounds
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5.9. Structural Determination

Structure solution and space group assignment were performed in ShelXT.

Table 5.1. Selected crystallographic data fband>5.

Compound 4 5
Formula CsaH11N1sFesSs C2sH45012N7MnsFesSe
MW 1563.2 1392.1
Space Group C2/c P 21/c
a(A) 15.1051(7) 19.572(5)
b(A) 22.5628(10) 13.2164(18)
c(RA) 21.4841(10) 19.025(5)
U 90 90

b (°) 91.631(4) 90.84(2)

9, (9 90 90

V (A3 7319.1(6) 4920.7(19)

Z 4 4

$caic(g Cm3) 1.419 1.879

T (K) 100 140

a (i) 1.54184 1.54184

2 fin, m&d 7.044, 146.108 12.128, 118.866
Nref 23919 33080
R(int), F 0.0738, 0.0800 0.3876, 0.2863
e ( min 11.766 23.468

Size (mm) 0.155 x 0.036 x 0.023 0.044 x 0.027 x 0.019
Tmax, Tmin 0763, 0632 0714,0557
Data 7298 5052
Restraints 293 22
Parameters 575 558
Ri(obs) 0.0505 0.1047
wR2(all) 0.1229 0.2610

S 1.026 0.983
Peak, hole (eA-3) 0.91,-0.80 0.82,-0.74
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Chapter 6. SeltFAssembly ofa Layered van der Waals Material
Using a Structure-Directing Cluster

6.1. Preface
This chapter i s based on a manus-Assempléed ent it
Nanoscale Building Blockso by Bonmilrimh,@ariaai , Ja

V. Paley, Jessica M. Karch, Andrew C. Crowther, @HalLee, Roger A. Lalancette, Xiaoyang

Zhu, Philip Kim, Michael L. Steigerwald, Colin Nuckolls, Xavier Roy Mano Letters It is

reprinted with permission from the American Chemigatiety | synthesized all compounds with
assistance from Jessica M. Karch. Dr. Daniel W. Paley characterized the molecular clusters using
SCXRD with essential input Professor Roger A. Lalancette. Dr. Jaeeun Yu from Professor Colin
Nuckol | 6s gr ou panpaexfbliatiomaaddatomitingicrostepy. Dr. M. Tuan Trinh
from Professor Xiaoyang Zhudés group per-formed
Ho Lee from Professors Philip Kim and Colin NI
conduct vity of the bulk single crystal. Mari a
performed Raman spectroscopy of the bulk crystal.

I n addition, this chapter cont aDimensiomaht er i a
Fullerene Assembly from an Exfolia:e d v an der Waals Templ ateo by
llan JenLa Plante, Maria V. Paley, Xinjue Zhong, Andrew C. Crowther, Jonathan S. Owen,
Xiaoyang Zhu, and Xavier Roy iingewandte Chemie International Editibhsynthesized the

bulk crystals usgin the study and assisted Kihong lieeharacterimg some othe materials.

142



6.2. Introduction

The development of facile methods for isolation and manipulation of 2D materials has
fueled an explosion of interest in layered van der Waals strucéttifé@sese solids exhibit strong
in-plane bonding and comparatively weak interactions between taes)agllowing them to be
exfoliated. Fullerenes are attractive molecular building blocks for assembling functional
materials’ 8 yet Gso crystallizes into a thredimensional solid held together by isotropic van der
Waals interaction$.As a result, G cannot be exfoliated into discrete layers, unlike other
nanostructured forms of carbon such as grapfiema carbon nanotubéslonic solids of Go
with layered structures have been repottetd,but these solids also cannot be exfoliated because
the components are hdigether by electrostatic interactions. While theory suggests that neutral
Cso could form mechanically stable, frstanding monolayer$,these structures do not assemble
spontaneously from solution and have only been prepared as epitaxial layers through carefully
controlled vapor growtbr on chemically modified surfacésAs with many other 2D materials,
unique emergent properties may arise in-ttimensional G arrays:®*°

Here we describe a layered van der Waals solidastembled from a sicturedirecting
building block and e fullerene. The resulting crystalline solid contains a corrugated monolayer
of neutral fullerenes and can be mechanically exfoliated. The absorption spectrum of the bulk solid
shows an optical gap of 390 + 40 meV tisatonsistent with thermal activation energy obtained
from electrical transport measurement. We find that the dimensional confinement of fullerenes
significantly modulates the optical and electronic properties compared to the daudkysal,
which has d@andgap of 2.3 e¥°

While the mechanical exfoliation of bulk crystgislds thinner layers of the material, it is

difficult to isolate much thinner layewsithin the 2D regime due to the rather weak noncovalent
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forces holding the building blocks together within the plane of the crystal. We resolve this issue
by photopolymazing the bulk crystals then using a solvérmduced exfoliation technique to

obtain a single sandwich layer. We show that the bulk layered van der Waals solid can be used as
a template to create a 2D fullerelp@sed material. Photopolymerization enharthesintralayer
mechanical strength to enable exfoliation beyond what was possible with mechanical exfoliation
of the pristine bulk crystal. Furthermovee show thathe covalent structure can be depolymerized

using thermal treatment, demonstrating thesrsibility and stability of the system.

6.3. Synthesis of StructureDirecting Cluster

We employ a structurally adaptable transition metal chalcogenide cluster that associates
with Cgo and thereby directs the spontaneous assemblyo@tG neutral, corrugated monolayers.
The director and fullerendayers form a 2D van der Waals solid whose intralayer bonding is
strong enough and whose interlayer bonding is weak enough that the material may be mechanically

exfoliated Figure 6.1).

Director
/

% Self-Assembly
¢ —

X

Figure 6.1. Schematic of a hanoscale director organizing a monolayer of fullerenes. Additional fullerenes that are not
held in the ligand sphere have been omitted from the schematic. We hypothesize ratdlomtiatisof fullerenes

along the exfoliated layers. Optical microscope images show a crystal of the layered van der Waals material before
and after exfoliation.
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The reaction of the Pgthen (PEfphen = diethyl(9ethynylphenanthrene)phosphine)
ligand, elenental Se, and G@CO) in refluxing toluene provides the nanoscale director,
CosSa(PEbpheny. Single crystaK-ray diffraction (SCXRD) confirms that the inorganic core of
CosSey(PEbpheny is isostructural with the parent clustersSe(PEt)s.2* The similarity between
the two compounds is further supported by electronic absorption spectroscopy wheretthmspec
(Figure 6.2) shows three longewavelength absorptions characteristic of theSgocore?! in
addition to the bsorptions due to the phenanthrene groups in the UV region. The electrochemical
properties of CeSe(PEbphen)y (Figure 6.3) also show three [GB8e]-centered reversible
oxidations but our director is less reducing tharSagPEg)s due to the diminished electron

donating ability of the PEbhen ligand compared to BEt

0.754

——PEt,phen
Co,Se, (PEt phen),

0.50 4

0.25

Extinction Coefficient (10"|‘v1"crn")

0.004

T T T T T
250 375 500 625 750
Wavelength (nm)

Figure 6.2. Electronic absorption spectePEtp h e n (1 3 SePEbphen)d 0C & 2 & M) .
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10 Co,Se,(PEt,phen),
v=100 mV/s

Current (uA)

1 n L n 1

2 . -1 0 1
Potential (V vs. Fc/Fc')
Figure 6.3. CV of CasSey(PEbphen)in 0.1 M TBAPF in tetrahydrofuran with a 100 mV/s scan rate.

6.4. SelfAssembly into a Layered Solid and Mechanical Exfoliation

We have previously reported that ¢Ses(PEt)s forms hierarchical solids with ¢g22
however, while CeSe(PEg)sis functionally spherical, G8ea(PEbphen} can be anisotropic. The
ligands on CeSe(PEbpheny can reoganize to a thermodynamically stable unit with a shape that
is complementary to & When we combine G8e(PEgphen} and five equivalents of &g in
toluene, thin, flat, and hexagonal brown crystal§QdsSea(PEbphen}][Ceols form. Mechanical
evaluation in tandem with crystallography show that this material is not only structurally two

dimensional but also behaves physically like a layered solid.

146



Figure 6.4. AFM topographic image®f (a) asgrown single crystal andb) mechanically exfoliatedrystal of
[CosSe(PEbphen}][Cesols. The optical microscope image of the respective cryistalown in the inset. The thickness
of the exfoliated crystal is 139 nm.

Similar to more traditional 2D van défaals materials JosSe(PEbphen}][Ceq]s crystals
can be exfoliatedFigure 6.4a shows the atomic force microscope (AFM) image of a
[CosSa(PEbphen)][Ceols single crystal grown from solution. We observe a stegterrace
structure on the surface of eh[CosSey(PEbphen}][Ceqls crystals with ~3 nm stepsie
mechanically exfoliated single crystals[@fosSe(PEbphen}][Csqls, thereby isolating multilayer
samples that we transfer onto Si wafdfgy(re 6.4b). Under an optical microscope, exfoliated
crystals display various colorgigure 6.5) that we interpret as interference fringes, suggesting
that flakes of different thickness are producsthg this technique. Wigroduce samples that are
as thin as ~130 nm and have smooth surfaces (average essgRn~0.6 nm). This surface
roughness is comparable to safisembled & monolayers on A& and Go films deposited and
annealed on graphiféln some exfoliated samples, we also observe small, ~Bigimislands on

the surfacesHigure 6.6).
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Figure 6.5. Optical images of mechanically exfoliated crystal§GdsSe(PEtphen}][Csq]s.

Figure 6.6. Optical microscope images @) asgrown single crystal an¢t) mechanically gfoliated crystals of
[CosSe(PEbpheny][Ceols, and respective AFM topographic imagbsdd). The thickness of the exfoliated crystal
is 190 nm as determined by AFM.

6.5. Molecular Recognition of the Ligands and Fullerenes

Flexible molecular recognitioelements in the ligand sphere create thisastembled van
der Waals material. Fullerenes are known to bind to molecular receptors such as corafiulenes,
calix[nJareneg® Z cyclic paraphenyleneacetyleridsnd contorted hexabenzocoronéfiésthat
have concave surfaces. We reasoned that the octahedral geometry gB@aeldster provides a
simple yet versatile platform upon which we could build a flexible unit that can recogaize C
While the phenanthrene ring on each phosphine is flat and provides only weak van der Waals
interactions with &, three ethynylphenanthrene group®ne from each of three adjacent

phosphinescan r ot ate i n ¢ onc ekFkigure 6.7. The dispasionaof tiieb u c k y b
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ligands is different in isolated @®e(PEbpheny (Figure 6.78) than in the cecrystal of
[CosSe(PEbphen}][Cesols (Figure 6.7b). In the presence ofeg; the phenanthrenes decorating the
CosSes core extend and organize themselves to form two antipodal buckybowls, each capable of
interacting with a guestda This supramolecular "dumbbell” is the template that forms a basic
unit in the extended structure. An unanticipated consequence of thebbudKgrmation is the
exposure of the equator of the ¢Se; core, leaving a void that is filled by additional fullerenes

(Figure 6.83).

a Before Self-Assembly b After Self-Assembly

Side View Top View Side View Top View

Figure 6.7. Molecular structure of the nanoscale director built fildeSe(PEtphen) (a) before andb) after self
assembly. The PEthen ligands on each cluster reorganize to form two buckybowls that daesh ¢he solidstate.
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Layer
CF

wu €9°¢

Layer [
FL

Figure 6.8. (a) Edgeon view of the moleglar structure of CosSes(PEbphen}][Ced)s looking down theab plane.

Layer CF consists of [G8ea(PEbphen}][Cesol2, and Layer FL is a corrugated monolayer @b Cobalt, blue;
selenium, light green; phosphorus, orange; carbon, black. The fullerenes in Layer CF are shown in light blue;
fullerenes that are sitting in the buckybowls within Layer FL are grey; fullerenes that are not associated with the
buckybowls wihin FL are green. Hydrogen atoms and toluene molecules of solvation were removed to clarify the
view. (b) Spacefilled view of a single Layer CF looking down theaxis. (c) Spacefilled view of a single Layer FL

looking down thec-axis.

Figure 6.8ashows the extended molecular structure of the dumbbell with the other three
equivalents of & in [CosSa(PEbphen}][Ceols. The structure is composed of two layers
(identified as Layers CF and FL) stacked along the hexagesek. Layer CF is trigonaivith
stoichiometry CosSe(PEbphen}][Cesol2 in which the molecular cluster is surrounded by a
flattened octahedron of fullerenes that are 3.3 A above and below the mean plane of the layer
(Figure 6.8b). Layer FL is a slightly corrugated trigonal arrayfollerenes Figure 6.8¢). For
each cluster, there are five® that occupy three crystallographically distinguishable positions:

two symmetryrelated Gos (grey) are sitting in the buckybowls, and these are a part of the Layer
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FL. Two symmetryrelated Gos (light blue) are located in Layer CF, close to inorganic cluster; the
fifth Ceo(green), positioned within Layer FL, is not sitting in a buckybowl but is in contact with
two interstitial coplanar toluene solvent molecules. Within Layer FL, tee&e h close contact
having centroieto-centroid distance ranging from 9.65 to 9R84The step height in the layers
(Figure 6.4) is consistent with the height of a monolayer (Layer CF + Layer FL) calculated from
the crystal structure (1/3 of tleaxis length, 2.64 nm). Therefore, when we exfoliate the flakes,

they unzip along the 2D sheets of fullerenes.

6.6. Determination of Charge on the Layered Solid

- —— High Power (950 W/cm?) 7

—— Low Power (40 W/cmz)

3000 F

2000

Intensity (arb. units)

1000

1350 1400 1450 1500 1550 1600

Raman Shift (cm'1)

Figure 6.9. Representativé&kamanspectra foigh and low power measurements of the¢&B(PEtphen}][Csols
sample performed on the sample crystal location. The low power measurement was performed first. PegR)1, the H
mode of Gy, is included in the fit because it overlaps slightly with th2fApentagonal pinch mode. The black curve
and red curves are for the high power density (950 W/amd low power density (40 W/&respectively. Fits are

the overlaid in the same color, and fits of individual peaks are shown in blue.

Micro-Raman spdooscopy of the layered van der Waals material indicatesithelharge
is transferred between the constituent cluster€m3e(PEtpheny|[Csols (Figure 6.9) and that

the structure is held together entirely through van der Waals interactions. SQUID magnetometry
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reveals that the material is diamagnetic and supports the observation that there is no measurable
charge transfer. We have collected structural data targe library of Cgbe(PRs)e clusters in

known oxidation states (0, 1+, and Zgure 6.10), and we can assess the oxidation state of the
cluster by comparing its CB and CeCoransdistances to this databa3#is analysis also indicates

that the tuster bears no charge in the layered solid

2.3 Co.Sey(PR,) "™
2.18 Meutral
216 1 M

o 2+
S 2.14 @ Cose-PEt2phen-5(C60)
° W CoSe-PEt2phen '

3.95 A 405 41 415 42 425 43
d({Co-Co,trans)

Figure 6.10. Geometries of CsSe(PRs)s Clusters in 0, £ and 2+ oxidation states. Open points representsRrapped
clusters, which showed a significant effect of steric crowding. See disciis$Section 7.14 or t he 3 fineutr a
points grouped amy thel+ structures.

6.7. Optical and Electronic Properties of the van der Waals Crystal
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Figure 6.11. (a) Log plot of conductanceQ) vs. 1/T for [CosSe(PEbphen}][Cesols. The tweprobe conductance
measurements were done on a single crystal. Using the Arrhenius fit, solid red line, we obtained an activation energy
of 400 meV.(b) Mid-IR absorption spectrum o€psSea(PEbphen}][Cedls. The red dashed curve was obtained from

a fit using bando-band transition for semiconductors (blue) with an additional Gaussian peak (green) near-the band
edge. The obtained bandga 8380 + 40 meV.
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We performed twegprobe electrical resistivity measurements on single crystals of
[CosSe(PEbpheny][Cesols. As shown irFigure 6.113 the layered solid exhibits-plane activated
electrical transport behavior and we observe an expondetiadéase of the conductan€ (vith
decreasing temperature. This thermally activated transport displays an Arrhenius behavior with an
activation energ¥a of ~400 meV. This energy barriexr higher than the transport barrier of the
parent, ionic solid [CsBe(PEt)e][Cesd]2 (Ea ~150 meV)?2

Figure 6.11b shows the optical absorption spectrum [feosSe(PEbphen}][Ceqs using
Fourier Transform Infrared (FIR) spectroscopy. The measurement was performed in
microscopic transmission mode on a single flake of the crystal at room tempeifdiare.
measuement was performed in microscopic transmission mode on a single crystal flake at room
temperature. The spectrum is characteristic of that of a direct bandgap semicofidTiceor.
enhanced absorbance near the threshold is similar to that of an excisomanmes’ While the
exact origin of this resonant feature near the threshold/bandgap is not known, we use a Gaussian
in addition to the bul k part -tobandtoptieal trensition ot 6 s
for direct bandgap semiconductors to fit theerkpental data? The fit yields a bulk bandgap of
390 + 40 meV, in excellent agreement with the activation energy obtained from electrical transport
measurement. The origin of the resonant enhancement near the bandgap (peak at ~ 350 meV, green

curve inFigure 6.11b) is not known and remains a subject for future mechanistic study.

6.8. Photopolymerization of the Template
While the interlayer bonding is still weaker than the intralayer bonding in the layered
material,[CoeS&(PEbpheny][Ceqls, to enablemechanical exfoliation of the crystals into thinner

layers, the intralayer interactions are still too weak to allow for successive exfoliations into free
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standing monolayers. As the crystals are exfoliated, they break apart laterally to yield-arealler
sheets. To overcome this issue, we use photopolymerization techniques to covalently link the
fullerenes in the FL layer and solvantuced exfoliation to dissolve the npolymerized layers

to isolate moleculathin 2D materials Figure 6.12a,b.2 Upon photoconversion, the irradiated
sample remains crystalline as shown in PXERre 6.129; however, the solubility changes
dramatically. While pristine crystals ofCosSe&(PEgphen}][Ceols disassemble into their
individual components in toluene, the irradiated crystal§CakSe(PEtphen][Cesqs do not
completely dissolve, and we usesolventinduced exfoliationmethodto isolate purely the
irradiatedmaterials(Figure 6.123. The convesion ofthe FL layer in which the fullerenes are

held together by molecular recognition and weak van der Waals interactions into covalently
pol ymerized FL | ayer reduces the samplareds sol

mechanical strengtbf the crystal

Figure 6.12. (a) Proposed structure for the 2D nanosheet. The grey fullerenes within the FL layer are polymerized
and the blue fullerenes in the CF layer are (imtOptical image of a photopolymerized crystal during the solvent
induced exfoliation process, leaving the bottorost layer on the substrate (1) as the parent crystal is displaced (2).
(c) PXRD of asgrown [CosSe(PEbphen}][Ceq)s bulk crystals (black) andrystals which were photopolymerized

then washed with toluene (gree(d) AFM image of an exfoliated nanosheet transferred to a/SiGubstrate(e)

Height profile of the highlighted light green portion in (Afapted from reference 2.
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